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1 Abstract

This article presents data regarding the Si biolgemical cycle during two oceanographic cruises
conducted in the Southern Tropical Pacific (BIOSGIAH OUTPACE cruises) in 2005 and 2015.
It involves the first Si stock measurements in thiglerstudied region, encompassing various
oceanic systems from New Caledonia to the Chilgarelling between 8 and 34° S. Some of the
lowest levels of biogenic silica standing stockerewmeasured were found in this area, notably in
the Southern Pacific Gyre, where Chlorophyll a emiations are most depleted worldwide.
Integrated biogenic silica stocks are as low a8 £@.95 mmol nf, and are the lowest stocks
measured in the Southern Pacific. Size-fractionbtedenic silica concentrations revealed a non-
negligible contribution of the pico-sized fracti¢xn2-3 pm) to biogenic silica standing stocks,
representing 26 + 12 % of total biogenic silicaidgrthe OUTPACE cruise and 11 + 9 % during
the BIOSOPE cruise. These results indicate sigmifiaccumulation in this size-class, which was
undocumented for in 2005, but has since then belated to Si uptake b$ynechococcueells.
Our Si kinetic uptake experiments carried out dyBt#OSOPE confirmed biological Si uptake by
this size-fraction. We further present diatoms camity structure associated with the stock

measurements for a global overview of the Si circkbe Southern Tropical Pacific.
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2 Introduction

Siliceous phytoplankton, especially diatoms, arterofassociated with nutrient-rich eutrophic
ecosystems. However, the global budget of biogsitica production by Nelsoet al. (1995)
already pointed out the importance of these orgasis oligotrophic areas where, despite their
low concentration and due to the geographical ekbenof these systems, their silica production
would be comparable to the total for all areasiafainaceous sediment accumulation combined.
However, studies that have documented the Si éydlee Pacific Ocean, the largest oligotrophic
area of the World Ocean, mainly focused on the Exji#h region, and the northern Subtropical
gyre. This article presents the first set of fidults from the Southern Pacific Ocean between 8
and 34° S spanning from New Caledonia over to thite@&n upwelling, and notably, from the most
Chla-depleted region at a worldwide scale (Ras et24Q8): the South Pacific Gyre (SPG).
Diatoms are known to contribute more importantlyptonary production in meso- to eutrophic
systems, yet several studies have emphasizedbatithey are not dominant in oligotrophic
regions, they may still contribute up to 10-20 %Coprimary production in the Equatorial Pacific
(Blain et al., 1997). In the oligotrophic SargaS&a, their contribution may be as high as 26-48 %
of new annual primary production (Brzezinski anddda, 1995) and they may represent up to 30
% of Particulate Organic Carbon (POC) export (Nelaod Brzezinski, 1997). In the Eastern
Equatorial Pacific (EEP), it has been shown thatains experience chronic Si-limitation along
the Eastern Equatorial divergence in the so-cafligh Nutrient Low Silicate Low Chlorophyll
(HNLSILC) system (Dugdale and Wilkerson, 1998) adlvas Si-Fe co-limitation (Blain et al.,
1997; Leynaert et al.,, 2001). Furthermore, oligoio regions are known to experience
considerable variability in nutrient injections di#lag to episodical blooms depending on the
occurrence of internal waves (Wilson, 2011), mesales eddies (Krause et al., 2010) storms
(Krause et al., 2009), or dust deposition eventdsgid, 2003). In nitrogen (N) depleted areas,
punctual diatom blooms in the form of Diatom Dianph Associations (DDAs) are also known
to occur and to contribute both to new primary picitbn (Dore et al., 2008; Brzezinski et al.,
2011) but also to benefit to non-diazotrophic disgchrough secondary N-release (Bonnet et al.,
2016; Leblanc et al., 2016).

While biogenic silica was classically associated the largest size fractions, especially
microplankton, a series of recent studies havééunore evidenced a role for picophytoplankton

such asSynechococcus the Si cycle, showing that this ubiquitous &ége is able to take up and
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accumulate Si (Baines et al., 2012; Ohnemus eR@L6; Krause et al., 2017; Brzezinski et al.,
2017). This was evidenced in the field in the Eqat Pacific, the Sargasso Sea, as well as in
culture work, suggesting a widespread diffuse ffole this organism, which could be more
prominent in oligotrophic environments where diasoare in low abundance. In the EEP, and
despite very variable cellular Si conte8gnechococcusepresented for instance 40 % of water
column biogenic silica (BSi) inventory compareditatoms in 2004, and twice that of diatoms the
following year (Baines et al., 2012). The role ofadl nano-sized diatoms has also probably been
overlooked and we recently pointed out their genecaurrence at the worldwide scale and their
occasional regional importance in diatom blooms{aecet al, 2018).

Here we present the first set of field results fritwe Southern Pacific Ocean between 8 and 34° S
spanning from New Caledonia over to the Chileanelfimg, and notably, from the most depleted
Chla region worldwide (Ragt al, 2008), the South Pacific Gyre (SPG). Results vedtained
from two cruises carried out a decade apart folhgdngitudinal sections first in the South Eastern
Pacific (SEP) between the Marquesas Islands an@titean upwelling, crossing the South Pacific
Gyre (BIOSOPE cruise, Oct-Dec 2004) and next inSbethern Western Pacific (SWP) between
New Caledonia and Tahiti (OUTPACE cruise, Feb-A¥15). Very similar sampling strategies
and homogeneous analyses were conducted regahdingi icycle and provide new data in this
under sampled region. We detail size-fractionat&diBventories in the water column, Si export
fluxes, associated diatom community structure casitipm as well Si uptake and kinetic rates in
the Southern Pacific. Our key results show somgh@flowest BSi stocks ever measured, which
may warrant for a revision of the contribution digotrophic areas to the global Si cycle, and

confirm recent findings of an active biological aké¢ of Si in the pico-sized fraction.

3 Material and methods
3.1 Sampling strategy

Results presented here encompass data from twahri@eanographic cruises located in the
Southern Pacific Ocean (from 10 to 30° S), covetimgtransects with similar sampling strategies
of short and long duration stations. The BIOSOPB¢Bochemistry and Optics SOuth Pacific
Experiment) cruise was undertaken in 2004, whiie@uJUTPACE cruise took place in 2015, both
aboard the R/\L’Atalante The BIOSOPE transect was sampled between theUudsag Islands
(141° W, 8° S) and Concepcion (Chile) (72° W, 35°#&tween October 84and November 12

3
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2004. The OUTPACE transect was sampled between@Giedonia (159° W, 22° S) and Tahiti
(160° W, 20° S) between February™asnd April 3¢ 2015 (Fig. 1).

3.2 Hydrology

Water sampling and measurements of temperaturesaivdty were performed using a SeaBird

SBE 911plus CTD/Carousel system fitted with anitin Buorometer and 24 Niskin bottles. More

details about the BIOSOPE cruise strategy are giwverthe Biogeoscience special issue
introductory article by Claustre et al., (2008) ighhe OUTPACE cruise strategy is detailed in
Moutin et al. (2017). Euphotic layer depths (ZeYyevealculated as described in Raimbault et al.
(2008) and Moutin et al. (2018).

3.3 Inorganic nutrients

Nutrients were collected in 20 mL PE vials and gred directly on a SEAL Analytical auto-
analyzer following Aminot and Kérouel (2007) on lbauring BIOSOPE and at the laboratory
during OUTPACE from frozen (-20°C) samples.

3.4 Particulate Organic Carbon (POC)

Seawater samples (~2 L) were filtered through prekusted 25 mm GF/F filters, dried at 60 °C
and stored in 1.5 mL eppendorfs PE tubes. Parte@aganic Carbon (POC) was analyzed on a

CHN elemental analyzer (Perkin Elmer, 2400 series).

3.5 Total Chlorophyll a (TChla)

For pigment analyses, 2 L of seawater were filtéhedugh 25 mm GF/F filters and stored in liquid
nitrogen and -80°C until processing. Extraction wage in 3 mL 100% methanol, followed by
sonication and clarification by filtration on a ne®F/F filter. Extracted pigments (Ghland
fucoxanthin) were then analyzed by HPLC (High Periance Liquid Chromatography) according
to the procedure detailed in Ras et al. (2008).

3.6 Particulate Biogenic and Lithogenic Silica (B3LSi)

Samples were collected for silicon stocks as paete biogenic and lithogenic silica (BSi and LSi)
and dissolved orthosilicic acid (Si(Offsimilarly on both cruises. For BSI/LSi, betweeb &nd
2.5 L Niskin samples were filtered through cascgdpolycarbonate 47 mm filters. During

4
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BIOSOPE, whole samples were filtered through teeseading filters of 0.2, 2, and 10 um. During
OUTPACE, the size-fractionation used was 0.4 apd3espectively. Filters were rinsed with 0.2
pum filtered seawater, folded in 4 and placed imiRishes and dried overnight at 60°C. Filters
were then stored at room temperature and analyeztekilaboratory. BSi and LSi were measured
using Paasche (1973) as modified by Nelson e1889): BSi and LSi were extracted on the same
filter after successive basic and acid treatmdBé was extracted during a hot sodium hydroxide
(NaOH 0.2 N) attack (60 min), which converted B&ioi the dissolved orthosilicic acid form.
Si(OH) was then quantified using the Strickland and Rer¢©972) spectrophotometric method.
After the first basic attack, filters were rinsedd of remaining Si(OH)and dried again at 60°C.
LSi, preserved in the sample, was then treated kyithvofluoric acid (HF 2.9 N) for 48 h. In the
same way, LSi was measured through quantificatfdheodissolved Si(OH)form. Precisions for
BSi and LSi measurements were 4 and 6 nmbtdspectively (twice the standard deviation of
blanks). It has been demonstrated that for coaataples, significant leaching of orthosilicic acid
from LSi could occur during the first NaOH attaclp(to 15 %) (Ragueneau and Tréguer, 1994).
This is particularly the case when high LSi concaitins are present. Kinetic assays of orthosilicic
acid were conducted in some samples from the Maegjeé5yre, East-Gyre and near Upwelling
stations during BIOSOPE, but results revealed géxé LSi interferences after an extraction time
of 60 min.

Biogenic silica export fluxes were determined frarifting sediment traps deployed at three depths
(153, 328, 519 m) at the three long duration statiof the OUTPACE cruise. Each trap was
deployed for 4 consecutive days, and the averagjefilex was quantified by adding the amount
of dissolved Si in each trap to the measured BStentration to account for BSi dissolution in the
trap samples during storage. This step proved sapgsas BSi dissolution ranged between 16 and
90 % depending on the samples.

3.7 Si bulk and specific uptake ratesdSi/VSi)

During BIOSOPE, dawn-to-dawn in situ Si uptake eipents were performed using an immersed
production line, at six incubation depths (50 %%25L5 %, 8 %, 4 % and 1 % light level). Seawater
(275 mL) samples were spiked with 632 Bq of radielad 3?Si-silicic acid solution (specific
activity of 23.46 kBq pg-Sit). For all samples, Si(Okiaddition did not exceed 0.4 % of the initial
concentration. After incubation, samples were rdte through cascading polycarbonate
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membranes (0.2, 2 and 10 um, 47 mm). Filters wieeed with filtered (0.2 um) seawater, and
placed in scintillation vials. Th&Si uptake was measured in a Packard 1600-TR satiutii
counter by Cerenkov effect, following the methodaed by Tréguer and Lindner (1991) and

Leynaert (1993). Precision of the method avera@e¥ 1o 25 % for the less productive station.

3.8 Si uptake kinetics

Samples used were collected from the same Niskitebas those used for in sitcubation at
the depth of the Chlmaximum. Six samples from each depth receivedradivactive Si(OH)
additions so that concentrations increased resdgtby 0, 1.1, 2.3, 4.5, 13.6, 36.4 uM. Bottles
were incubated on board in a deck incubator fouSihg neutral nickel screens. Samples were
thereafter treated as described for in situ samfliestic parameters Ks and Vmax were calculated

by fitting the data to a hyperbolic curve using 8igmaplot® hyperbola fit.

3.9 Siliceous phytoplankton determinations

Seawater samples were preserved with acidified Lsigolution and stored at 4°C. A 500 mL
aliquot of the sample was concentrated by sedirtientan glass cylinders for six days. Diatoms

were counted following the method described by Goateal. (2007).

3.10 Phytoplankton net samples

During the OUTPACE cruise, additional phyto-netlsauere undertaken at each site integrating
the 0-150 m water column, except at stations LO4and 15 where they integrated the 0-200 m
water column due to the presence of a very deep Bédorophylla Maximum (DCM). Samples

were preserved in acidified lugol, and observeal$edgewick-rafter chamber. A semi-quantitative

species list (dominant, common, rare) was estatdish

4 Results
4.1 Hydrological systems and nutrient availability

The hydrological structures crossed during the trvemsects have been carefully detailed in
companion papers (Claustre et al., 2008; Moutil.e2018; Fumenia et al., 2018) and will not be
presented in detail here. For the sake of clamithé present article, main hydrological systeras ar
described as follows. During the BIOSOPE cruises finain hydrological systems were defined
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from West to East: the HNLC system comprising loigation (LD) stations MAR (Marquesas)
and HNL and station 1; the South Tropical Paci8@ ) system from stations 2 to 6; the central
part of the South Pacific Gyre (SPG) from statida I3 including the LD station GYR; the Eastern
Gyre HNLC area from stations 14 to 19 including &fation EGY (Eastern Gyre); and the coastal
Peru-Chile Upwelling system from station 20 to 2&luding LD stations UPW and UPX. During
OUTPACE, two main systems were encountered, fronstWe East, the MA (Melanesian
Archipelago) from stations 1 to 12 and including &fations A and B, and the South Pacific Gyre
(SPG) from stations 13 to 15 and including LD staiC.

During both cruises, eutrophic to ultra-oligotraphtonditions were encountered. During
OUTPACE, Si(OH) concentrations were 4iM at all stations in the surface layer, with valass
low as 0.3-0.uM at 5 m depth at certain stations (Fig. 2). TheMLisoline was centered at ~100
m in the western part of the MA, and deepened @0~2 in the SPG. Concentrations at 300 m
were quite low (<21M) over the entire transect. Nitrate concentratimese similarly depleted in
the surface layer, with values <0.05-Qud in the first 80 m in the western part of the Mdnfil
station 6), which deepened to 100 m over the réshe transect. Yet nitrate concentrations
increased with depth more rapidly than orthosilaid, reaching concentrations close oV at
300 m depth.

Phosphate was below detection limits in the wegbanh of the MA (stations 1 to 11, and station
B) over the first 50 m, but increased to values pased between 0.1 and QU in the SPG.
Concentrations only increased to 0.6-0M at 300 m depth.

During BIOSOPE, both the nitracline and phosphackxtended very deeply (=200 m) in the
regions of the STP, SPG and Eastern Gyre (Figlt8)y surfaced at both ends of the transect in
the upwelling system and near the Marquesas Isldndscontrary to nitrate which was severely
depleted, phosphate was never found €04lin the surface layer (except at the subsurfacitat
14). The distribution of orthosilicic acid conceattons were less clearly contrasted, with general
surface values comprised between 0.5 apin the surface layer, except in the western phrt
the transect from station 1 to the GYR station, ianithe upwelling system, where concentrations

were > 1uM and up to 8.9M at the surface and increasing rapidly with depth.
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4.2 Total Chla and fucoxanthin distribution

Total Chk (TChla) distributions are presented for both cruises@longitudinal transects together
with fucoxanthin concentrations, a diagnostic pigtrfer diatoms (Fig. 4a, b). During OUTPACE,
the Melanesian Archipelago system was clearly eeddn TChh compared to the South Pacific
Gyre and showed non-negligible concentrations ifasa layers as well as a pronounced DCM
reaching up to 0.45 pgiat station 11. The observed DCM progressively dee@ eastwards,
from 70 m depth at LD-A to 108 m at station 12. @M depth generally closely followed the
euphoatic layer depth &9 or was located just below it. The highest surfegecentrations were
found at stations 1 to 6, between New Caledoniavaardiatu (0.17 to 0.34 pgi. while the SPG
surface water stations showed a depletion im@hi02 to 0.04 pugt). A DCM subsisted in this
region, but was observed to be deeper (125 to )=nchof lower amplitude (0.17 to 0.23 pg)L
than in the MA region. Fucoxanthin concentratioiesely followed the DCM, but were extremely
low over the entire transect, with a maximum comegion of 17 ng tLin the MA and of 4 ng L
1in the SPG.

The BIOSOPE cruise evidenced a very similaraCistribution in the central SPG than during the
OUTPACE cruise, with extremely low surface concatibns and a very deep @hmaximum
located between 180 - 200 m ranging between 0.8%48 pg L. On both sides of the central
SPG, the DCM shoaled towards the surface at the Igt&Ron at the western end of the transect
(0.48 pg Lt at 30 m) and at the UPW station at the easterroétite transect (3.06 pgllat 40
m). Fucoxanthin concentrations did not exceed @ Hgt any station between the STP and the
Eastern Gyre (between LD-HNL and station 17), thluswing ranges similar to the OUTPACE
cruise measurements. Fucoxanthin increased motjeaatthe MAR station (85 ng-t), while it
peaked in the Peru-Chile upwelling system with emri@tions reaching 1,595 nd' bt LD-UPW
but remained much lower at the LD-UPX station (2g0_1).

4.3 Total and size-fractionated Biogenic and Lithognic Silica standing stocks

Total Biogenic silica (BSi) concentrations werereriely low during the OUTPACE cruise (Fig.
5a) and ranged between 2 and 121 nmihlthe surface layers, with an average concentratfo

17 nmol L. Similarly to TChé and fucoxanthin, the highest BSi levels were entened over the
MA, with peak values mostly found at the surfadestations 1 and 2 and from stations 4 to 7, and
with very moderate increases at depth (statiomsl5L8). The average BSi concentration decreased
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from 20 to 8 nmol t* from the MA to the SPG. In the SPG, maximum BS8els were found at
the DCM, between 125 and 150 m. Total Lithogeniic&(LSi) concentrations were measured in
a very similar range (Fig. 5b), between 2 and 186IrL_%, with a peak value at station 2 at 100 m.
Also, LSi was ranged from 5 to 30 nmat biver the transect, with highest values observeseclo
to 100 m, while averaged concentrations followexlghme trend as BSi, decreasing from 16 to 9
nmol L't between the MA and the SPG.

During the BIOSOPE cruise, three main regions cbeldifferentiated: a first region covering the
ultra-oligotrophic central area from station 1 taten 20, where average BSi concentrations were
as low as 8 nmol £(Fig. 5c). At the western end of the transect, first three stations in the
vicinity of the Marquesas Islands had higher cotregions with average values of 104 nmdi. L
The eastern end of the transect, located in the-€hile Upwelling system, displayed much higher
and variable values, averaging 644 nmd| with a maximum concentration of 2,440 nmolat

the UPW station at 60 m. At both ends of the trafps#liceous biomass was mainly distributed in
the upper 100 m. Lithogenic silica followed the gatmends (Fig. 5d), with extremely low values
over the central area (average of 7 nmd) with a few peaks close to 30 nmot [stations 12 and
EGY). LSi was again higher at both ends of thedeah but with less amplitude than BSi, with
average values of 26 nmoticlose to the Marquesas, and of 57 nmdiih.the coastal upwelling
system. The maximum values close to 150 nmblvere associated to the BSi maximums at the
UPW sites.

Size-fractionated integrated BSi stocks were catedl for both cruises over the 0-125 m layer,
except for the BIOSOPE cruise at station UPWL1, tWwhias only integrated over 50 m and at
stations UPX1 and UPX2 which were integrated o\ th (Fig. 6a, b, Appendix 1). Total BSi
stocks were similarly very low in the ultra oligophic central gyre and averaged 1 mmol Si m
during both cruises. During BIOSOPE, the stockssuesl closed to the Marquesas averaged 9.85
mmol Si m? (with a peak of 24.12 mmol Si-fmat the MAR station). On the eastern end of the
transect, stocks increased to a peak value of 148rBol Si n? at the UPW2 station and averaged
65.68 mmol Si n? over the coastal upwelling system. Size-fractimmatvas only carried out at
the long duration stations, but showed an overatl negligible contribution of the pico-sized
fraction (0.2-2 pm) to BSi standing stocks of 12 %. This contribution of the pico-size fraction
to integrated siliceous biomass was highest aGiViR, EGY and UPX1 stations reaching 25, 18
and 24 % respectively.
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During OUTPACE, integrated BSi stocks ranged betwie@5 and 4.11 mmol Sifrover the MA,
and decreased to 0.84 to 1.28 mmol i awer the SPG (Fig. 6¢, Appendix 2). Here, size-
fractionation was conducted at all sites and thetrdmution of the 0.4 - 3 um, which will be
assimilated to the pico-size fraction hereafters Wigher than during BIOSOPE, with an average
contribution of 26 + 12 %. The importance of thegglanktonic Si biomass was higher in the SPG
(36 £ 12 %) than over the MA (22 + 10 %).

4.4 Si uptake rates and kinetic constants

Si uptake rate measurements using®#Bé radioactive isotope were only conducted durimg t
BIOSOPE cruise. The same size-fractionation wasieappo production and kinetic experiment
samples. Vertical profiles of gross production $afSi) confirm the previous stock information
and show that the most productive stations, ineseing order of importance, are the UPW, UPX
and MAR stations (Fig. 7a), with 1.98, 1.19 and®®Qunol Si .1 d? at 10 m respectively. Si uptake
rates remained below 0.015 umol Si dt* at central HNLC and oligotrophic stations HNL, EGY
and GYR. Si uptake rates in the picoplanktonic $iaetion showed similar trends (Fig. 7b),
despite higher values at UPX (0.076 umol Sid?!) than at UPW (0.034 pmol Silld?). Uptake
rates in that size fraction were intermediate @MAR station with maximum value of 0.005 pumol
Si L1 dt, while it remained below 0.001 umol St id*at the central stations. Specific Si uptake
(VSi normalized to BSi) rates for the picoplankiosize fraction were even more elevated and
reached maximum values of 3.64, 1.32, 0.75, 0.870at4 d' at the UPW, UPX, HNL, EGY and
MAR stations respectively. Total specific Si uptaletes were extremely high in the coastal
upwelling system, with values of 2.57 and 1.75adl UPX and UPW respectively, and lower but
still elevated values at the MAR station (0.75.dvSi at the central stations (HNL, EGY, GYR)
were moderate to low and ranged between 0.02 @24ddd.

Total ZpSi reached 52.4 mmol Si-hd! at UPW?2 station, an order of magnitude higher that
rate measured at the MAR station (5.9 mmol Sidd) and 3 orders of magnitude higher than at
EGY, where the lowest value was obtained (0.04 m&iaoh? d?). Integrated picoplanktonic Si
uptake ratesXpSi for 0.2-2um) were highest at both upwelling stations (Tab|ddlowed by the
MAR station. The relative average contributionh# picoplanktonic size fraction to total Si uptake
rates was highest at the central stations (32 &Y&, 19 % at EGY and 11 % at HNL) while it
was lowest on both ends of the transect (5 % at MR 3 and 7 % at UPW and UPX stations).

10
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Si uptake kinetic experiments were conducted ateslomg duration stations at the surface and/or
depth of the DCM depending on the location of bissad&Results for the picoplanktonic fraction
clearly indicate an active biological uptake (Fy.generally following hyperbolic uptake kinetics.
The hyperbolic curve fitting failed for only 2 oot the 8 kinetic uptake experiments performed on
the 0.2-2 um size-fraction (at the DCM at the HNtion and at the surface at the UPX station).
Maximum theoretical specific uptake ratesngy values were high, ranging from 1.9 dt the
MAR station to 6.1 @ at the surface at the UPX station. Half-saturationstants (K) were also
elevated ranging from 5.4 uM at the MAR statiorasomuch as 38.3 pM at the UPX station and

in all cases much higher than ambient Si(©¢dncentrations.

4.5 Diatom distribution and community structure

Microscopical examinations confirmed the preserickatoms at every station during both cruises.
Diatoms were found in very low abundances during @JTPACE cruise and only reached
maximum values of 20,000-30,000 cellddn two occasions, at stations LD-B at the surfamk a
at station 5 at the DCM (Fig. 9a). Mean diatom esni@ations in the MA at the surface were 4,440
+ 7,650 cells I while at the DCM, mean concentrations were abefal® lower (2,250 * 4,990
cells L'1). Diatom abundance decreased dramatically in #@,Svith values as low as 25 + 19
cells L1 at the surface layers and 145 + 54 ceflsat.the DCM. The richness of diatoms was higher
in the MA than in the SPG, with an average numliéaxa of respectively 9 + 4 and 2 + 1 in the
surface layer (Fig. 9b). The richness increasedeaDCM level, with 12 + 8 taxa in the MA and
5+ 1 taxa in the SPG. Diatom contribution to bisswas accordingly extremely low and remained
below 3 % (Fig. 9c). The diatom contribution to ©Brhass increased more significantly only at
two stations: at station LD-B (9 % at the surfaae)l at station 5 where the maximum value for
the cruise was observed (11.5 % at the DCM).

During BIOSOPE, the central stations showed a tetaw diatom abundance with less than 100
cells L from stations 2 to EGY (Fig. 10). The eastern pathe SPG and the HNL stations were
characterized by slightly higher abundances (fr@@ tb 1,000 cells t), followed by the UPX
station, where abundances were similar to the Mf&Rom at the surface (~25,000 cells)L
Highest abundances were observed at the UPW, Vaitimbvalues of 256,000 cells'lon average
(with a peak abundance of 565,000 cellsalt the surface). Similar results compared to OUTEA
showed an extremely low richness at all centrdiosta (data not shown) with on average 3 £+ 2
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diatom taxa, while richness increased at the wed#®LC region with 13 £ 4 taxa at the MAR
and HNL stations. Richness was highest at the URliiba with 20 + 4 taxa and decreased again
at the UPX station (5 + 3).

The dominant diatom species for each system sampled the course of the two cruises are
summarized in Table 1 and Appendix 3. During OUTEA@ery similar species were encountered
in both regions and were mainly dominated by penspecies such &seudo-nitzschiapp.,P.
delicatissimaCylindrotheca closteriummndMastogloia woodianaHowever, Diatom-Diazotroph
Associations (DDAs) such aRhizosolenia styliformjsClimacodium frauenfeldianunand
Hemiaulus hauckiivere more abundantly found in the MA. Other siige organisms such as
radiolaria were also more abundant in the SPG ah®-d than in the MA (Appendix 3). Overall
microplanktonic diazotroph abundance were muchdrigiver the MA than in the gyre, with a
predominance in plankton nets BfichodesmiumRichelia intracellularis(alone or in DDAS),
Crocosphaeraand other filamentous cyanobacteria sucKasgnymenéAppendix 3).

Diatom community structure for the BIOSOPE cruiss hlready been discussed extensively in
Gomez et al. (2007). In summary, the stations ateraed by medium diatom abundances such
as MAR, HNL, 18, 20 and EGY (Fig. 10) were maingminated by the pennate diatd*seudo-
nitzschia delicatissimén particular at the MAR station, where it represel on average 90 % of
all diatoms over the 0-100 m layer. Extremely Idwadance stations (< 200 cell$)Lfrom the
middle of the SPG (stations 2 to 14) did not showa@onsistent community, with varying dominant
species across stations and along vertical pragdaesell. Maximum abundances at these sites were
consistenly found at depth, between 100 and 200nmthe Peru-Chile upwelling, diatom
community structure was mostly dominated by small @olonial centric species such as
Chaetoceros compressasd Bacteriastrumspp. at the UPW station where abundances were
highest (565,000 cells'l) and such aSkeletonemap. andThalassiosira anguste-lineat the
UPX station where abundances decreased to 10,000&t@ells L. In this system, the highest
abundances were found in the first 10 m.

4.6 Si export fluxes

Particulate silica export fluxes were measured fdifting trap deployments at each long duration
station during OUTPACE and are presented in TabBS3 daily export fluxes below the mixed
layer at 153, 328 and 529 m were extremely lowl aitas, with lowest values at site A (0.5t0 0.1
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pmol Si n? d1), highest at site B (3 to 5 umol Si%d?) and intermediate at site C (0.5 to 2 umol
Si m2 o).

5 Discussion
5.1 Si budgets for the South Pacific

In the following section, values from previous sasdare compared (Table 4) with the results
obtained across this under-studied region of tle#ie@cean, which is characterized by the most
oligotrophic and Cld depleted waters worldwide (Ras et al., 2008). @nlwand, size-fractionated
biomass and export fluxes were obtained duringti@PACE program, while on the other hand,
size-fractionated production and biomass budgete geantified during the BIOSOPE program.
Regarding values obtained at both ends of the BIRES@ansects, i.e. in the Peru-Chile upwelling
system and in the HNLC system surrounding the Mesgs Islands&0Si rates compare well with
previous studies from other similar regions (Tabjelntegrated Si production rates at the UPW
stations are in the middle range (42-52 mmol Sid®) of what was previously found in coastal
upwellings. Values are however almost double totwhas previously observed in the Peru
upwelling by Nelson et al. (1981), although leseduoictive than the Monterey Bay and Baja
Californian upwelling systems (Nelson and Goerit®j8; Brzezinski et al., 1997). For oceanic
HNLC areas, values obtained (0.8 to 5.6 mmol SidW) cover the range of rates measured in
HNLC to mesotrophic systems of the North Atlan@entral Equatorial Pacific and Mediterranean
Sea. However, integrated rates obtained for tlgotbphic area of the South Eastern Pacific Gyre
are to our knowledge among the lowest ever measumdded, values range from 0.04 to 0.20
mmol Si m? d?, they are thus lower than average values prewiooslasured at BATS and
ALOHA stations (0.42 and 0.19 mmol Si%i? respectively) (Brzezinski and Kosman, 1996;
Nelson and Brzezinski, 1997; Brzezinski et al1P0However, they are similar to measurements
performed in autumn (0.04-0.08 mmol Si?rd?) in a severely Si-limited regime of the North
Atlantic (Leblanc et al., 2005b). Previous studiase evidenced limitation of diatom Si production
by Si (Leynaert et al., 2001), but more recentlidence of co-limitation by both Si and Fe was
found in the central Equatorial Pacific (Brzezinekial., 2008). This would be a more than likely
scenario for the SPG, given the very low silicieda@ig.2 & 3) and Fe concentrations (0.1 nM
and ferricline below 350 m depth, Blain et al., 80neasured during both cruises. The
approximate surface area of mid-ocean gyres wamasd to be 1.3 10° kn? (representing
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approximately 1/3 of the global ocean) yieldingabgl contribution of only 26 Tmol Si'ygross
silica production, i.e. approximately 9-13% of tmedget calculated for the global ocean of 240
Tmol Si y* according to Nelson et al. (1995). This budget theen recently revised down to 13
Tmol Si y* reducing the contribution of subtropical gyres3&% of global marine silica
production (Brzezinksi et al., 2011; Tréguer and.dé&rocha, 2013). However, the range provided
in Nelson et al. (1995) in the calculation of thgiiobal Si production fluxes for mid-ocean gyres
was of 0.2 — 1.6 mmol thd?. Our values would, once again, lower the contidsubf these vast
oceanic regions to global Si production, althoughpresent data is only based on two production
station measurements and warrants further measaotsrfwe this region. Nevertheless, it can be
expected that the most ultra-oligotrophic regiorhaf world ocean would contribute even less to
total Si production than the other oligotrophicteyss listed in Table 4 and that in particular, the
Si production in the ultra-oligotrophic Southerropical Gyre would be lower than the Northern
Tropical Gyre.

Integrated Si biomass also reflects the very lomtréloution of diatoms in this system, which was
more than 2-fold lower in in the South Pacific Gtlran in the Melanesian Archipelago (Table 5).
In the SPG, the lowest Si stocks were measurednmbl Si n?), and were similar to lower-end
values found in the ultra-oligotrophic Eastern Medanean Basin in autumn and in other
oligotrophic areas of the North Pacific SubtropiGalre and of the Sargasso Sea (Table 5 and
references therein). It is probable thaiSi production and BSi stocks could have been dlight
higher less than a month earlier in the seasoh@mestern part of the OUTPACE transect in the
MA. Indeed, the satellite-based temporal evolutbrChla at stations LD-A and LD-B showed
decreasing concentrations at the time of samptlegVerneil et al., 2018), while the situation did
not show any temporal evolution for the SPG, thuggesting that the biogenic silica budget for
this area is quite conservative under a closegadststate situation.

Lastly, our Si export flux measurements by driftsegiment traps are the lowest ever measured
and are about two orders of magnitude lower thagelirom other oligotrophic sites such as BATS
in the Atlantic or ALOHA in the Pacific Ocean (Tab6). They represent a strongly negligible
fraction of surface Si stocks, implying no sedination at the time of sampling, and that active
recycling and grazing occurred in the surface lalyeteed, surface temperatures higher than 29°C
at all long duration sites, may favor intense digson in the upper layer, while active zooplankton

grazing was also documented, removing between 2&¥dof phytoplankton stocks daily (Carlotti
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et al., 2018). The virtual absence of silica exgostn the surface layer well agrees with the
conclusion of Nelsomet al. (1995) that no siliceous sediment is accumulatiegeath the central

ocean gyres.

5.2 Siliceous plankton community structure in the 8uth Tropical Pacific

The main feature observed during OUTPACE was addahdistribution of diatom communities,
either at the surface and/or at the DCM level ddpenon stations, which deepened towards the
East, following the increasing oligotrophy gradiesimilarly to what was previously described in
the Mediterranean Sea (Crombet et al., 2011). Alairieature, showing a particularly deep DCM,
up to 190 m in the SPG at 1.2-fold the euphotictldéRas et al., 2008), was observed during
BIOSOPE, revealing a known strategy for autotropémkton cells in nutrient depleted waters to
stay at the depth where the best light vs nutriatib is obtained (Quéguiner, 2013).

If the presence of DCMs in oligotrophic mid-oceayreg are well known, associated to the
dominance of small pico-sized phytoplankton (Chawtzal., 1996), studies documenting
phytoplankton community structure in the South TeapPacific Ocean, an area formerly called a
« biological desert », are still very scarce. le tteview of planktonic diatom distribution by
Guillard and Kilham (1977) referencing biocenos#safl main oceanic water bodies and for which
thousands of articles were processed, the diatanpaosition for the South Tropical region was
referred to as « No species given (flora too peor$ince then only a few studies mentioning
phytoplankton community structure, mostly locatéohg the equator were published, such as
Chavez et al. (1990); Chavez et al. (1991); Iriane Fryxell (1995); Kaczmarska and Fryxell
(1995); and Blain et al. (1997). In Semina and Isévava (1993) some biogeographical distribution
of phytoplankton including diatoms is given for #tire Pacific region, yet the Southern tropical
region is limited to more historical Russian data aely on very few stations. The only diatom
distribution for the South Tropical Gyre was pubéd for the present data set by Gomez et al.
(2007) in the BIOSOPE special issue. Hence theeptatata contributes to documenting a severely
understudied, yet vast area of the world ocean.

The oceanic regions covered during both cruises beaglustered into three main ecological
systems with relatively similar diatom communityustures: the nutrient-rich coastal upwelling
system near the Peru-Chile coast, where diatomertrations exceeded 100,000 celfs the Fe-
fertilized areas of the Melanesian Archipelago awtkst of Marquesas Islands, where
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concentrations could locally exceed 10,000 ceits and all the other ultra-oligotrophic regions
(mainly the South Pacific Gyre system) characteriby extremely low diatom abundances,
usually <200 cells t.

The upwelling area was characterized by a disttochmunity, not found in the other regions,
composed of typical neritic and centric coloniaéaps such aSkeletonemap., Bacteriastrum
spp., Chaetoceros compressuBhalassiosira subtilisand T. anguste-lineataThese first three
species were already documented as abundant @hiteeupwelling by Avaria and Munoz (1987),
whereasT. anguste-lineatavas reported along the Chilean coast from 20°%t& (Rivera et al.,
1996) and was also documented in the upwellingesystest of the Galapagos Islands (Jimenez,
1981). The highespSi production values were measured at the offsiuP®/ station where
Bacteriastrunspp. andChaetoceros compresscs-occurred as the two dominant species, whereas
pSi rates were halved at the closest coastal staifR¥ associated to lower abundances of diatoms,
with co-occurring dominance [8keletonemap. andlhalassiosira anguste-lineata

The HNLC regions off the Marquesas Islands (MARY @&m the Eastern Gyre (stations 14-20,
BIOSOPE) and the oligotrophic region (N-deprived Be-fertilized region of the MA), with
bloom situations at stations 5 and LD-B (OUTPAC#&)pwed strong similarities in terms of
diatom community structure and were all mainly doatéd by the medium-sized pennate diatoms
of the Pseudo-nitzschia delicatissima/subpacifispecies complex. These pennate species are
commonly reported for the Central and EquatoriaiftaOcean (Guillard and Kilham, 1977,
Iriarte and Fryxell, 1995; Blain et al., 1997). by BIOSOPE Pseudo-nitzschia delicatissima
were often seen forming « needle balls » of ~&® diameter which suggests an anti-grazing
strategy from micro-grazers (Gomez et al., 2008yaegy already described by several authors
(Hasle, 1960; Buck and Chavez, 1994; Iriarte arydeil, 1995). Predominance of pennate diatoms
over centrics has previously been observed in taepleted environment of the Equatorial Pacific
(Blain et al., 1997; Kobayashi and Takahashi, 20@20d could correspond to an ecological
response to diffusion-limited uptake rates, favgpraiongated shapes, as suggested by Chisholm
(1992). Furthermore, net samples from the OUTPA@Ese showed a numerically dominant
contribution ofCylindrotheca closteriunever 0-150 m at most stations of the MA (Appenglix
with a strong dominance at LD-B, even though theintribution to biomass is minor given their
small sizePseudo-nitzschiap. andCylindrotheca closteriurhave beeshown to bloom upon Fe-
addition experiments (Chavez et al., 1991; Fryaatl Kaczmarska, 1994; Leblanc et al., 2005a;
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Assmy et al., 2007) and may reflect the signifiahigher dissolved Fe concentrations measured
in the MA (average 1.9 nM in the first 100 m) comgghto the SPG (0.3 nM) (Guieu et al., in rev).
In the Equatorial Pacific, Fe-amendment experimewidenced the rapid growth G§lindrotheca
closterium with a high doubling rate close to 3 @Fryxell and Kaczmarska, 1994), which can
explain why this species is often numerically dosmin

Fast growing colonial centric diatoms suctCésetocerospp. were notably absent from the MA,
except at stations 5 and LD-B, where mesoscalelation increased fertilization (de Verneil et
al., 2018) and allowed a moderate growth (obsefmetoth Niskin samples and net hauls),
resulting in an increased contribution of diatomgdtal C biomass of approximately 10% (Fig.
9c). Other typical bloom species such Tdwlassiosiraspp. were completely absent from the
species from the Niskin samples but observed at dbwndance in some net haul samples.
Nonetheless, very large centrics typical of oligptiic waters such a@hizsolenia calcar-avis
(Guillard and Kilham, 1977) were present in low rhars at all stations and in all net hauls, and
represented a non-negligible contribution to bicen@espite their low abundance.

One difference with the N-replete Marquesas HNL&esy was that the hydrological conditions
of the MA were highly favorable for the growth ofadotrophs, with warm waters (>29°C),
depleted N in the surface layer associated to RigHevels, while P was likely the ultimate
controlling factor of N-input by Bixation in this region (Moutin et al., 2008; Mawt al., 2018).
No-fixation rates were among the highest ever medsiaréhe open ocean during OUTPACE in
this region (Bonnet et al., 2017), and the develemnof a mixed community, composed of
filamenteous cyanobacteria such aschodesmiumspp. and other spiraled-shaped species,
unicellular diazotrophs such as UCYNGrocosphaera watsoniiand Diatom-Diazotroph
Associations (DDAs) was observed (Appendix 3). Milghest rates were measured at the surface
at stations 1, 5, 6 and LD-B (Caffin et al., ttdsuie) and the major contributor te-fikation in

MA waters was by fafrichodesmiunBonnet et al., 2018). In the Niskin cell cou@®As known

to live in association with the diazotroftichelia intracellularissuch asHemiaulus hauckii,
Chaetoceros compressasd several speciesRhizosoleniasuch aRR. styliformis, R. bergonii, R.
imbricata and the centricClimacodium frauenfeldianurknown to harbor a genus related to
Cyanothecep. (Carpenter, 2002) were all found in low abumedan the water sample cell counts,
contributing to less than 1% of total diatoms. Eptaans were observed at sites 1 and 2 where their

contributions increased to 2.3 and 8% respectivélye low contribution of DDAs to the
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diazotrophs community was confirmed by direct celints and nifH gene sequencing (Stenegren
et al., 2018). Notably, the presencdithelia intracellularisvas not observed in the Niskin lugol-
fixed water samples, biRhizosolenia styliformigith Richelig and some isolateicheliacells
were observed abundantly in net hauls. The latezeviound to be dominant at stations 1 and LD-
B, where the highest fixation rates were measuRidhelig alone or in association witR.
styliformiswere much less abundant in the South Pacific Gyere Fe is prone to be the limiting
nutrient for N-fixation rates despite higher P availability, poig to less favorable growth
conditions for diazotrophs. Yet, the overall dommic@ ofTrichodesmium, Crocosphaeaad other
filamenteous cyanobacteria (Appendix 3) in thesahples reveals that DDAs were very minor
contributors to Mixation during OUTPACE. This was also evidencduough NanoSIMS
analyses (Caffin et al., 2018). In order to exptamgrowth of diatoms in this severely N-depleted
region, one can quote the use of diazotroph-denivedgen (DDN), i.e. the secondary release of
N2 fixed by diazotrophs, which showed to be effidgmthanneled through the entire plankton
community during the VAHINE mesocosm experimentr{Bet et al., 2016). In this latter study
off shore New CaledoniaCylindrotheca closteriungrew extensively after a stimulation of
diazotrophy after P-addition in large volume irusitesocosms in New Caledonia (Leblanc et al.,
2016). As previous studies had already observenlt@ccurrence of elevated. closteriumwith
several diazotrophs (Devassy et al., 1978; Bonnak e2016), this recurrent association tends to
confirm our previous hypothesis of a likely efficieuse of DDN released as DBy this fast
growing species (Leblanc et al., 2016). This cooéd another factor, besides Fe-availability,
explaining its success. A similar hypothesis mayibaked for the presence dlastogloia
woodiang a pennate diatom known to be occasionally dontimathe North Pacific Subtropical
Gyre blooms (Dore et al., 2008; Villareal et alQ12). It is also a characteristic species of
oligotrophic areas (Guillard and Kilham, 1977),enftobserved in association with other DDAs,
which could similarly benefit from secondary N-reede (Villareal et al., 2011; Krause et al., 2013).
Lastly, the ultra-oligotrophic region of the SPGéstigated both during OUTPACE and BIOSOPE
revealed a base-line contribution of diatoms witemless than 200 cellsliat the DCM and close

to zero at the surface. In addition, a dominancenwdll and large pennate species was observed,
such as Nitzschia bicapitata Pseudo-nitzschia delicatissimarhalassiothrix longissima,
Thalassionema eleganand Pseudoeunotiasp., that have already been documented for the

Equatorial Pacific by Guillard and Kilham (1977)cc@sional occurrences of some emblematic
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species of oligotrophic regions were also obsersadh ashaetoceros dadayC. peruvianus, C.
tetrastichonor Planktoniella sal It can be noted that radiolarians were also natmendant and
more diverse in the ultra-oligtrophic SPG during TRACE than in the MA, while unfortunately

no information regarding radiolarians is availatdethe BIOSOPE cruise.

5.3 Evidence for active Si uptake in the pico-plartbnic size-fraction in the South Tropical
Pacific

The pico-size fraction (<2-3 pum) represented omagye 11% of BSi stocks during BIOSOPE, and
26% of BSi stocks during OUTPACE (Fig. 6), whichasnon-negligible contribution. If the
importance of pico-size fraction in the BSi stoduld be explained by detrital components, its
contribution to Si(OH) uptake during BIOSOPE was really surprising butldde explained in
the light of new findings. Indeed, recent studieséhevidenced that the pico-phytoplanktonic
cyanobacteri@ynechococcusan assimilate Si (Baines et al., 2012; Ohnemas,e2016; Krause

et al., 2017; Brzezinski et al., 2017), which coelgblain why Si stocks were detected in this size
fraction. The first hypothesis was to consider erokagments of siliceous cells passing through
the filter or interferences with lithogenic silicaut these hypotheses were invalidated during
BIOSOPE when Si uptake measurements uEigwvere also carried out on this pico-size fraction
and revealed a non-negligible uptake, mainly in@Ghdean upwelling systems (Fig. 7). It is also
excluded that some broken parts of active nanokptaic diatoms labelled witf?Si could have
passed through the filters because of breakageglfitiration, as a kinetic type response was
observed in most samples (Fig. 8), implying trutyivee organisms in the 0.242n size fraction.
Our results are thus in line with previous findings no other organisms below 2-3 um are known
to assimilate Si, except some small size Parmalpsprly described siliceous armored planktonic
group which span over the 2-10 um size class, asi€atraparmasp. (Ichinomiya, 2016), or small
nano-planktonic diatoms suchMidiscus(Leblanc et al., 2018), close to the 2 um limig(Hil
a,b). The latter two species could occur in the2a8size-fraction, but are very easily missed in
light microscopy and require SEM imaging or molecwhork for correct identification. Presence
of Parmales or nano-planktonic diatoms may explanmeasurement of BSi in this 0.4 — 3 um
size-class for the OUTPACE cruise, but can be @atias responsible for the Si uptake measured
during BIOSOPE on filters below 2 pum. Rather, dgf@UTPACE, NanoSIMS imaging revealed
that cytometrically sortedSynechococcusells accumulated Si (Fig. 11c), confirming their
potential role in the Si cycle in the South TropiGgre.
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According to Baines et al. (2012), the Si contehSgnechococcusn some cases, could exceed
that of diatoms, but these authors suggested hikgtrnight exert a larger control on the Si cycle
in nutrient-poor waters where these organisms araimhnt. In the present study, the largest
contribution of the pico-size fraction to absol@gSi uptake rates occurred at both ends of the
transect in the Peru-Chile upwelling region anthatMAR station (Table 1), locations which also
corresponded to the highest concentrationsSyhechococcusbserved (Grob et al., 2007).
However, compared to diatoms, this only represetitéd 5 % of total pSi uptake, which is
probably not likely to drive the Si drawdown inglénvironment. This low relative contribution to
2pSi was similarly found at the other end of the st at HNL and MAR station, but where
absolute uptake rates were moderate. The largegtitmation of the pico-size fraction was
measured in the SPG (GYR and EGY sites), whereitdesgry lowpSi values, the relativEpSi
uptake between 0.2 and 2 um reached 16 to 25 %or5aYR as well as stations 13 to 15 are
areas that are highly depleted in orthosilicic awidh concentrations <ftM from the surface to
as deep as 240 m. Hence, it is probableSlgaechococcusould play a major role in depleting the
Si of surface waters in this area, which are dewbidiatoms. During the OUTPACE cruise, there
were no clear correlations betweBynechococcudistributions and the measured 0.4-3 pm BSi
concentrations. This could be explained by theesmély wide range of individual cellular Si
quotas estimated to vary between 1 and 4700 anoalliSi(with an average value of 43) from cells
collected in the North Western Atlantic (Ohnemualet2016), wher&ynechococcusontributed

up to 23.5 % of2BSi (Krause et al., 2017). In the latter study,iratforder estimate of the
contribution of Synechococcut the global annual Si production flux amounted0t7-3.5%,
which is certainly low, but comparable to some othmportant input or output fluxes of Si (Tréguer
and De la Rocha, 2013).

6 Conclusion

The Sargasso Sea (BATS) and the North Tropicalfiea@cean (ALOHA) were until now the
only two subtropical gyres where the Si cycle walyfinvestigated during time-series surveys. In
this paper, we provide the first complementary deten two cruises documenting production,
biomass and export fluxes from the oligotrophicuttra-oligotrophic conditions in the South
Tropical Pacific Gyre, which may lower the estinsatef diatom contribution to primary
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productivity and export fluxes for the Pacific Oneend for mid-ocean gyres in general. The mid-
ocean gyres (representing 1/3 of the global ocaam)severely under-sampled regarding the Si
cycle, and may encompass very different situatiomgarticular in the vicinity of Islands and
archipelagos with reduced bathymetry, and nutrierittized surface waters, to HNLC waters and
even HNLSILC along the equatorial divergence (Dugdad Wilkerson, 1998). The mid-ocean
gyres contribution to Si production was recentlyjised down to 5-7% of the total by Brzezinski
et al. (2011) building on estimates from the Ndilibtropical Pacific Gyre. The present study
points to even lower values for the South Pacifice confirming its ultra-oligotrophic nature,
and should further decrease this estimate. Thedinfis clearly warrant for improved coverage of
these areas and for more complete elemental st(fdies Si production to export).

Diatom community structure and contribution to kotdomass could be summarized by
differentiating 3 main ecosystems: (i) the eutreghéru-Chile coastal upwelling, where colonial
neritic centric diatoms such 8keletonemap.,Chaetocerosp. andrhalassiosirasp. contributed

to elevated abundances (>100,000 cefty and very high Si uptake rates; (ii) the HNLC meyi
off the Marquesas Islands and the nutrient deplbtgdFe-fertilized region of the Melanesian
Archipelago, where a distinct community largely doated by small and medium-sized pennates
such aLCylindrotheca closteriurandPseudo-nitzschia delicatissindaveloped to moderate levels
(<30,000 cells L), while Fe levels in the MA further stimulated ziddrophs and DDAs which
could have stimulated diatom growth through seconblarelease; (iii) the SPG, characterized by
ultra-oligotrophic conditions and Fe-limitation, e diatoms reached negligible abundances
(<200 cells ) with species typical of oligotrophic regions, kuas Nitzschia bicapitata
Mastogloia woodiangPlanktoniella solas well as radiolarians.

Finally, thanks to both size-fractionated biomasd 8i uptake measurements, we were able to
confirm a potential role foBynechococcueells in Si uptake in all environments, which maydf
importance relative to diatoms in oligotrophic i@, but probably negligible in highly productive
regions such as coastal upwellings. Mechanismsedirto Si uptake irfBynechococcuand its
ecological function still need to be elucidatedd darther attention to the Si cycle needs to be

placed on this elusive pico- and nano-sized fractio
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7 Data availability

8 Author contribution
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868 13 Figure Legend

869  Figure 1: Bathymetric map of the stations sampled in the IS®uatcific Ocean during the OUTPACE cruise (Feb.-2015) and
870  the BIOSOPE cruise (Oct.-Nov. 2004). Short-termation stations are indicated in white, and longrtduration stations (typically
871  2-3d)in black.

872  Figure 2: Nutrient distribution (orthosilicic acid, nitratehosphate, ipM) along the OUTPACE cruise transect.
873  Figure 3: Nutrient distribution (orthosilicic acid, nitratehosphate, ipM) along the BIOSOPE cruise transect.

874 Figure 4 : Top panel: TCH distribution during the OUTPACE cruise in the S\tRic (in pg L) with fucoxanthin overlay lines
875 in white (in ng ). Lower panel: TCHl distribution during the BIOSOPE cruise in the SWtiftc (in pg L) with fucoxanthin
876  overlay lines in white (in ng). Black dots indicated the Ze depth.

877  Figure 5: a.c Biogenic silica (BSi) and b.d. Lithogenic Sili¢LSi) distribution during the OUTPACE and BIOSORiises
878  respectively (in umol £).

879  Figure 6: a.b Size-fractionated integrated Biogenic sili&aBSi) standing stocks (0-125 m) during the BIOSOREse. UPW1
880  stations was only integrated over 50 m and UPX1@RX2 over 100 m. The b panel shows a zoom oveceh#al section where
881 integrated BSi stocks are an order of magnitudesiaivan at the two extremities of the transecty@ars indicate that no size-
882  fractionation was conducted and represent the 08&8i. C. Size-fractionated integrated Biogenic sil{& BSi) standing stocks
883  (0-125 m) during the OUTPACE cruise.

884  Figure 7: a. Total absolute Si uptake rates $i) vertical profiles (in umol i o) at the LD stations MAR, HNL, GYR, EGY,
885  UPX and UPW. bpSi in the 0.2 - 2 um size fraction at the samessite

886  Figure 8: Si uptake kinetic experiments conducted at the talians MAR, HNL, GYR, EGY, UPX at various euphotiepths.
887 Specific Si uptake rates (in‘Jlare plotted vs Si(OH)increasing concentrations. Data was adjusted hitlerbolic curves when
888  statistically relevant andixand ks values indicated below each curve.

889 Figure 9: Diatoms cellular concentrations (cell$)lderived from a. Niskin cell counts, b. numbetenfa and c. relative contribution
890 to POC biomass (%) at the surface and DCM levelmdihe OUTPACE cruise.

891 Figure 10: Diatoms cellular concentrations (cell$).derived from Niskin cell counts at several degtheng the BIOSOPE cruise
892  (data from Gomez et al. 2007).

893 Figure 11: Potential siliceous organisms in the picoplankto@-3 um) size fraction. a.Siliceous scale-bearing Parmale

894 (Tetraparma pelagicén SEM, photo courtesy of Dr. J. Young), b. centtiatom Minidiscus trioculatu} c. Synechoccocusell
895  showing Si assimilation in red®gi) in NanoSIMS (photo courtesy of M. Caffin).

896

897
898

899
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900 14 Tables

901 Table 1: Size-fractionated integrated Si productiorrates in mmol Si m? dtin the SEP (BIOSOPE). Integrated Si production
902  was measured over the 0-1% light depth range for eh site (in parenthesis in column 5), and normalizk over 100 m
903  considering a zero production at 100 m in the lastolumn.

Stations  XpSi <2um XpSi 2-10 pm XpSi >10um TotalZpSi Total ZpSi
over 0-100 m

MAR1 0.15 0.51 4.37 5.02 (50 m) 5.87

HNL1 0.05 0.12 0.58 0.75 (80 m) 0.77

GYR2 0.01 0.01 0.02 0.04 (110 m) 0.04

EGY 0.03 0.07 0.09 0.19 (100 m) 0.19
UPW2 0.62 2.88 39.66 43.16 (35 m) 52.36
UPX1 1.07 5.90 13.49 20.46 (30 m) 42.46

905 Table 2: Dominant diatom species in each main systeof the BIOSOPE and OUTPACE cruises. Taxonomic irfrmation
906 for the OUTPACE cruise are derived from discrete smplings at the surface and DCM and phytoplankton nts, while
information for the BIOSOPE cruise were obtained tlrough an average of six discrete samples over thaghotic layer (see
908 Gomez etal., 2007).

Cruise Oceanic system Dominant diatom species

Pseudo-nitzschia spp. & Pseudo-nitzschia deliciatias
Cylindrotheca closterium, Mastogloia woodiana,
OUTPACE Melanesian Archipelago Leptocylindrus mediterraneus, Hemiaulus mempranaceu
Chaetoceros spp. (hyalochaete), Pseudosolenia icalca
avis, Climacodium frauenfeldianum, Planktoniell& so

Climacodium frauenfeldianum, Pseudo-nitzschia spp.,
South Pacific Gyre Chaetoceros spp. (hyalochaete), Pseudo-nitzschia
delicatissima, Mastogloia woodiana
Pseudo-nitzschia delicatissima, Rhizosolenia beiigon

Thalassiothrix longissima, Plagiotropis spp., Pseud
BIOSOPE Western HNLC area (Marquesas) nitzschiagpungens Pg.] sub;?acifigg

Nitzschia bicapitata species complex, Nitzschia sp.
South Tropical Pacific Thalassiothrix longissima, Pseudo-nitzschia deigsiina

Hemiaulus hauckii, Chaetoceros curvisetus, Bacsérnian
South Pacific Gyre cf. comosum

Pseudo-nitzschia cf. delicatissima, Pseudo-nitzschi
Eastern Gyre subpacifica, Pseudoeunotia sp.

Chaetoceros compressus, Bacteriastrum sp., Thalsissi
Peru-Chile Upwelling subtilis, Chaetoceros cf. diadema, Skeletonema sp.,
Pseudo-nitzschia sp.

909
910
911
912
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913 Table 3: Particulate biogenic and lithogenic (BSi ad LSi) Silica in drifting sediment traps at each bng duration station
914  during OUTPACE cruise, at 153, 328 and 519 m depth.

915
Trap depth BSi LSi
916 m pumol Si n2d?! pmol Sin?d*?
A 153 0.5 23.1
917 328 0.2 4.6
918 51¢ 0.1 5.2
B 153 2.6 0.4
919 328 2.9 06
51¢ 4.8 1.1
920 C 153 1.8 0.5
921 328 0.5 0.2
922
923

924  Table 4: Integrated Si production rates in varioussystems for comparison with our study from direct32Si uptake
925  measurements or from indirect silicate utilization(ASiOs) estimates (*).

Region Integrated Si production References
rate
5pSi (mmol n? d?)

Coastal upwellings

BIOSOPE:Peru-Chileupwelling 42 — 52 (UPW) This study

Baja Californie 89 Nelson and Goering, 19

Monterey Bay 70 Brzezinski et al., 1997

Peru 27 Nelson et al., 1981

Southern California Current coastal waters 1.7-5.6 Krause et al., 2015

Oceanic area

BIOSOPE: South Eastern Pacific (HNL 0.8-5.6 (HNL - MAR) This study

Gulf Stream warm rings 6.4 Brzezinski and Nelson, 1989

Central Equatorial Pacific (HNLC) 3.9 Blain et al., 1997

North Pacific (OSP) 51 Wong and Matear, 1999*

North Atlantic (POMME) 17 Leblanc et al., 2005b

North Atlantic (Bengal) 0.9 Ragueneau et al., 2000

Mediterranean Sea (SO 0.8 Leblanc et al., 20C

Oligotrophic area

BIOSOPE: South Eastern Pacific Gyre 0.04 (GYR) - 0.2 (EGY) This study

Central Equatorial Pacific 08-21 Blain et al., 1997

Eastern Equatorial Pacific 02-25 Leynaert et al., 2001 ; Adjou et al., PQKrause
etal., 2011, Demarest et al., 2011

Central North Pacific 05-29 Brzezinski et al., 1998

North Pacific Subtropical Gyre 01-17 Krause et al., 2013

North Pacific Subtropical Gyre (ALOH, 0.1-05 Brzezinski et al., 201

Sargasso St 0.5 Brzezinski and Nelson, 19

Sargasso Sea (BATS) 0.1-0.9 Brzezinski and Kosman, 1996 (1996), Neksad

Brzezinski, 1997

31



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149
Manuscript under review for journal Biogeosciences
Discussion started: 15 May 2018

(© Author(s) 2018. CC BY 4.0 License.

926

927 Table 5: Summary ofZBSi stocks in mmol Si n? for the OUTPACE and BIOSOPE and other
928 oceanic and oligotrophic systems.

929
Region Average Integrated References
930 Si biomass
BSi (mmol n?)
931 Coastal upwellings
BIOSOPE:Peru-Chileupwelling 65.7+ 53.8 Thisstudy
932 Southern California Current coastal waters 53.2+39.3 Krause et al., 2015
Oceanic are:
933 Southern California Current oceanic waters 1.6+0.3 Krause et al., 2015
BIOSOPE: South Eastern Pacific (HNLC) 11.9+10.9 This study
934 Oligotrophic area
Mediterranean Sea (BOUM) 11-282 Crombet et al., 2011
935 Sargasso Sea (BATS) 4.0+6.8 Nelson et al., 1995
936 Sargasso Sea 09-6.1 Krause et al., 2017
North Pacific Subtropical Gyre 16-12.8 Krause et al., 2013
North Pacific Subtropical Gyre (ALOHA) 3.0+1.1 Brzezinski et al., 2011
Central North Pacific 7.1+3.0 Brzezinski et al., 1998
Eastern Equatorial Pacific 3.8-18.0 Krause et al., 2011
937 BIOSOPE: South Eastern Pacific Gyre 11+11 Thisstudy
OUTPACE: South Western Pacific Gyre 1.0£0.2 This study
938 OUTPACE: Melanesian Archipalago 2410 This study
939
940
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941

942 Table 6: Summary of Si export fluxes in sediment &ps at various depths inpumol Si n7? d*
943 for the OUTPACE cruise compared to other studies.

Region Sediment trap Average References
depth Si export fluxes

(m) (umol nT? dY)
Coastal upwellings
Southern California Current coastal waters 100 8,000+ 5,760 Krause et al., 2015
Oceanic arei
North Atlantic (NABE) 400 10 - 145 Honjo and Mangan1993
North Atlantic (POMME) 400 2-316 Mosseri et al., 2005 ; Leblanc et28l05b
North Pacific Subtropical Gyre (ALOHA) 150 14 - 300 Brzezinski et al., 2011
Oligotrophic area
Sargasso Sea (BATS) 150 17 - 700 Nelson et al., 1995
Sargasso Sea (BATS) 150 130 Brzezinski and Nelson, 1995

200 113

300 85
OUTPACE: South Western Pacific Gyre 153 1.8 This study

328 0.5
OUTPACE: Melanesian Archipelago 153 16 This study

328 16

519 2.5

944

945
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946 15 Appendices

XBSi0.2-2pm  EBSi2-10pm EIBSi>10pum  Total ZBSi

Stations (mmol m?) (mmol m?) (mmol m?) (mmol m?)
MAR1 0.36 3.49 20.28 24.12
NUK1 0.34 0.66 2.40 3.40
HNL1 0.20 2.34 5.54 8.09

1 3.79
2 0.40
3 0.48
4 0.31
5 0.20
6 0.18
7 0.20
8 0.49
GYR2 0.30 0.37 0.55 1.23
GYRS 0.13 0.24 0.39 0.75
11 0.42
12 0.82
13 0.16
14 0.47
15 1.03
EGY2 0.29 0.45 0.87 1.60
EGY4 0.15 0.25 0.65 1.05
17 2.36
18 2.47
19 0.45
20 1.50
21 3.48

UPwW1* 1.27 5.36 55.43 62.05
UPW2 3.75 15.28 124.10 142.81

UPX1** 7.66 9.80 14.64 32.00

UPX2** 2.27 8.12 15.49 25.88

947

948  Appendix 1: Integrated size-fractionated Biogenic Bica concentrations (£ BSi) in the South Eastern Pacific (BIOSOPE
949  cruise) over 0-125 m. 0-50 m for * and 0-100 m fo.

950
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¥BSi0.4-3um XBSi>3pum Total EBSi

Stations (mmol m?) (mmol m?) (mmol m?)
1 122 2.52 3.7¢€
2 0.39 3.56 3.95
3 0.43 1.83 2.26
A 0.2€ 1.82 2.0¢
4 1.06 2.24 3.30
5 0.51 3.60 4.11
6 0.7C 1.8C 2.4¢
7 0.3¢ 1.9t 2.3¢
8 0.39 1.12 151
9 0.50 1.45 1.96
1c 0.77 0.9¢ 1.7¢
11 0.24 1.00 1.24
12 0.17 1.29 1.46
B 0.30 1.60 1.89
13 0.17 0.96 1.13
cr 0.50 0.93 1.43
Cr 0.5¢ 1.02 1.61

14* 0.68 1.02 1.70
15+ 0.76 1.38 2.14

951

952 Appendix 2: Integrated size-fractionated Biogenic Bica concentrations (X BSi) in the South Western Pacific (OUTPACE
953  cruise) over 0-125 m and 0-200 m for *,

954
955
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STATION

2402| w0
26/02| >
27102| >
28/02| >
13

213 |»
413

5/3

63 |
3

8/3

93 |o
1083
118
1283
1583 |m
168 |m
178 | o
188 (m
198 |m
238 |0
2483 [0
258 [0
268 |0
2718 |o
2913
3013

Datd

22002|
23002

Diatoms
Asterolampra marylandica
Asteromphal us heptactis/roperianus
Baillaria paxillifera
Bacteriastrum comosum
Bacteriastrum elongatum
Cerataulina cf pelagica
Chaetoceros hyal ochaetae spp/
Chaetocer os compressus with Richelia
Chaetocer os dadayi
Chaetoceros peruvianus
Climacodium frauendfeldianum
Cylindrotheca closterium
Dactyliosolen blavyanus
Dactyliosolen fragilissimus
Dactyliosolen phuketensis
Ditylum brightwelli
Gossleriellatropica
Guinardia cylindrus with Richelia
Guinardia striata
Haslea sp.
Helicotheca tamesis
Hemiaulus membranaceus
Hemiaulus hauckii
Hemidiscus sp.
Leptocylindrus mediterraneus
Lioloma pacificum
Navicula/Nitzschia/Mastogloia
Nitzschia longissima
Planktoniella sol
Proboscia alata
Pseudoguinardia recta
Pseudolenia cal car-avis

Pseudo-nitzschia
Rhizosolenia sp. with Richelia___ ||
Rhizosolenia imbricata/bergonii

Rhizosolenia formosa
Skeletonema sp.
Sephanopyxis sp.

Thalassionema sp. -
Triceratium sp.
Undetermined pennates < 50 um
Undetermined pennates 100-200 pm

Undeter mined pennates >200 um
Thalassiosira-like ~15 pm
Thalassiosira-like ~50 pm -
Thalassiosira-like ~100 um

Radiolarians
Single radiolarians -

Colonial radiolarians
Silicoflagellates

Dictyocha speculum
Diazotrophs

Trichodesmium spp.

Richelia intracellularis

Croccosphera sp.

Other fi Js cyanobacteria | | | |

956

957 Appendix 3: Semi-quantitative contribution of siliceous plankton (diatoms, radiolarians, silicoflage#ites) and diazotrophs

958 in plankton nets hauls of 35um mesh size (over 0-150 m at all sites except butes 0-200 m at stations 14 and 15) during
959  the OUTPACE cruise. Long duration stations were sapled every day. Light grey, medium grey and dark gey correspond

960  to minor, common and dominant abundances respectiie

961
962

36



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149 . )
Manuscript under review for journal Biogeosciences BlogeOSC|ences
Discussion started: 15 May 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.

EGU

$$900y uadQ

Figure 1

4
BIOSOPE \
: ‘

1142
13
14 J

171819201

Ocean Data View

4

37



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149 . ) g
Manuscript under review for journal Biogeosciences Blogeosmences 2 EG U
Discussion started: 15 May 2018 Discussions %

(© Author(s) 2018. CC BY 4.0 License.

Figure 2
0 -2
1.5
(%))
— 100 | 2
E . . 2
£ Hi =
8 200 E T
£ 0.5~
g
300 -—= = . ‘ : $ 0
160°E 170°E 180°E 170°W 160°W
0 )
100 )
E P
- =
£ =
a 200
300
160°E
0 a1
0.8
— 100 3
E 0.6 O
< B —
53 s MosE
& 200 @S
& FH0.2
:
300 ; 3 0
160°E 170°E 180°E 170°W 160°W
Longitude

38



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149 . ) é)
Manuscript under review for journal Biogeosciences BlogeOSC|ences 2 EG U
Discussion started: 15 May 2018 Discussions §

(© Author(s) 2018. CC BY 4.0 License.

Figure 3

HNLC STP SPG Eastern Gyre upPw
“—— P> PP 4¢——————— P ———>

- 40
0
o—] EN
= (%)
= S22 °
2 3 £
a =
s B 10
2
g
°c o
- 35
30
zZ
= 25 8
< 1 =
g IS5 =
8 !
s 10
Q
§
B /i o
140°W 120°W 100°W 80°wW
0 —
3
2.5
B : 2 T
= s S
‘g SE15 ©
3 =
a sty =
S B 0.5
8
/ o 0
140°W 120°W 100°W 80°W
Longitude

39



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149 . )
Manuscript under review for journal Biogeosciences BlogeOSC|enceS
Discussion started: 15 May 2018 Discussions
(© Author(s) 2018. CC BY 4.0 License.
Figure 4 VA .
0 A 4 6 7 8 9 10 11 12 B 13 C 14 15
i _
I 0.4
°
03 =
— 100 2
E s 5
- N 0.2
g &
S -
[a) & .
200 5 0.1 ~
‘N,
160°E 170°E 180°E 170°'w 160°'w
Longitude
HNLC STP SPG Eastern Gyre UPw
“«—> ——— >« > < >

Depth [m]

&“e
[/]

o [ S >

Y /
N
¥/ :
200 5
>
&
]
H
300 g
o
140°w 120°w 100°w 80°w
Longitude

40

X+
Q‘12345678GYR101112131415 EGY 171819202100

“‘\ av %

2.5

1.5

- 16 ul [eyo]

$$900y uadQ

EGU



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149 . ) g
Manuscript under review for journal Biogeosciences Blogeosmences 2 EG U
Discussion started: 15 May 2018 Discussions %

(© Author(s) 2018. CC BY 4.0 License.

Figure 5

o 0.125
V)
01§
= =
= 100 0.075 >
=] 5 E
= : 2
N 005 =
[a} H =
& .
200 8 0.025 "
s
g
° 0
0 0.2
015
E. 100 5
< < —
= = 01 3
@ N o
) i -
& 0.05
200 8 =
H
g
°© 0
160°E 170°E 180°E 170°wW 160°W
Longitude
® & R
0 ¥ &12345 6 78 GYR10 1112 13 1415 EGY 1718 19 2021 S 25
2 W
%]
= 100 =
E 1.5 =1
o N =
5 a 2
N F] (=3
0O 200 H =
& '
38405 =
H
g
300 - °
0
"__'
(%]
E 100 =
£ E
® &
0 200 -
AN
300 -
140°wW 120°wW 100°wW 80°w
Longitude

41



Biogeosciences Discuss.,

Manuscript under review

https://doi.org/10.5194/bg-2018-149
for journal Biogeosciences

Discussion started: 15 May 2018
(© Author(s) 2018. CC BY 4.0 License.

Figure 6

¥BSi in mmol m-2 ¥BSi in mmol m=2

¥BSi in mmol m2

150 = [BSi]> 2 ym BIOSOPE
== [BSi]0.2- 2 pm i
701 == [BSi]total .
60
50
40 A
30 ] o
20 4 !
10 4
o - | — = =
\;55:;0%\" NS kD oA ;&;@ WD B '26'\2’6"“"‘\ ’&'9@@‘%2%@2#

4 1 —_—
mmm [BSi]> 2 pm ‘

3] —= [BSi] 0.2 -2 pym BIOSOPE
— [BSi] total
2,
1_
o LA B s el Rl L AR
NSk 5 0 A DS NS A DD 0N
L N L U
5 - G G & &
41 OUTPACE

1 2 A 3 4 65 6 7 8 9

10 11

Stations

42

mmm [BSi]> 3um
—= [BSi]0,4 - 3pm
1 [BSI] total

12 B 13 C1C-2 14 15



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149
Manuscript under review for journal Biogeosciences
Discussion started: 15 May 2018

(© Author(s) 2018. CC BY 4.0 License.

Figure 7

0 -

20

40

60

Depth (m)

80

100

120

a  Total gSi (umol SiL'd")

b 0.2-2um £8i(umol SiL'd"

o0 05 10 15 20 25 0.00 0.02 0.04 0.06 0.08
1 1 1 1 ] 0 1 1 L 1 ]
I s R
o ok e _;:;o
P a
O\qo 20 R - S
‘__.A x" B ¢
>
40 4;
60
—s——  EGY 8o
——%— GYR
———-—— MAR
A UPW
— ———  UPX 120

43



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149
Manuscript under review for journal Biogeosciences

Discussion started: 15 May 2018

(© Author(s) 2018. CC BY 4.0 License.

Figure 8

VSt (d ")

WSi (d")

VS (d")

VSi (d)

0.5

0.0

35
3.0
25
2.0
1.5
i0
0.5
0.0

44

MAR -1 % PAR 51 MAR-50% PAR
4 .
b 3
.
2
Viax=19d" 1 Vinax =43 d'
. Kg=17.1pM Kg = 5.4 pM
10 20 30 40 0 10 20 30 40
HNL - 4 % PAR 3 1GYR-1%PAR
L]
. 2
.
[ ]
1
* . . ,
Vax = 33d
no fit Kg =97 pM
10 20 30 40 0 10 20 30 40
EGY -4 % PAR 51 UPW -50 % PAR
4
3
2
L] -1
1% Vimax=524d
Kg = 10.1 M
0
10 20 30 40 1] 10 20 30 40
UPX - 12 % PAR 2.0 1 UPX -50 % PAR
15
° L]
.
1.0 -
L)
05
¢ Vinax=6.1d"
Kg =383 pM no fit
T T T T 1 0.0 T T T T ‘
10 20 30 40 50 0 10 20 30 40 50
Si(QH), in M Si(OH), in M



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-149
Manuscript under review for journal Biogeosciences
Discussion started: 15 May 2018

(© Author(s) 2018. CC BY 4.0 License.

Figure 9
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Figure 10
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Figure 11

Synechococcus
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