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Abstract

A massive diatom-bloom is observed each year in the surface waters of the naturally Fe
fertilized Kerguelen Plateau (Southern Ocean). We measured biogenic silica production and
dissolution fluxes (pSi and pDiss respectively) in the mixed layer in the vicinity of the
Kerguelen Plateau during austral spring 2011 (KEOPS-2 cruise). We compare results from a
High-Nutrient Low-Chlorophyll reference station and stations with different degrees of iron
enrichment and bloom conditions. Above the Plateau biogenic pSi are among the highest
reported so far in the Southern Ocean (up to 47.9 mmol m? d). Although significant (10.2
mmol m2 d™ in average), pDiss were generally much lower than production rates. Uptake

ratios (pSi:pC and pSi:pN) confirm that diatoms strongly dominate the primary production in
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this area. At the bloom onset, decreasing dissolution to production ratios (D:P) indicate that
the remineralization of silica could sustained most of the low silicon uptake and that the
system progressively shifts toward a silica production regime which must be mainly
supported by new source of silicic acid. Moreover, by comparing results from the two
KEOPS-expeditions (spring 2011 and summer 2005), we suggest that there is a seasonal
evolution on the processes decoupling Si and N cycles in the area. Indeed, the consumption of
H4Si104 standing stocks occurs only during the growing stage of the bloom when strong net
silica production is observed, contributing to a higher H,4SiO4 depletion relative to NOs3'.
Then, the decoupling between H4SiO,4 and NO3” is mainly controlled by the more efficient
nitrogen recycling relative to Si. Gross-Si:N uptake ratios were higher in the Fe-rich regions
compared to the HNLC area, likely due to different diatoms communities. This suggests that
the diatom responses to natural Fe fertilization are more complex than previously thought, and
that natural iron fertilization over long time scales does not necessarily decrease Si:N uptake
ratios as suggested by the Silicic Acid Leakage Hypothesis. Finally, we propose the first
seasonal estimate of Si-biogeochemical budget above the Kerguelen Plateau based on direct
measurements. This study points out that naturally iron fertilized areas of the Southern Ocean
could sustain very high regimes of biogenic silica production, similar to those observed in

highly productive upwelling systems.

1 Introduction

Covering 20 % of the World Ocean, the Southern Ocean is considered as a crucial component
of the climate system since it represents a net sink for atmospheric CO, (Takahashi et al.,
2009). It also plays a key role in the global silicon (Si) biogeochemical cycle because diatoms,
a siliceous phytoplankton group, are one of the major primary producers in this area
(Buesseler et al., 2001; Quéguiner and Brzezinski, 2002; Tréguer and De la Rocha, 2013). As
their cell wall is composed of biogenic silica (opal, amorphous SiO,.nH,0, hereafter referred
to as BSi), diatoms take up dissolved silicon (hereafter referred to as DSi) in the form of
silicic acid (H4Si0,), to produce their siliceous frustules. At global scale, 56 % of this gross
production is estimated to be directly recycled in the upper 100 m (Tréguer and De La Rocha,
2013) due to the combined effects of both physico-chemical and biological processes
(Kamatani, 1982; Bidle and Azam, 1999; Ragueneau et al., 2000). Only the material escaping
dissolution is exported toward the deep ocean and eventually buried in sediments.

Consequently, the marine Si biogeochemical cycle is dominated by biogenic silica production
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and dissolution in the surface mixed layer, and one atom of Si undergoes a cycle of biological
uptake by diatom and subsequent dissolution about 25 times before being removed to the
seabed (Tréguer and De La Rocha, 2013). Thus, it is essential to estimate the balance between
silica production and dissolution in the euphotic zone which is best illustrated by the
integrated dissolution to production rate ratio (/D:JP; Brzezinski et al., 2003) or by integrated
net production rate ([pSinet = production minus dissolution). Globally, the /D:[P values present
an annual mean of 0.56 (Tréguer and De La Rocha, 2013) and range from < 0.1 to > 1, with
low D:P values associated to diatom bloom events, and D:P values exceeding 0.5 occurring
during non-bloom periods (Brzezinski et al., 2001). However, the number of D:P estimates,
due to a small number of Si uptake measurements and an even lower number of Si dissolution
measurements, is insufficient compared to the high variability observed regionally and
seasonally in the ocean which implies high uncertainty in the global D:P estimate and overall

on the marine silicon budget.

Diatoms are ecologically widespread and dominate the primary production in the Antarctic
Circumpolar Current (ACC), especially south of the Polar Front (PF), where their productivity
accounts for 1/3 of the global marine silica production (Pondaven et al. 2000; Buesseler et al.
2001). Consequently, this part of the Southern Ocean represents a key study area to improve
our understanding of the global biogeochemical cycles of both carbon and silicon. Biological
processes occurring in the Southern Ocean have indeed a significant impact on global
biogeochemistry. For example, the large H4SiO, utilization by diatoms in the ACC, combined
to the global overturning circulation would determine the functioning of the biological pump
of low latitude areas by inducing a strong silicic acid limitation (Sarmiento et al., 2004). In the
Southern Ocean, a much larger depletion of silicic acid than nitrate in surface waters occurs
(Trull et al, 2001), which results from the action of a silicon pump, i.e. the preferential export
of BSi compared to particulate organic nitrogen (PON; Dugdale et al., 1995). This area is also
the largest High Nutrient Low Chlorophyll (HNLC) zone of the global ocean where dissolved
iron limitation plays a fundamental role in regulating the primary production and the carbon
cycle (De Baar et al., 2005; Boyd et al., 2007; Tagliabue et al., 2012). Indeed, phytoplankton
community structure and nutrient cycling could be largely controlled by Fe availability, with
highest growth rates located close to iron sources such as continental margins, island systems
and frontal regions (Blain et al., 2007; Tagliabue et al., 2012).

In this context, the KErguelen Ocean and Plateau compared Study (KEOPS) program,

consisting of two expeditions (late summer 2005 and early spring 2011), was conducted to



94
95
96
97
98
99
100
101
102
103
104
105
106
107

108
109
110

111
112
113
114

115
116
117
118
119
120

121
122
123

investigate a naturally iron-fertilized area located in the Indian sector of the Southern Ocean,
where the iron availability could potentially favor the carbon and silicon biological pumps
(Fig. 1; Blain et al., 2007). Two massive and complex blooms, which are clearly constrained
by the local bathymetry, are observed annually over the Kerguelen Plateau and contrast with
the HNLC character of surrounding waters (Pollard et al., 2002; Mongin et al., 2008). The
first KEOPS expedition (KEOPS-1, January-February 2005) has highlighted the impact of
natural iron fertilization on primary production and nutrient cycling, as well as the advantages
to study natural laboratories in the context of such ocean fertilization (Blain et al., 2008). The
general purpose of KEOPS-2 (October-November 2011) was to improve our knowledge about
the processes responsible for this iron fertilization and its impact on the seasonal variations of
the mechanisms controlling the primary production and carbon export. While the KEOPS-1
cruise was mainly directed towards the study of the bloom in the South-East area of the
Plateau, KEOPS-2 focused mainly on the bloom located North-East of the Kerguelen Islands

above the Kerguelen abyssal plain.

In this paper, we investigate the spatial and seasonal variability of silica production and
dissolution in the surface waters of the Kerguelen area. The specific objectives are the

following:

- Compare the Si cycle dynamics in contrasting productive environments such as the
southeastern Kerguelen Plateau bloom, the northeastern Kerguelen bloom in a stationary
meander southward the PF and the warmer waters located north of this front, relative to the

upstream HNLC area south-west of Kerguelen Islands, and identify controlling processes.

- Determine and quantify the seasonal evolution of processes which drive the Si
biogeochemical budget in the upper layer of the Kerguelen Plateau, using the *Si stable
isotope method (Nelson and Goering, 1977a; Fripiat et al, 2009) applied during KEOPS-2 and
other techniques of mass and isotopic balance used during KEOPS-1 (3*Si radiogenic tracer
incubations; Mosseri et al., 2008 and natural silicon isotopic composition, 5°°Si; Fripiat et al.,
2011a), in order to fully characterize the silicon cycle above the Kerguelen Plateau.

- Discuss the potential role of Fe on silica production — dissolution and on Si:N uptake ratios
in the context of the Silicic Acid Leakage Hypothesis (Brzezinski et al., 2002; Sarmiento et
al., 2004).
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- Finally, compare our dataset with previous results in other productive regions of the global

ocean and discuss the different types of diatom dominated regimes.

2 Material and methods

2.1 KEOPS-2 sampling campaign

The KEOPS-2 cruise was conducted in the Indian sector of the Southern Ocean during the
austral spring 2011 (from October 10" to November 20"™) on board the R/V Marion Dufresne
(TAAF/IPEV) and was focused on the iron-fertilized blooms observed around the Kerguelen
Plateau region. This plateau is a large area of relatively shallow seafloor that acts as a barrier
to the circumpolar flow of the ACC, forcing a large part of the current to pass north of the
plateau. The remaining flow passes south of the Kerguelen Islands and forms the jet of the PF,
which exhibits strong meandering and eddy activity (Park et al., 1998, 2008, Roquet et al.,
2009). As a consequence, the shallow region located south of Kerguelen Island represents a
zone of weak north-eastward circulation (Park et al., 2008; Roquet et al, 2009) and bears a
capacity of high chlorophyll a and BSi accumulation during phytoplankton blooms (Blain et
al., 2001; Mosseri et al., 2008; Mongin et al., 2008). Over the plateau, enhanced vertical
mixing associated to internal waves interact with the local bathymetry (Park et al., 2008) and
supply iron and macronutrients from depth to surface waters, enabling to fuel phytoplankton
bloom (Blain et al., 2007; Fripiat et al., 2011a).

The cruise included 8 long-term stations devoted to process studies with incubation
experiments (Fig. 1). Except for one station (E4E) where we were not able to measure silica
dissolution, Si fluxes were investigated in all these process-stations which characteristics are
presented in table 1:

- A HNLC reference station (R-2) located in deep waters south-west of Kerguelen Islands.
- The Kerguelen Plateau bloom reference station of KEOPS-1 (A3-2).

- A productive open ocean station (F-L) influenced by warmer Sub-Antarctic Surface Water,
located north of the Polar Front.

- A productive station (E-4W) located in the plume of chlorophyll observed downstream of

the plateau and close to the jet induced by the PF.
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- 4 stations (E-1 to E-5) constituting a pseudo-lagrangian survey located in a complex
recirculation zone in a stationary meander of the Polar front characterized by strong
mesoscale activity (Zhou et al., 2014).

2.2 Sample collection, spike and incubation conditions

The isotopic dilution technique adapted by Fripiat et al. (2009) from Corvaisier et al. (2005)
aims at simultaneously determining the rates of Si uptake (i.e. silica production) and of
biogenic silica dissolution in the same seawater sample. After spiking with a solution enriched
in *°Si followed by incubation of the samples, the production rate is estimated from the
change in isotopic composition of the particulate phase (increase in *°Si). Similarly, the
isotopic dilution (increase in 2®Si) in the *°Si enriched seawater, due to the dissolution of
naturally 22Si enriched BSi initially present, is used to estimate the dissolution rate.

Production and dissolution rates were determined at 7 and 5 depths respectively,
corresponding to different levels of Photosynthetically Active Radiation (PAR), from 75 % to
0.1 % of surface irradiance. Seawater was collected at defined depths in the euphotic layer
using Niskin bottles mounted on a CTD-rosette. For each depth, 5 | of seawater were sampled.
1 I was subsampled to obtain a natural silicon isotopic standard (i.e. not spiked with *Si) to be
processed along with the samples to correct for the matrix effect and mass bias during isotopic
analysis (Fripiat et al., 2009). These unspiked samples were immediately filtered on 0.8 um
Nuclepore polycarbonate membranes to separate biogenic silica from silicic acid. The
membrane was dried at 50 °C overnight and the filtrate was directly preconcentrated (see
section — Sample preparation and isotopic measurements) and stored at room temperature in
the dark.

The remaining seawater volume was subsampled in 2 | aliquots spiked with H,SiO,-
enriched solution (99 % 3°Si). Aliquots devoted to production measurements were spiked with
a spike contribution representing usually less than 10 % of natural concentrations to minimize
the perturbation of the natural DSi contents (Nelson & Goering, 1977a). In order to improve
the detection limit of the method for dissolution, a second 2 | aliquot was spiked by adding
%93 in the same amount as natural DSi (i.e. DSi spike addition at 100 % of the initial DSi).
This provided sufficient sensitivity for the isotopic measurements of dissolution (see section —

Accuracy of the model, detection limit and standard deviation).
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Immediately after spike addition and gentle mixing, 1 | was filtered following the same
procedure than for the unspiked standard, to determine the initial conditions (ty). The second
half of the sample was poured into polycarbonate incubation-bottles and incubated under light
conditions simulating those prevailing in situ for 24 h (10 % spiked samples) and for 48 h
(100 % spiked samples). Deck-incubators were fitted with blue plastic optical filters to
simulate the light attenuation of the corresponding sampling depths, and temperature was
regulated by circulating surface seawater. At the end of the incubation period, samples were

filtered and treated as described above to characterize the final conditions of the incubation
(t24 OF lyg).

2.3 Sample preparation and isotopic measurements

Preconcentration of H;SiO4 in the seawater samples (for both production and dissolution
measurements) was applied on-board to increase the Si:salinity ratio, because the maximum
salinity of the solution that can be introduced in the mass spectrometer is about 2 %o (Fripiat
et al., 2009). This step was achieved using a protocol adapted from the MAGIC method (Karl
& Tien, 1992; Reynolds et al., 2006). The H4SiO,4 in seawater was scavenged by the brucite
precipitate (Mg(OH),) obtained by adding 1 ml of 14 N NaOH to the 1 | of seawater sample
and strong stirring. The precipitate was recovered by decantation and centrifugation, and was
then dissolved in 3 ml of 3 N HCI.

In the shore based laboratory, polycarbonate membranes (to, to4 and tsg for both production and
dissolution measurements) were digested in one step using a protocol adapted from
Ragueneau et al. (2005) with 4 ml of 0.2 N NaOH during 40 min at 100 °C to hydrolyse BSi.

Samples were then neutralized with 1 ml of 1 N HCI to stop the reaction.

An aliquot of the solutions obtained after preconcentration and digestion was used to
determine colorimetrically the DSi and BSi concentrations, following the method of
Strickland and Parsons (1972). The remaining sample was diluted to 100 ppb Siina 2 %
HNO; solution to determine the initial and final Si isotopic composition of the dissolved and
particulate phases using a Element 2 (Thermo-Fischer) HR-SF-ICP-MS (High Resolution —
Sector Field — Inductively Coupled Plasma — Mass Spectrometer) with the same configuration
used by Fripiat et al. (2009). The sequence of analysis consists in: blank — natural standard —
spiked sample 1 — natural standard — spiked sample 2 — natural standard — spiked sample 3 —

natural standard — blank. The average of the two blanks were subtracted to each standard and
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sample. To test whether our dissolution measurements were biased by a **Si contamination
linked to a possible memory effect in the HR-SF-ICP-MS, we compared the average
composition of the first natural standards (i.e., without contamination from memory effect, n
= 55) with the composition of natural standards analyzed after a spiked sample (n = 102).
There was no significant difference between natural standards passed before and after a 100
% DSi spiked sample (T-test, p-value <0.001). We can thus exclude significant memory effect
when applying the analytical sequence described above.

3 Results

3.1 Accuracy of the model, detection limit and standard deviation

To estimate the production and dissolution of biogenic silica (pSi and pDiss, respectively),
two different models are available: the linear one-compartmental model described by Nelson
and Goering (1977a, b) and the non-linear two-compartmental model described in de
Brauwere et al. (2005) and Elskens et al. (2007). In the latter, both isotopic composition and
concentration changes occurring during the incubation time are taken into account to estimate
production and dissolution rates simultaneously. Lack of consideration of these changes could
induce significant biases in the estimated fluxes (Elskens et al., 2007). In this model the fluxes

are calculated by resolving a system of 4 equations given by:

[DSi]; = [DSi];o + (pDiss — pSi) Xt (3)
[BSi]; = [BSi]s X (pSi — pDiss) X t 4)
pDiss
. . pDiss — pSi pSi— pDiss
@DSi, = @DSiy x (1+ T t) (5)
[psi] vy
. @DSitoX[DSi]¢o _ pDiss — pSi pSi— pDiss
@Bl = e st pDissy X T < (1 (1 t osile X t) ) (6)

where [BSi] and [DSi] are the dissolved silicon and biogenic silica concentrations (in pmol I’
1); @BSi and &DSi are the abundance in excess of *°Si (measured minus natural abundances)
in the particulate and dissolved phase respectively; the subscribes tO and t refer to the initial

and final incubation values.
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The best solution is found numerically by optimizing parameter values (pSi and pDiss) and
minimizing the cost function (weighted sum of squared differences between calculated and
measured variables, [BSi], [H4SiO4], @BSi and &DSi for the four equations simultaneously;
de Brauwere et al., 2005; Elskens et al., 2007).

The relevance of the 2 models against a given data set has already been discussed by Elskens
et al. (2007) and Fripiat et al. (2011b). Taking into account these considerations, and after
testing the accuracy and the sensitivity of each model, we use preferentially the non-linear 2
compartmental model to estimate the biogenic silica production and dissolution during
KEOPS-2. This model was tested according to the four criteria and the residual of the cost
function was checked to follow a Chi? distribution as detailed in Elskens et al. (2007). Due to
unexpected sampling problems on-board, we were not able to measure [DSi]:. Thus, in
addition to the biogenic silica production and dissolution rates, this variable was also
estimated by the model (Egs. 3-6). Under these conditions, one degree of freedom is lost but

the system remains identifiable with 3 unknowns and 4 equations.

KEOPS-2 took place during the onset of the blooms, the biogenic silica production rates were
quite high and far above the detection limit, except for 3 depths of the HNLC reference station
(R-2) and for the deepest value at each station (0.01 % PAR attenuation depth, 8 samples).
However, since biogenic silica dissolution rates were expected to be low in early spring, it is
essential to determine the limit of detection for the *°Si isotopic dilution.

In most cases, final &DSi were significantly different from initial &DSi (paired T-test, p-value
< 0.001). The detection limit for isotopic dilution was then estimated as being the lowest
difference between initial and final *°Si isotopic abundances (A=DSi) measurable by the
instrument. Every &DSi solutions have been analyzed in duplicates with a pooled standard
deviation of 0.32 % (n = 35). In addition, we analyzed the same in-house standard several
times during every analytical session. This solution was a 10 % spiked seawater from
Southern Ocean analyzed since several years with a &DSi at 11.83 £ 0.43 % (n = 40). The
relative standard deviation (RSD) on &DSi of this standard solution is 0.43 % (n = 40) and
represents the long-term reproducibility of HR-SF-ICP-MS measurements. Therefore, each
KEOPS-2 incubation with a A&DSi between ty and t4g higher than this RSD was considered to
be significantly different from zero, and hence above the detection limit. This was the case for

almost all the KEOPS-2 dataset (see e.g. Fig. 2), except for 7 values showing a change in *Si



271  abundance below the detection limit. This included 4 samples from the HNLC reference

272  station R-2 where biological activity was extremely low.

273  Due to time and sampled water volume constraints, the sampling strategy adopted for

274  KEOPS-2 gave the priority to highest vertical resolution instead of replicate incubations.
275  Since only the analytical reproducibility was taken into account in the model, the standard
276  deviations on Si uptake and dissolution rates were likely to be underestimated. Therefore we
277  will use a theoretical relative precision for the whole incubation experiments of 10 %, as
278  estimated for Si uptake rates by Fripiat et al. (2009).

279 3.2 Physical, chemical and biological parameters

280  The vertical structure of upper layer waters in the area was characteristic of the Antarctic

281  Surface Water in the vicinity of the Polar Front (Park et al., 1998, 2008). The Winter Water
282  (WW), identified by the minimum of temperature centered around 200 m, was capped by a
283  homogeneous mixed layer (ML) induced by seasonal stratification. The boundary between the
284  surface ML and the WW is usually marked by a strong seasonal pycnocline. However, at

285  some stations, the stratification of the surface layer was relatively complex and showed two

286  successive discontinuities evidenced by two different density gradients as indicated in Fig. 3.

287  During KEOPS-2, the surface ML depth, defined by the density difference of 0.02 from the
288  surface (Park et al, in prep.), showed a large variability between stations (Fig. 3). A strong and
289  shallow stratification was measured north of the polar front, while wind events induced weak
290  stratification and deep ML in the stations above the plateau and in the HNLC area. Stations in
291  the recirculation zone (E-1 to E-5) supported a complex stratification due to their highly

292  spatial and temporal dynamic and were characterized by 2 distinct density discontinuities.

293  All the stations located south of the Polar Front had quite homogeneous Chl-a, BSi and DSi
294  stocks from the surface to the deepest density discontinuity (below the so-called ML; Fig. 3).
295  North of the Polar Front, these stocks were higher at the surface and decreased with depth
296  (Fig. 3c). Stations A3-2 and E-4W present similar BSi and DSi surface concentrations (Fig.
297  3e, g). At these 2 stations, DSi concentrations increase gradually while Chl-a and BSi

298  decrease drastically below the deepest density discontinuity. Station R-2 contrasted from the
299 latter stations by its low BSi, low Chl-a content and relatively high DSi concentrations,

300 confirming its HNLC character (Fig. 3a). During the lagrangian survey (stations E-1, E-3, E-
301 4E and E-5), we observed a DSi depletion from ~15 to ~10 pmol I"* in surface waters, an
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increase of Chl-a concentrations from < 1 to > 1 mg m™ and a doubling of the BSi content
from ~1.5 to > 3 umol I™* (Fig. 3b, d, f, h). Such temporal variations were mainly driven by
diatom production as described below.

3.3 Biogenic silica production and dissolution rates

Silica production rates were quite homogeneously distributed in the euphotic layer with an
exception for the station F-L located north of the Polar Front where it decreases progressively
with depth (Fig. 4a). Surface pSi varied from 0.036 + 0.003 umol I d* (R-2 in the HNLC
area) to 1.28 + 0.12 pmol It d™* (A3-2, above the Plateau). All over the study area, Si uptake
rates reached very low values at the base of the euphotic layer. Note that the same decreasing
trend was also observed in primary production experiments performed in parallel (see e.g.

Cavagna et al., in prep.).

BSi dissolution rates were considerably lower than Si uptake rates except in the HNLC area
(R-2) and at station E-3 where pSi was in the lower range of the KEOPS-2 dataset. Vertical
profiles of pDiss (Fig. 4b) were quite homogeneous from the surface to the base of the
euphotic layer and did not increase at depth. This indicates that, the physical and
biogeochemical processes affecting BSi dissolution did not vary significantly over the water
column. This is also consistent with the low accumulation of biogenic silica observed at depth
in spring (Lasbleiz et al., 2014) which contrasts with the occurrence of deep BSi maxima at
the end of summer (Mosseri et al., 2008). Moreover, silica dissolution rates were not
significantly different between bloom stations, and were comparable to those measured by
Brzezinski et al. (2001) for the same season in the Pacific sector and by Beucher et al. (2004)

and Fripiat et al. (2011b) for the end of summer in the Australian sector.

As silica production was close to zero below the euphotic layer, all the vertically integrated
values presented in table 2 were calculated from 100 % to 1 % of the surface PAR. The
integrated Si uptake rates (JpSi) varied from 3.09 + 0.01 mmol m? d** (R-2, in the HNLC
area) to 47.9 + 0.4 mmol m? d* (A3-2, above the Plateau), and were among the highest
reported so far in the Southern Ocean (see review in Fripiat, 2010). Integrated BSi dissolution
rates (JpDiss) were generally much lower than integrated production rates with values ranging
from 3.79 + 0.03 mmol m™ d™* north of the Polar Front (F-L) to 9.99 + 0.03 mmol m? d™ at E-

3. Because pDiss did not vary over depth, or between stations, integrated dissolution



332
333

334
335
336
337
338
339
340
341
342
343
344
345

346

347
348

349

350

351
352
353
354
355
356
357
358
359

estimates were correlated with the depth of the euphotic layer (Ze), with higher values in

stations with deeper Ze, e.g. E-1 and E-3 (R? = 0.83, not shown).

Net production rate of BSi in the euphotic layer (JpSine) represents the difference between
gross silica production and dissolution rates (Fig. 5) and could be associated to an uptake of
“new-H4Si0,4” i.e. uptake that does not come from remineralisation processes within the ML.
As for the net primary production, the net silica production could be defined as the part of the
BSi that accumulates in the surface layer during the productive period, which would then be
potentially available later for export to the mesopelagic layer (Brzezinski et al., 2001;
Quéguiner, 2013). During the pseudo-lagrangian survey, net silica production was quite low
during the first 2 visits (E-1 and E-3 with respectively 9.6 + 0.1 and 0.5 + 0.1 mmol m? d)
and reached the maximal value at the last visit (E-5, 20.5 + 0.2 mmol m? d™). The highest net
production rate was observed above the Kerguelen Plateau (A3-2, 43.4 + 0.4 mmol m? d™). In
the HNLC area (Station R-2), silica dissolution was higher than silica production, leading to a

negative [pSinet(-1.78 + 0.02 mmol m? d™).

3.4 Specific rates of production and dissolution

The specific Si uptake rate (VSi, d™) and dissolution rate (VDiss, d*) give the fraction of the

BSi pool produced or dissolved in one day as follows:

., pSi
VSi = 551 (7)
. __ pDiss
and VDiss = Bsi] (8)

VSi is mainly impacted by nutrient and/or light limitation (Frank et al., 2000; Claquin et al.,
2002) and by the diatom community composition (Leynaert et al., 2004). During KEOPS-2,
VSi values (profiles not shown) presented the same decreasing trends with depth as Si uptake,
which is consistent with an impact of light limitation on silica production. Globally, relatively
high “integrated specific Si-uptake rates” ([VSi, calculated by the averaged integrated p
divided by the integrated BSi) prevailed for KEOPS-2 (=0.1 to ~0.3 d™*; table 2). Such values
are not different from those of nutrient-replete diatoms growing in the open ocean zone of the
Southern Ocean (Brzezinski et al., 2001). By contrast, the HNLC area showed a [VSi value

below 0.1 d*, suggesting non-optimal conditions for the growth of diatoms and/or artifact of
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siliceous detritus, which is important in other HNLC regions (e.g. Krause et al., 2010; Fripiat
etal., 2011b).

[VDiss varied around one order of magnitude during KEOPS-2 with low specific rates in
productive stations (e.g. 0.03 d™* above the Plateau), and higher values in the HNLC area (up
to 0.15 d™). Interestingly, E-3 showed unexpected high JVDiss (0.12 d*; table 2).

4 Discussion

4.1 Seasonality of the balance between silica production and dissolution

The D:P ratios integrated between the surface and the 1 % PAR attenuation depth (/D:[P; also
summarized in table 3) are presented in figure 5. At the HNLC reference station R-2, the
[D:JP value >1 indicates that the integrated dissolution rate exceeds the measured integrated
production rate (note that both fluxes were very low at R-2). This situation leads to a net loss
of biogenic silica by dissolution in the euphotic zone and suggests that a short development of
diatoms could have occurred before our sampling. This observation is in accordance with the
high barium excess measured between 200 and 400 m at R-2 (Jacquet et al, 2014), indicating
a high carbon mineralization activity in the mesopelagic zone which could be likely
associated to a surface production event prior sampling. High |D:JP values have already been
measured occasionally in the Southern Ocean during the summer bloom (review in Treéguer
and De La Rocha, 2013).

In the Kerguelen bloom area, [D:JP ratios ranged from 0.09 (station A3-2) to 0.95 (station E-
3) and depended on the stage of the blooms. The [D:JP ratios were relatively high at stations
visited in the beginning of the cruise, indicating that a significant fraction of silica was
recycled in the surface waters in early spring, and then decreased as the bloom took place.
The highest [D:[P ratio occurred at station E-3. This station was characterized by a low BSi
stock (83.6 mmol Si m™), a low integrated BSi production rate (10.5 mmol Si m?d™*
integrated over the euphotic layer; table 2), a dissolution rate close to the mean for all stations,
and high specific dissolution rate. This may evidence a higher relative proportion of detrital
silica free of organic matter at this station which could be due to stronger bacterial and/or
grazing activities inducing a top-down control on diatom growth. Without considering E-3,

[D:JP ratios decreased progressively from E-1 to E-5 and showed low values at the most
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productive stations E-4W, A3-2 and F-L. Here, [D:JP ratios were similar to those measured in

nutrient-replete conditions such as productive upwelling regions (Brzezinski et al., 2003).

High |D:JP ratios in winter and in early spring indicate that silica dissolution is sufficient to
sustain a large fraction of the low Si uptake rates observed during non-bloom conditions and
during the bloom onset, i.e. when primary production is still low. Indeed there is a temporal
decoupling between silica production and dissolution since the dissolution kinetic is slow. It is
only after diatom death and removal of their protecting organic coating by micro-organisms
that the silica frustules can dissolve (Kamatani, 1982; Bidle and Azam, 1999; Bidle et al.,
2003). By contrast, the progressive decrease of the JD:JP values implies that the majority of
gross silica production is sustained by the silicic acid pool supplied from below (winter water)
as the bloom develops. This pool can be regarded as the “new” Si reservoir, similar to nitrate
for N. Thus, we observe a seasonal shift from Si uptake behaving mainly as a regenerated
production before the bloom onset, when silica production is still very low, and then behaving

more like a new production during bloom, when we observe higher Si uptake rates.

An opposite shift at the end of the productive period was suggested by Brzezinski et al. (2001)
in the upwelling system of the Monterey Bay with [D:[P ratios increasing following the bloom
development. In this case, higher [D:JP values were associated to an increase of the relative
proportion of detrital BSi in the water column. Similarly, the occurrence of an accumulation
of dissolving BSi in subsurface following productive periods inducing a net loss of BSi in late
summer (JD:JP = 1.7) was already identified in the Australian sector of the Southern Ocean
(Fripiat et al., 2011b). Since KEOPS-2 took place at the start of the bloom and since there was
no silica dissolution rate measured from KEOPS-1, such increase of [D:JP ratio in the
Kerguelen area at the end of the blooming season has not been observed but will be discussed

in section 4.5.

Because silica dissolution profiles were not significantly different from each other between all
the KEOPS-2 bloom stations (Fig. 4b), it can be ruled out as a process explaining the
variability in [D:JP ratios. The observed decreasing trend of [D:JP ratios was actually mainly
driven by the increase of BSi production rates (from 3.09 + 0.01 to 47.9 + 0.4 mmol Si m? d"
1y and by the accumulation of living diatoms with high specific Si uptake rates in the euphotic
layer (table 2).
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The fraction of silica production supported by new silicic acid is estimated by 1-/D:JP. During
KEOPS-2 it ranged from -0.58 in the HNLC station, where we observed a net loss of biogenic
silica, to a maximum of 0.91 above the plateau, where maximum production rates were
recorded (A3-2, table 3). When plotting 1-/D:JP vs. gross silica production rate, Brzezinski et
al. (2003) found that 8 regional estimates of this parameter representing a large range of ocean
environments, fall along an hyperbolic curve and thus it might be possible to predict the
strength of the silicon pump in a system based on its mean silica production. To obtain a zero-
intercept of the curve satisfying the assumption that when the fraction of silica production
supported by new silicic acid approaches 0, the production must also be 0, we have plotted the
1-/D:JP as a function of the net silica production (instead of the gross production in Brzezinski
et al., 2003). Since these two variables are not fully independent, the equation of the model
matching all the data follows a rectangular hyperbola (Fig. 6). This fitting has been obtained
on KEOPS-2, Brzezinski et al. (2003) and Fripiat et al. (2011b) data.

Using figure 6, we can identify several parameters characterizing the distribution of both
KEOPS-2 stations and other oceanic regions. The 1-/D:/Pax is centered around 1 as it is not
possible to have more than 100 % of silica production supported by new-H.SiO4. The K xet
(5.89 + 2.24 mmol m? d™*) represents the value of net silica production at which the system
shifts from a regenerated to a new biogenic silica production (i.e., 1-/D:JP = 0.5). In KEOPS-2
stations showing a net silica production below K,x, the development of diatoms is mainly
controlled by recycled sources of silicon, while above this value, the supply of new H;SiOy, is
the main source of nutrients for biogenic silica production. It is important to keep in mind that
this model is mainly governed by the dependency of its two variables and thus, we cannot use
it to make predictions about the silicon cycle functioning of stations where only one of the
two parameters was estimated (e.g. net silica production estimated from the change in BSi
concentrations). It however allows us to sort KEOPS-2 stations into specific groups and to
compare them with other oceanic regions. For example, figure 6 is remarkably helpful to
differentiate stations with low net production rates (x-axis) that have very variable fraction of

new Si production (y-axis).

KEOPS-2 stations follow the same trend as that of Brzezinski et al. (2003) and encompass
almost the full range of variability observed in very contrasting oceanic regions (e.g. HNLC,

oligotrophic, coastal upwelling, river plume). They can be sorted in 3 functional groups:
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- The “low activity stations” group includes the HNLC reference station R-2 and station E-3
that showed a net loss of BSi with negative values of [pSine or close to 0 (Fig. 5; table 2). In
Fig. 6, the HNLC station falls in the negative part of the hyperbolic curve, close to stations
mainly characterized by detrital BSi dominance and where a release of silicon from dissolving
BSi takes place following a productive period (e.g. the late summer SAZ-Sense station P2
located in the Polar Front Zone; Fripiat et al., 2011b). Despite its low iron concentration, the
high |D:JP ratio observed at R-2 suggests that a short development of diatoms could have
occurred before our sampling in agreement with Jacquet et al. (2014) and Dehairs et al. (in
prep.). This kind of low diatom production in the HNLC area surrounding the Kerguelen
Plateau has already been suggested at the end of summer by Mosseri et al (2008). Since net
silica dissolution is not sustainable, the values measured at R-2 should necessarily represent
conditions that prevail on a short period of time. Production and dissolution rates are indeed
snapshot measurements over 24 h or 48 h. Although H,SiO,4 concentrations were not limiting
in surface waters, E-3 was characterized by very low silica production that could be
exclusively sustained by recycled silicic acid (1-/D:/P = 0.05) and seemed to have approached
steady state conditions as siliceous biomass cannot increase in a system supported solely by
regenerated silicic acid (Brzezinski and Nelson, 1989). This situation could be the result of a

previous attempt to bloom that would have aborted due to the destabilization of the ML.

- The “starting-bloom” group is represented by station E-1 that has been visited in the
beginning of the KEOPS-2 cruise (early November). Although carbon incubation experiments
reveal that the bloom began to grow at this station (Cavagna et al., in prep.), low Si uptake
(Fig. 4a) and low net-silica production (Fig. 5) were still observed. A moderate 1-/D:JP ratio
(0.58) indicates that BSi production at E-1 is controlled both by new and regenerated sources
of H,SiO,.

- The “spring-bloom” group includes stations holding a strong capacity for BSi accumulation,
i.e. with low dissolution rates and high net silica production rates. Figure 4a allows us to
distinguish between stations from the lagrangian study E-4E and E-5, with only moderate
surface pSi values (respectively 0.62 + 0.06 pmol I'* d”* and 0.57 + 0.06 pmol It d*) and
[D:JP ratio close to 0.3 (table 3); and stations A3-2, F-L and E-4W showing particularly high
surface production rates (> 1 pmol I* d™) and [D:JP ratio close to 0.1 (table 3). Blooms with
such a low |D:JP ratio have the potential to accumulate a large fraction of BSi production
and/or export a large amount of BSi into the deep ocean (Quéeguiner, 2013; Tréguer and De La

Rocha, 2013). Despite their location on both sides of the Polar Front and in different part of
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the Kerguelen bloom, stations E-4W and F-L fall close to each other along the hyperbolic
curve (Fig. 6). Consequently, they should operate in a comparable way in term of silica
production dynamic which is quite similar to the average value of PFZ spring bloom
conditions measured by Brzezinski et al. (2001). So, even though complex physical settings
(Park et al., in prep.) are very different between E-4W (which is not part of PF with high
surface DSi concentration of 17 pmol 1) and F-L (with lower surface DSi concentration of 6
umol I™Y) diatom production regime behave as typical PFZ stations. This was also observed
with carbon export and mesopelagic remineralization by Jacquet et al. (2014). Compared to F-
L and E-4W, A3-2 is highly active in term of silica production and can be compared to the
Amazon river plume and coastal upwelling systems such as Monterey Bay or Peru. This
highlights once again the exceptional character of diatoms-dominated ecosystems sustained

by natural iron fertilization in the Southern Ocean.

4.2 Decoupling between Si, C and N cycles in the Kerguelen area

In the Kerguelen area, the high NO3™ concentrations in surface waters compared to H4SiO4
depletion observed annually at the end of the bloom period suggest a strong decoupling
between the seasonal consumption of these two nutrients (Mosseri et al., 2008). This situation
could be partly induced by differential recycling processes between Si and N strengthening
the silicon pump. Si is thus primarily exported to deeper water through sinking of biogenic
silica while PON is mostly recycled in the ML and used as nitrogen source for the
development of new phytoplankton organisms including diatoms. Since organic matter is
more quickly and efficiently remineralized compared to silica, this decoupling also occurs

between Si and C.

The strength of the silicon pump could be investigated by comparing the Si:C and Si:N
uptake-ratios. In this study, we use only the gross uptake ratios ([pSi:/pN and [pSi:/pC),

calculated respectively as:

. _ pSi
fpSl. pr = o(No; +NED) ©)
. _ pSi
and JpSi: [pC = Tross pC (10)

which reflect only the stoichiometry of phytoplankton nutrient uptake. We will not consider

net uptake ratios that could be calculated but would be biased by the significant rates of
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nitrification estimated at all KEOPS-2 stations (see Cavagna et al., in prep. and Dehairs et al.,
in prep.). Note that both [pSi:[pC and [pSi:|pN uptake ratios are underestimates of actual
diatom uptake ratios because of the simultaneous C and N uptake by non-siliceous organisms.
Diatoms growing in nutrient replete conditions present Si:C and Si:N elemental ratios around
0.13 (from 0.09 to 0.15) and 1 (from 0.8 to 1.2) respectively, with the variability of these
ratios depending on diatom species, size classes and growth rates (Brzezinski, 1985; Martin-
Jézéquel et al., 2000).

Si:C and Si:N uptake ratios are strongly impacted by co-limitations which alter growth rates
and in most cases increase silicification processes, and thus lead to higher uptake ratios
(Claquin et al., 2002; Leynaert et al., 2004; Bucciarelli et al., 2010). During the KEOPS-2
study, JpSi:JpC and [pSi:[pN uptake ratios vary from 0.10 to 0.38 and from 0.32 to 1.51
respectively (table 3).

In our study, these variations could not be explained by limitation from macronutrient (such
as silicic acid) as already proposed by Nelson and Tréguer, (1992) and Quéguiner, (2001).
Indeed, KEOPS-2 took place at the beginning of the growth period (October-November) and
a bloom onset was observed above the Plateau (Blain et al., in prep.). It is thus not surprising
that macronutrient concentrations in the surface layer were not limiting for diatom growth (cf.
Cavagna et al., in prep. for N uptake). For silicic acid, kinetic experiments conducted during
the cruise at all sites demonstrated the lack of response of phytoplankton to H;SiO4
enrichment (data not shown). Indeed, at all stations, mixed layer silicic acid concentrations
were high (from 6.2 to 18.5 umol.I""; Fig. 3) preventing limitation of biogenic silica
production by H,SiO4 availability as Vs; at ambient DSi were always similar to Vay, the

maximum uptake rate achievable when Si is not limiting (data not shown).

Results from a previous cruise in the same area (austral spring 1995) already highlighted the
crucial role played by the light-mixing regime on the control of diatom growth in the nutrient
replete waters (Blain et al., 2001). Light-limitation also takes part in the decoupling between
Si, N and C cycles by decreasing the growth rate and consequently increasing Si:N and Si:C
uptake-ratios (Claquin et al., 2002). At all stations the pSi:pC uptake ratios increase slightly
with depth and reach a maximum at the bottom of the euphotic layer (data not shown), in
agreement with the fact that C assimilation is light-dependent through photosynthesis while
silicification processes mainly involves energy coming from respiration (Martin-Jezéquel et

al., 2000; Claquin et al., 2002). However, because Si uptakes reach very low values at the
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base of the euphotic layer (Fig. 4a), our data suggest that BSi production rates were not fully
independent of light levels and that there was a close coupling between C and Si assimilation
processes (see Cavagna et al., in prep. for carbon uptake). This coupling of pSi with light was
also observed in other regions as the Equatorial Pacific and the North Pacific Subtropical gyre
by Krause et al. (2011). Note however that this is not in contradiction with Claquin et al.

(2002) given the different time scales of the two studies.

Limitation by trace metals (especially iron) also alters the stoichiometry of phytoplankton
nutrient uptake and its elemental composition and, eventually, contributes to the decoupling
between Si, N and C cycles. From bottle enrichment experiments, it has been argued that
diatoms have higher Si:N uptake ratios under Fe stress (Takeda 1998; Hutchins and Bruland
1998; Franck et al., 2000). Interestingly, relatively high [pSi:[pN ratios were measured for the
Kerguelen spring bloom (table 3), with the highest value above the Plateau (1.5, station A3-2)
although this area was naturally Fe-enriched (Sarthou et al., in prep.; Queroue et al., in prep.).
In the KEOPS-2 productive stations, diatoms can take up more H;SiO, compared to nitrogen
and carbon. Indeed, these organisms are known to store silicic acid in their vacuoles or linked
to other intracellular components (Martin-Jézéquel et al., 2000, Hildebrand, 2008), or could
be more silicified. By contrast, 3 stations showed low JpSi:[pN uptake ratios (0.44, 0.74 and
0.32 for R-2, E-3 and F-L respectively). Lower Si:N and Si:C integrated uptake ratios in these
areas might be partly due to changes in phytoplankton composition. By measuring
phytoplankton pigment composition in the HNLC station, Lasbleiz et al. (2014) estimated a
lower contribution of microphytoplankton due to a higher proportion of nanophytoplankton
organisms such as nanoflagellates. Thus, since the phytoplankton community at R may
contain a significant fraction of non-siliceous organisms, the C and N uptake ratios were not
solely prescribed by diatoms and thus could explain the low |pSi:[pN uptake ratios observed.
However, the higher concentrations in fucoxanthin over the other pigments at all other
stations clearly evidence the dominance of large diatoms in the Kerguelen blooms (Lasbleiz et
al., 2014). The very low [pSi:[pN uptake ratios estimated at F-L could not result from a
dominance of non-siliceous phytoplanktonic organisms but likely from different diatom
communities showing contrasted degree of silicification and adapted to the specific
hydrological and biogeochemical conditions occurring north of the Polar Front. Indeed,
previous studies in the Southern Ocean have already shown that diatom community
composition could explain more differences in silicification than physiological responses to

environmental factors such as iron concentration (Baines et al., 2010; Assmy et al., 2013).



578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595

596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

Thus, at a seasonal scale and above the plateau, the combination of this increased Si uptake
and nitrogen regeneration processes including nitrification (see e.g. in Cavagna et al., in prep.;
Dehairs et al., in prep.) in the beginning of the bloom, and preferential recycling of organic
matter at the bloom offset helps to explain the depletion of most of the Si from surface layer
observed between early spring (18.7 umol I}, averaged in the upper 80 m at station A3-2,
KEOPS-2) and the end of summer (1.9 pmol I}, averaged in the upper 80 m at station A3,
KEOPS-1; Mosseri et al., 2008), while nitrate remains abundant (23 pmol I, averaged in the
upper 80 m at station A3, KEOPS-1; Mosseri et al., 2008). Fe-replete diatom assemblages,
such as those found at A3-2 (Sarthou et al., in prep.), will deplete silicic acid from the water
column before nitrate. Such silicon pump above Kerguelen Plateau would then not be driven
solely by Fe-limitation contrary to incubation experiments from coastal upwelling systems
(Hutchins and Bruland, 1998). Indeed, Fe enrichments in bottle experiments fertilise on short
time scale (days) a diatom community that is not adapted to higher Fe levels. Here, by
comparing [pSi:/pN uptake ratios on different natural communities adapted to their specific
ambient Fe levels, our results suggest that natural Fe fertilisation might favour diatoms with
higher Si:N ratios. Above the Kerguelen Plateau, diatoms seem to maintain a relatively higher
degree of silicification until the demise of the bloom, since Mosseri et al. (2008) observed the
same range of [pSi:[pN at A3 (1.6 + 0.5, n=3).

If confirmed in other naturally fertilized regions, these observations may have great
implications in our understanding of the past and future functioning of the Southern Ocean
and its role in the regulation of climate. Indeed, the silicon pump occurring in the ACC results
in an Antarctic Surface Water (AASW) relatively replete in NO3™ but strongly depleted in
H4Si04 as observed by Blain et al. (2007) and Mosseri et al. (2008) in the Kerguelen region.
This property is then exported toward lower latitudes by the Antarctic Intermediate Water
(AAIW) and Subantarctic Mode Water (SAMW) (Sarmiento et al., 2004), currently favouring
non siliceous organisms production in these regions. Thus, any change in Si:N uptake ratios
south of the region of AAIW and SAMW formation might in turn modify diatom productivity
at low latitude. Matsumoto et al. (2002) proposed that a Silicic Acid Leakage Hypothesis
(SALH) could explain the drop of atmospheric pCO, during glacial times and would be
mainly driven by changes in Si:N ratios of diatoms induced by an increase in iron supply to
the Southern Ocean. This hypothesis is based on in vitro and artificial Fe-enrichment
experiments showing lower Si:N uptake ratios for diatoms in non Fe-stressed conditions
(Takeda, 1998; Hutchins & Bruland, 1998), so that the increase of Fe-deposition in the
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Southern Ocean during glacial times would drive AASW towards NOj3™ depletion instead of
the actual H4SiO, depletion (Brzezinski et al., 2002).

Our results could indicate that glacial Fe fertilization may not have necessarily resulted in a
decrease in Si:N uptake ratios in AASW contrary to what has been proposed as an explanation
for the SALH (Brzezinski et al. 2002). Other processes leading to SALH could be invoked,
such as shifts in AAIW and SAMW formation rates (Crosta et al., 2007), variations in
phytoplankton assemblages (including relative contribution of non-siliceous organisms) or
changes in NO3™ remineralization efficiency. Since this interpretation is based on several
incubations for several samplings (during spring and summer) in a single Fe-enriched station
(A3, n =4) and only one station in the HNLC region (R-2), further investigations concerning
the seasonality of net silica production and Si:N uptake ratios in both naturally Fe-fertilized

and HNLC areas of the Southern Ocean are clearly needed to validate this observation.

4.3 Seasonality and budget of the silicon cycle above the Kerguelen Plateau

In order to investigate the seasonal evolution of Si biogeochemical cycle in the Kerguelen
iron-fertilized bloom (station A3), we combined in figure 7 the KEOPS-1 and KEOPS-2
silicon fluxes measured using different isotopic approaches (stable and radiogenic isotope
tracer incubations: *°Si and *2Si respectively, and, natural silicon isotopic composition, §*°Si,
of both diatoms and seawater). Assuming that the whole water mass above the Kerguelen
Plateau may have been significantly ventilated with surface waters from the HNLC area at the
annual scale, Fripiat et al. (2011a) used the HNLC winter water (WW) characteristics to
represent the initial conditions of the winter H4SiO, stock in the fertilized area surface layer
(0-100 m). Because the biological activity (Si and C assimilation) took place only in the upper
80 m during KEOPS-2, Si fluxes, stocks and values estimated by Fripiat et al (2011a)
discussed in this section were recalculated from the surface to 80 m (instead of 100 m in
Fripiat et al. 2011a). The winter supply of DSi estimated from the seasonal H;SiO,4 depletion
during KEOPS-1 from the Upper Deep Circumpolar Water (UDCW) to the WW is around 2
mol m?, which is not significantly different from the 1.9 mol m DSi stock we measured by
mid-October during KEOPS-2 (A3-1). This confirms that, as suggested by Fripiat et al
(2011a), the HNLC winter water is representative of the Si source with initial Si pool
conditions prevailing before the bloom onset in the fertilized area. At this time, silica
production (which was not measured during this 1% visit) should be very low since only little

BSi accumulation was observed in the ML (79.1 mmol m™), and only 2 - 1.9 = 0.1 mol m™ of
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H,4Si04 was consumed in the surface water before our sampling compared to the estimated
WW initial stock. The system was likely exclusively driven by regenerated silica production
inducing a potentially high /D:/P ratio (close to 1). Irradiance and mixed layer regime should
be the more likely dominant factors controlling the bloom development for eukaryotes in
winter and in early spring (Boyd et al., 2001; Blain et al., 2013). Models have previously
reported that the interannual variability of mixed layer depth significantly affects both the date
of the bloom onset and the maximum chlorophyll concentration in the region (Pondaven et al.,
1998). Then, because H4SiO,4 and Fe were not at limiting concentrations in the surface layer
(Sarthou et al., in prep.), the light-mixing regime that occurred above the Plateau by mid-

October, should have been still unfavourable to diatom growth.

As the surface irradiance becomes more favourable with time, biogenic silica production
progressively increases and reaches the highest net production value (46.8 mmol m? d™)
measured during our 2" visit to A3 (mid-November). Between these 2 samplings (i.e. during
28 days), the H,SiO4 depletion in the ML (1.9 - 1.5 = 0.4 mol m™) yields to an average |pNet
of 14.3 mmol m? d™. Although it was located in different blooms of the Kerguelen region
with different diatom communities, this value is in good agreement with the net silica
production measured at station E-1 which we characterized as a “starting-bloom” dynamic.
Consequently, we can predict that simultaneously to the rise of silica production above the
Plateau, the [D:JP ratio should decrease toward values around 0.5 as measured at E-1, and that
the silica production could be controlled by both new and regenerated sources of H;SiO4. In
this situation, almost all the net BSi production is accumulated in the surface water: 348.5
mmol m (BSi stock integrated over 80 m, this study) and very low export of biogenic silica
is allowed from the ML to the bottom layer: 4.7 mmol m? d™* (estimated from the difference
between net production calculated with DSi standing stocks and that calculated using BSi
standing stocks, 14.3 and 9.6 mmol m d™* respectively). These observations are in good
agreement with the low carbon export (4 % of the surface primary production) estimated
during the first visit at A3 by Jacquet et al. (2014). Indeed, such early spring bloom generally
starts by the development of lightly silicified diatoms with potentially low sedimentation rates
(Quéguiner, 2013).

The H,SiO. stock measured during the second visit at A3 (1.5 mol m™) can sustain the strong
net silica production rates measured there for 32 days. Using natural Si isotopic approach,
Fripiat et al. (2011a) suggested that diatoms could receive in addition, at least 1.2 mol m™ of

DSi coming from the WW during the productive period in the upper 80 m of the fertilized
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area, allowing 26 supplementary days of growth for diatoms with the same high Si uptake
rate. Taking into account the sum of such winter and summer vertical Si supply, the high
productive period as measured in A3-2 can be maintained during 86 days. Remarkably, this is
almost similar to the estimation by Mongin et al. (2008) based on satellite products of 85 days
of blooming over the Kerguelen plateau. Using a box-model approach, De Brauwere et al.
(2012) suggested that the bloom could also persist over the same duration without considering
this summer Si supply from deep-waters. This appears unlikely because the high net silica
production we measured at A3-2 could not be sustained for more than 32 days. Even if such
high net silica production should probably not be representative of the Si uptake by diatoms
over the Plateau during the rest of bloom period, an additional source of Si is needed. The
very good accordance of our results with the bloom duration from Mongin et al. (2008)
suggests that this summer H4SiO,4 input in the ML is realistic and could sustain a significant
part of the phytoplankton growth above the Kerguelen Plateau. Indeed, high internal wave
activity above the plateau is assumed to be a major process for vertical dissolved iron (and
other nutrients) supply on the upper waters (Park et al., 2008; Blain et al., 2008).

These vertical fluxes allow a 2-month period of highly active blooming, with a system
controlled exclusively by new sources of H,SiO, (JD:/P = 0.09, A3-2, table 3), inducing the
strong DSi depletion observed in January (DSi stocks at 0.2 mol m™?, KEOPS-1; Mosseri et
al., 2008) and the high BSi accumulation in the ML (348.5 mmol m?, KEOPS-2; this study)
which could be exported at the end of summer when the water column stratification becomes
weaker. The gross-/pSi measured here is in the upper range of published values in the
Southern Ocean and the specific Si uptake rate was relatively high (respectively 47.9 mmol m
2d™* and 0.28 d* in the euphotic layer; table 2). This could indicate that diatoms have already
reached their maximum BSi production rate, and that our second visit to A3 could represent
the maximum of the bloom dynamic above the Plateau. This is quite consistent with the date
of the bloom peak estimated in early December both by modeling and satellite approaches
(Mongin et al., 2008 and de Brauwere et al., 2012). The H,SiO, standing stock in the ML
would then be depleted by mid-January (0.2 mol m?, KEOPS-1; Mosseri et al., 2008). Then
the bloom would shift toward a steady state dynamic, almost entirely controlled by
regenerated Si with decreasing gross silica production down to 10.7 mmol m? d*, KEOPS-1
(Mosseri et al., 2008) and where H;SiO,4 concentration in the ML becomes limiting for diatom
growth.
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This progression of Si limitation could be associated to a change in the phytoplankton
community as observed between the different visits at A3 during KEOPS-1 (Mosseri et al.,
2008; Armand et al., 2008), and could be related to the selection of species with higher
affinities with silicic acid resulting in a better ability to grow at low H4SiO4 concentrations.
Such change in the community structure in response to physical and biological forcing was
also proposed in a conceptual scheme by Quéguiner (2013). In spring, diatoms presenting
high growth rates and low degree of silicification dominate the bloom which development is
mainly controlled by new nutrients sources. This diatom assemblage will be soon affected by
the availability of both silicic acid and iron, and will change for a population showing lower
growth rates exclusively sustained by regenerated sources of H;SiO4. This second
assemblage, beginning to dominate in January, could thus persist at steady state until May,
when PAR decreases below the threshold of 1 mol photon m d* (Blain et al., 2013) in waters
that are quite depleted in H4SiQy, as it is composed by small diatoms with high affinities for
silicic acid (Mosseri et al., 2008) and a deep silica maximum (DSM) characterized by strongly
silicified large—sized diatoms growing at the base of the ML in the nutrient gradient
(Quéguiner, 2013). Under such conditions, a very low net silica production and a JD:JP ratio
close to 1 are expected. Unfortunately no silica dissolution measurements are available from
KEOPS-1. However, we can try to estimate the net production from the difference between
the KEOPS-1 average gross silica production (10.7 mmol m? d*; Mosseri et al., 2008) and
average silica dissolution measured at all stations south of the Polar Front during KEOPS-2
(10.2 mmol m? d™). The choice of a constant silica dissolution rate throughout the productive
season may seem surprising at first sight. However, there are several reasons to support this
hypothesis: (i) Brzezinski et al. (2001) show that the seasonal variability of silica dissolution
rates in the Southern Ocean is very low (6.7 mmol m? d*in October/November to 6.6 mmol
m2 d™ in February/March); (ii) JpDiss measured close to the Polar Front by Fripiat et al.
(2011b) in late summer were very close to our spring dissolution values (4.9 to 6.6 mmol m™
d™) (iii) As best seen on Fig. 4b, all KEOPS-2 stations except the HNLC one (R-2) have
similar silica dissolution profiles. Thus it is reasonable to assume that the net silica production

estimated above the plateau in late summer should be around 0.5 mmol m?d™.

The BSi standing stock observed in the upper layer in late summer (275.3 mmol m?, KEOPS-
1; Mosseri et al., 2008) is lower than that measured in spring (348.5 mmol m™). This could
indicate that a part of the BSi that was produced before reaching a silica production in steady

state (i.e. sustained almost entirely by regenerating production) was not accumulated in the
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surface ML at the end of the productive period. In fact, a part of the summer production can
be stocked in the form a DSM as measured in late summer above the plateau (550.1 mmol m™
between 100 and 200 m; Mosseri et al., 2008) which was not yet present at KEOPS-2. This
subsurface biogenic silica accumulation mainly results from the combination of sedimentation
of living but inactive cells and the occurrence of phytoplankton populations living at depth
(Vitz et al., 2009; Fripiat et al., 2011a). The part of the summer net silica production which is
not accumulated below the ML should thus be exported to deeper waters as the seasonal
stratification breaks down with the intensification of vertical mixing. In term of carbon export,
this flux could represent 14 to 31 % of the surface primary production (KEOPS-1, station A3;
Jacquet et al., 2008). As proposed by Quéguiner (2013), a massive export of biogenic silica
and organic matter (58 days x 46.8 mmol m?d™ - (275.3 + 550 mmol m) = 2.2 mol Si m™)
should occur and could then represent the major annual event of the silicon and biological

carbon pumps.

Although our budget of the silicon biogeochemical cycle above the Kerguelen Plateau is
based on different silicon isotopic approaches and is sustained by silicon stocks and fluxes
coming from different years, it matches very well with all the previous individual findings.
The seasonal variations of [D:[P ratio are in accordance with those observed by Brzezinski et
al. (2001) across the Polar Front Zone and are quite well represented by the recent model of
Coffineau et al. (2013), who estimate a [D:P ratio ranging from 0.64 in winter to 0.19 during
the spring bloom. The good accordance of our approach with outcomes from different studies
also highlights that, to fully characterize the silicon cycle in a region of interest, we need to
measure both silica production and dissolution rates. Indeed, taking only into account the
gross silica production in such a synthesis exercise (i.e. without measuring silica dissolution
as it is the case in most studies) could lead to misinterpretations of the silicon pump
functioning. For instance, we would not be able to identify shifts between “new” and
“regenerated” silica production neither to accurately calculate the real bloom duration without
considering silica recycling. Without taking into account dissolution, silica production would
have been overestimated by 21 % in the mixed layer (58.2 mmol m? d™* compared to the 47.9
mmol m? d* of real net silica production), and the bloom duration computation would have
yielded 74 days, which is not consistent with the 85 days of KEOPS-1 bloom duration
observed by Mongin et al. (2008).
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5 Conclusions

Our study addressed the seasonal evolution of the efficiency of the silicon pump and of the
biogenic silica fluxes in the mixed layer under different naturally iron-fertilized bloom
conditions around the Kerguelen region. Integrated Si uptake rates were among the highest
reported so far in the Southern Ocean. They varied from 3.09 + 0.01 mmol m? d* in the
HNLC area (R-2) to 47.9 + 0.4 mmol m? d* above the plateau (A3-2) and seemed to be
strongly coupled with C uptake over depth. Indeed, C and Si assimilation were very low
below the euphotic layer indicating the occurrence of a subsurface accumulation of living but
inactive diatoms. Although significant, silica dissolution rates were generally much lower

than production rates and did not vary between bloom stations nor over depth.

We observed a shift from a BSi production regime based on the regeneration of H;SiO4
during the early stages of bloom onset (with an averaged |D:JP ratio of 0.98) to a regime
based on new production during the bloom development (with an averaged [D:JP ratio of
0.18). This change switched on an active silicon pump which led to the decoupling between Si
and N cycles as well as a strong H4SiO,4 depletion of surface water by late summer, with
significant implications for global biogeochemical properties. Indeed, the system
progressively shifted toward a stronger silicon pump as Si uptake rates increased and nitrogen
became preferentially remineralized when the bloom was well established. This led ultimately
to a strong Si limitation and drove the system toward a regenerated silica production regime
which allowed the persistence of the bloom in a steady state despite the low concentrations of
silicic acid concentrations. Our results confirm and complete the concept of a seasonal
transition from a diatom new production to a diatom regenerated production already proposed
in the Antarctic Zone by Brzezinski et al. (2003).

Moreover, in opposition to previous artificial Fe-enrichment bottle experiments outcomes,
Si:N and Si:C uptake ratios during KEOPS-2 were not higher in the HNLC area compared to
the fertilized region. This observation could have great implications on our understanding on
processes involved in setting atmospheric pCO, during glacial-interglacial transitions. Our
results suggest that the increase of low latitude diatom production observed during glacial
periods should not be controlled primarily by a shift in the nutrient uptake stoichiometry of
Antarctic diatoms induced by an enhanced iron supply, as proposed in the silicic acid leakage
hypothesis (Matsumoto et al., 2002; Brzezinski et al., 2002), but further investigations are
clearly needed to validate this idea.
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The combination of the results from the two KEOPS cruises (early spring and late summer)
and of different isotopic approaches, allowed the first seasonal estimate of a closed silicon
biogeochemical budget in the iron-fertilized area above the Kerguelen Plateau based on direct
measurements. Our estimates emphasize the interest of combining different tracers and
methods with different sensitivities to physical and biological processes to better constrain
and quantify all the processes simultaneously. The major outcome of this seasonal budget is
that the winter and summer silicon supplies to the mixed layer (3.2 mol m? y™) seem to be
well balanced by the combination of biogenic silica accumulation (both in the upper layer and
in the winter waters) and late summer BSi export (respectively 0.3 + 0.6 + 2.2 = 3.1 mol m™
y™). This confirms the occurrence of a significant summer Si supply from Winter Water as
suggested by Fripiat et al. (2011a) sustaining the diatom bloom over the Kerguelen Plateau.

Finally, a striking feature of this study is that naturally iron fertilized areas of the Southern
Ocean, like the Kerguelen Plateau, could sustain a biogenic silica production regime similar to
those observed in coastal upwelling systems or in large river plume. This highlights the
exceptional character of diatoms-dominated ecosystems associated to natural iron fertilization
in the Southern Ocean, and their significant role in the global Si biogeochemical cycle. Even
if the outcomes of this budget are consistent with previous measurements, large uncertainties
remain about the seasonal evolution of dissolution rates at the end of the productive period.
Indeed, in order to fully characterize the Si-biogeochemical cycle in a region of interest, it is
recommended to measure both BSi production and dissolution rates. In combination, the
natural silicon isotopic composition (5%°Si) of diatoms and seawater represents a powerful tool
for identifying silicon sources and silica production over larger temporal and spatial scales
(Fripiat et al., 2011a; Treguer and De la Rocha, 2013), and will be also examined during
KEOPS-2. The combination of several isotopic approaches, as well as modeling exercises
(such as in Pondaven et al., 1998; De Brauwere et al., 2012; Coffineau et al., 2013), by
allowing to better constrain and quantify different physical and biogeochemical processes
simultaneously, would strongly improve our understanding of the regional Si biogeochemical

cycle and its implications in the global ocean biogeochemistry.
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Tables

Table 1: Characteristics of the stations sampled for Si-fluxes measurements during KEOPS-2.
Ze represents the bottom of the euphotic zone (1% of surface Photosynthetically Active
Radiation), MLD is the depth of the Mixed Layer (from Park et al., in prep.).



Position

Station Zone L atitude Longitude Date Ze (m) MLD (m)
R-2 HNLC 50°21.55 S 66°43.0 E 26-Oct 92 124
E-1 Meander 48°27.4 S 72°11.3 E 30-Oct 64 69
E-3 Meander 48°42.1 S 71°58.0 E 4-Nov 68 35
F-L Polar front 48°31.2 S 74°39.5 E 7-Nov 29 47
E-4W Plume 48°45.9 S 71°255 E 12-Nov 31 55
E-4E Meander 48°42.9 S 72°33.8 E 14-Nov 34 80
A3-2 Plateau 50°37.5S 72°349 E 17-Nov 38 123
1088 E-5 Meander 48°24.7 S 71°54.0 E 19-Nov 54 41

1089

1090  Table 2: Biogenic silica concentration (J[BSi]), Si-uptake (JpSi), biogenic silica dissolution
1091  (IpDiss), silica net production ([pNet) integrated over the euphotic layer (1% of surface
1092  Photosynthetically Active Radiation), and integrated specific rates of Si-uptake and silica
1093  dissolution (calculated as [VSi = [pSi/[BSi] and |Diss = [pDiss/[BSi] respectively).

_ [[BSi] Ipsi [pDiss [pNet Specific rates
Station Zone mmolm?  mmolm?d? mmolm?d* mmolm?d* [VSid") [VDiss (")
R-2 HNLC 33.28+0.1 3.09%0.01 488+0.01 -1.78+0.02 0.09 0.15
E-1 Meander 96.1+0.2 16.8+£0.1 7.11£0.02 9.6+0.1 0.17 0.07
E-3 Meander  83.6+0.2 105+0.1 9.99+0.03 05+£0.1 0.13 0.12
F-L Polar front 97.8+0.5 27.5+0.3 3.79+0.03 23.8+0.3 0.28 0.04
E-4W Plume 1420+£0.7 31.8%x0.3 3.97£0.03 27.9%0.3 0.22 0.03
E-4E Meander 104.3+05 21.0%0.2 5.80+0.03* 15.1+0.2* 0.20 0.06*
A3-2 Plateau 173.6£0.7 479x0.4 450+0.03 43404 0.28 0.03
1094 E-5 Meander 1595+04 275%0.2 6.97 £0.03 205%0.2 0.17 0.04

1095  * Since no dissolution rates were measured at E4E, these values do not correspond to calculations from direct
1096 measurements but only to estimations. Dissolution was calculated as the average of all KEOPS-2 integrated
1097  dissolution rates.

1098

1099  Table 3.:Dissolution to production ratio (/D:[P), fraction of the silica production supported by
1100  new silicic acid (1-/D:JP), silicon to carbon (C) and nitrogen (N) uptake ratios (C and N

1101  assimilation were measured by Cavagna et al., in prep.). pN represents both nitrate and

1102  ammonium uptake. All these values are integrated over the euphotic layer (1% of surface
1103  Photosynthetically Active Radiation).



1104
1105

1106
1107

1108

1109

1110
1111
1112

1113
1114
1115
1116
1117

1118
1119
1120
1121
1122
1123

1124
1125
1126

Station Zone p:[P 1-D:[P  gross-pSi:JpC  gross-[pSi:[pN

R-2 HNLC 1.58 -0.58 0.28 0.44
E-1 Meander 0.42 0.58 0.38 1.27
E-3 Meander 0.95 0.05 0.18 0.74
F-L Polar front 0.14 0.86 0.10 0.32
E-4W Plume 0.12 0.88 0.15 0.93
E-4E Meander 0.28 0.72 0.27 1.26
A3-2 Plateau 0.09 0.91 0.30 1.51
E-5 Meander 0.25 0.75 0.35 1.41

* Since no dissolution rates were measured at E4E, these values do not correspond to calculations from direct
measurements but only to estimations. Dissolution was calculated as the average of all KEOPS-2 integrated

dissolution rates.

Figures captions

Figure 1: Map of the KEOPS-2 cruise area (Indian sector of the Southern Ocean) showing the
location of stations discussed in this study. Dotted line represents the position of the Polar

Front from Park et al. (in prep.).

Figure 2. Comparison of changes in *°Si-abundance of seawater for each incubation (symbols)
with detection limit of the *Si-isotopic dilution method (plain line) estimated from the
reproductibility of an internal standard (0.43%, n = 40). The dotted line represents the
detection limit obtained from the average reproductibility of all dissolution duplicates (0.32%,
n = 35).

Figure 3: Vertical distribution of chlorophyll a (continuous-black line; estimated from CTD
fluorescence), biogenic silica concentration ([BSi], light dots) and H;SiO,4 concentration
([DSi], dark dots). Dotted lines show the bottom of the euphotic layer (1% of
Photosynthetically Active Radiation, Ze) for each station. Dark dashed lines represent the
Mixed Layer Depth (MLD; estimated by Park et al., in prep.) and grey dashed lines
correspond to a 2" density gradient identify from the density CTD-profile.

Figure 4: Vertical distribution of Si-uptake (pSi, panel a.) and biogenic silica dissolution
(pDiss, panel b.) in KEOPS-2 stations. Open symbols represent the depth at the bottom of the

euphotic layer (1% of Photosynthetically Active Radiation) for each station.
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Figure 5: Si-uptake (black), biogenic silica dissolution (white) and net silica production (grey)
integrated over the euphotic layer (1% of Photosynthetically Active Radiation). Italic values

correspond to the integrated dissolution to production ratio (JD:/P).

Figure 6: Fraction of biogenic silica production supported by new silicic acid (1-/D:JP) as a
function of the integrated net silica production rate (Jpnet) during KEOPS-2 (filled black
diamonds) compared with different regions of the global ocean (Open circles; Brzezinski et
al., 2003 and references therein; and open diamonds; Fripiat et al., 2011b). Triangles and
squares show the mean values for different growth seasons for SAZ and PFZ, respectively
(Fripiat et al., 2011b). The plain line is a rectangular hyperbola to fit all data points (grey
symbols were excluded from the model since they represent either negative 1-/D:|P value
which are not allowed by the model, or average while all other symbols refer to single
stations). The equation of the curve is 1-/D:/P = 1.01 x [pnet/(5.89 + Jpnet). Dotted lines
correspond to + 1sd of the 1-/D:JPpax.

Figure 7: Schematic view of the seasonal silicon cycle in the mixed layer above the Kerguelen
Plateau as estimated from natural and enriched Si isotopic measurements. Blue silicon fluxes
correspond to estimated values while dark fluxes correspond to direct measurements. The 3
main water masses are represented by dark-grey for Upper Circumpolar Deep Water
(UCDW), medium-grey for the Winter Water (WW) and light-grey for the Mixed Layer
(ML). Variation of biogenic silica and H4SiO, standing stocks integrated over 80m
(respectively [BSi] and [DSi]) are shown in the upper panel. Vertical continuous arrows
represent DSi supplies from deep water to the ML, and dotted arrows correspond to
particulate silica fluxes. Integrated silica production rates are calculated from the surface to
80m. Horizontal white arrows represent the state of the bloom (indicated by the D:P ratio)
through time. Winter consumption has been estimated from the difference of winter mixing
supply (Fripiat et al., 2011a) and the standing stock measured at the first A3 visit (KEOPS-2).
The difference in standing stocks between the two visits at A3 (28 days, KEOPS-2) yields to
the net silica production of 14.3 mmol.m2.d™*. The DSi standing stock at the second visit of
A3 can sustain the net silica production measured for 32 days (this study) while the summer
DSi supply estimated by Fripiat et al. (2011a) can sustain the same net production by an extra
26 days. The fall production measurements and standing stocks are from Mosseri et al. (2008,
KEOPS-1). Since no silica dissolution is available from KEOPS-1, fall net production has

been estimated from the difference between average gross silica production during KEOPS-1



1159  (Mosseri et al., 2008) and average silica dissolution measured at all stations south of the Polar
1160  Front (KEOPS-2, this study). Deep BSi accumulation is calculated by integrating over the
1161  100-200m depth layer data from Mosseri et al. 2008 (see text for further details).
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1173 * Since no dissolution rates were measured at E4E, dissolution and net production do not correspond to
1174  calculations from direct measurements but only to estimations. Dissolution was calculated as the average of all

1175  KEOPS-2 integrated dissolution rates.
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