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The particles sinking out of the ocean's surface layer are made up of a mixture of living and dead algal cells, fecal pellets and aggregates, while the parameters used to describe the behaviour of biogenic silica (bSiO 2 ) in today's models are experimentally determined on freely suspended diatoms (FC). In a simple advection-reaction model we combine sinking rates of FC, zooplankton fecal pellets and aggregates with recent measurements of bSiO 2 dissolution to reconstruct theoretical downward profiles of bSiO 2 fluxes at 8 sites in the world ocean. Statistical analyses showed that sinking and dissolution parameters for two pools of bSiO 2 are required to model particle fluxes accurately. The 2-pool model results confirm the importance of seasonality for particle formation and its connection to the percentage of the bSiO 2 production that reaches the seafloor. The depth of bSiO 2 recycling appears to be influenced more by particle formation than by dissolution rates of bSiO 2 or the ballast effect of the dense diatom frustules.

Introduction

Diatoms form the basis of a short food chain that leads to carbon export to higher trophic levels [START_REF] Cushing | A difference in structure between ecosystems in strongly stratified waters and in those that are only weakly stratified[END_REF][START_REF] Thornton | Diatom aggregation in the sea: mechanisms and ecological implications[END_REF] and to deeper waters [START_REF] Buesseler | The decoupling of production and particulate export in the surface ocean[END_REF]. They are an important player in the global carbon cycle because of their participation in an efficient food web and their ability to aggregate [START_REF] Smetacek | Diatoms and the Ocean Carbon Cycle[END_REF]. Because diatoms require silica to build their frustules, their share in total primary production (PP) depends on the availability of the nutrient silicic acid (DSi) in many regions of the world ocean such as the equatorial Pacific [START_REF] Dugdale | The role of a silicate pump in driving new production[END_REF][START_REF] Leynaert | Silicon limitation of biogenic silica production in the Equatorial Pacific[END_REF] or the Southern Ocean [START_REF] Brzezinski | Silicon dynamics within an intense open-ocean diatom bloom in the Pacific Sector of the Southern Ocean[END_REF][START_REF] Pondaven | Modelling the silica pump in the Permanently Open Ocean Zone of the Southern Ocean[END_REF]]. The availability of DSi in surface waters, in particular relative to other nutrients, is linked to the composition of the source waters in upwelling regions and/or the intensity of biogenic silica (bSiO 2 ) recycling in surface waters in other oceanic regions. Depending on the depth of bSiO 2 dissolution, diatom production is affected on different time scale. Shallow depth mineralization immediately influences diatom production and phytoplankton dynamics [START_REF] Officer | The possible importance of silicon in marine eutrophication[END_REF]. Recycling in intermediate waters [START_REF] Sarmiento | Do We Now Understand The Ocean's Biological Pump?[END_REF] and/or deep waters [START_REF] Ragueneau | A review of the Si cycle in the modern ocean: recent progress and missing gaps in the application of biogenic opal as a paleoproductivity proxy[END_REF] affects the meridional distribution of DSi or the redistribution of DSi among oceanic basins, respectively, with implications for intermediate to long time scales.

A global average of 60% of the bSiO 2 produced in surface waters is recycled in the first 100 m [START_REF] Nelson | Production and dissolution of biogenic silica in the ocean: Revised global estimates, comparison with regional data and relationship to biogenic sedimentation[END_REF][START_REF] Tréguer | The silica Balance in the World Ocean: A Reestimate[END_REF]. This global mean hides large regional differences [START_REF] Nelson | Production and dissolution of biogenic silica in the ocean: Revised global estimates, comparison with regional data and relationship to biogenic sedimentation[END_REF][START_REF] Ragueneau | A review of the Si cycle in the modern ocean: recent progress and missing gaps in the application of biogenic opal as a paleoproductivity proxy[END_REF][START_REF] Ragueneau | Si/C decoupling in the world ocean: is the Southern Ocean different?[END_REF], which can not be related to any simple trend in production or diatom abundance, nor to any single mechanism known to influence dissolution, such as temperature [START_REF] Lawson | Silica dissolution rates of decomposing phytoplankton assemblages at various temperature[END_REF] or bacterial activity [START_REF] Bidle | Accelerated dissolution of diatom silica by marine bacterial assemblages[END_REF]. The dissolution to production ratio, integrated over the surface layer (∫D:∫P), has been related to the formation of diatom blooms by [START_REF] Brzezinski | The balance between silica production and silica dissolution in the sea: Insights from Monterey Bay, California, applied to the global data set[END_REF]; this ratio is lower during blooms, leaving more room for export and deeper recycling. However, the use of global biogeochemical models to reproduce both DSi and bSiO 2 flux profiles in the global ocean is difficult and does not always agree with in situ measurements [START_REF] Aumont | An ecosystem model of the global ocean including Fe, Si, P colimitations[END_REF]. We hypothesize that the present difficulty in modeling both the bSiO 2 and DSi profiles of the global ocean are due to underestimating the importance of particle formation. Whereas aggregates and fecal pellets of large grazers are major vehicles for export [review in [START_REF] Turner | Zooplankton faecal pellets, marine snow and sinking phytoplankton blooms[END_REF][START_REF] Thornton | Diatom aggregation in the sea: mechanisms and ecological implications[END_REF], the parameters used to represent the fate of PP in global ocean models are still measured on freely suspended diatoms.

To test this hypothesis, we developed a simple advection-reaction model using one and then two different pools of particles. The model combines a series of in vitro bSiO 2 dissolution experiments undertaken on the different constituents of the flux: freely suspended diatoms [compiled in Van Cappellen et al., 2002], zooplankton fecal pellets [Gallinari et al., unpublished;[START_REF] Schultes | The role of mesozooplankton grazing in the biogeochemical cycle of silicon in the Southern Ocean[END_REF] and aggregates [START_REF] Moriceau | Evidence for reduced biogenic silica dissolution rates in diatom aggregates[END_REF] with data on bSiO 2 production, export and deep fluxes from 8 biogeochemical provinces of the world ocean [described in [START_REF] Ragueneau | Si/C decoupling in the world ocean: is the Southern Ocean different?[END_REF]. The bSiO 2 downward fluxes are modeled to fit the downward flux data at the eight sites. This allows us to derive important information about particle formation in the upper ocean. The composition of the bSiO 2 fluxes in terms of large or small particles and, the sinking and specific bSiO 2 dissolution rates of each component help to unravel mechanisms involved in the spatial variability of the intensity and depth of bSiO 2 dissolution.

Approach: from laboratory experiments to a virtual water column

Experimental measurements

The flux of matter sinking through the water column is mainly composed of freely suspended phytoplankton cells, aggregates, and zooplankton fecal pellets [START_REF] Turner | Zooplankton faecal pellets, marine snow and sinking phytoplankton blooms[END_REF][START_REF] Thornton | Diatom aggregation in the sea: mechanisms and ecological implications[END_REF]. Specific bSiO 2 dissolution rates are usually measured experimentally on freely suspended diatoms [compiled by [START_REF] Van Cappellen | Biogenic silica dissolution in the oceans: Reconciling experimental and field-based dissolution rates[END_REF]. Recently, however, specific dissolution rates of bSiO 2 incorporated into aggregates [START_REF] Moriceau | Evidence for reduced biogenic silica dissolution rates in diatom aggregates[END_REF] and fecal pellets [START_REF] Schultes | The role of mesozooplankton grazing in the biogeochemical cycle of silicon in the Southern Ocean[END_REF]Gallinari, unpublished] have been measured in the laboratory and shown to be about half the rates measured on freely suspended diatoms (Table 1). Including the dissolution rates of all particle types in models should enable us to predict the bSiO 2 sedimentation flux more precisely. Here we consider a model of bSiO 2 flux with depth that includes two types of particles (free diatom cells: FC and large particles: LP). We can keep the model simple with only two particle types by assuming that the sinking rates and specific bSiO 2 dissolution rate of aggregates and fecal pellets are similar as is demonstrated in Table 1. The FC group has the slow sinking rate and fast specific bSiO 2 dissolution rate characteristic of free diatom cells. The LP group has faster sinking rates than the FC and half the specific bSiO 2 dissolution rate. For comparison, the model was first run using only one type of particle with sinking properties and bSiO 2 dissolution rates between those of FC and LP particles as described below.

The data used for this study were collected in eight biogeochemical provinces of the world ocean, for which annual measurements of bSiO 2 production, export and deep fluxes (at 2 depths) are available [data in [START_REF] Ragueneau | Si/C decoupling in the world ocean: is the Southern Ocean different?[END_REF]. In this dataset, export fluxes (at 200 m) were derived from models or from sediment trap measurements while deeper water fluxes (1000 and 3000 m depth) were measured using sediment traps. Two sites are located in the Equatorial 2). Four data points can be fitted for each site, providing a total of 32 data points.

Model description

The concentration profiles of bSiO 2 for each particle pool i (LP or FC) can be described by a simple advection-reaction model (Eq. 1):
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where t is time (d), z depth (m), S i is the sinking rate (m d -1 ) , and k i (T) is the (temperaturedependent) first-order specific bSiO 2 dissolution rate (d -1 ). Such first-order dissolution of bSiO 2 is often observed in batch experiments and leads to a simple exponential increase in the DSi concentration as a function of time [e.g. [START_REF] Greenwood | Biogenic silica dissolution in seawater -in vitro chemical kinetics[END_REF].

Assuming steady-state ( t bSiO 2 ∂ ∂ i =0), and constant sinking and dissolution rates, the concentration (mmol m -3 ) and flux of bSiO 2 (mmol m -2 d -1 ) at each water column depth (z) are

given by equation 2:
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(2) which in terms of the total fluxes for the 1-particle model and the 2-particle model gives equation 3 and 3'respectively:
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where α and (1-α) correspond to bSiO 2 production (PP bSiO2 , in mmol m -2 d -1 ) in the FC and the LP groups in the upper layer, respectively.

As temperature is allowed to vary, we use a piecewise approximation to model equation 3. The water column is subdivided into a number of layers (with thickness ∆z) in which temperature is assumed constant. Then, for each fraction, the flux at the bottom (z + ∆z) and top (z) of this layer are related by:
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For the 1-particle model the flux at z = 0 equals the bSiO 2 production (PP bSiO2 ), and for the 2particle model the bSiO 2 flux at each depth is the sum of the LP and FC fluxes.
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In these equations, FbSiO 2TOT (z) is the flux of total bSiO 2 in mmol m -2 d -1 at depth z; PP bSiO2 is the production flux of bSiO 2 in mmol m -2 d -1 ; FbSiO 2 FC (z) and FbSiO 2 LP (z) are the fluxes of bSiO 2 in the FC and LP groups at depth z respectively. k FC (T) and k LP (T) are the specific bSiO 2 dissolution rates in d -1 given in the literature for FC particles (Table 1) and corrected by the factor of 2 less that was measured experimentally for LP particles. Rates were also corrected for temperature, according to equation (6) from [START_REF] Rickert | Dissolution Kinetics of biogenic silica from the water column to the sediments[END_REF]; temperature profiles of the water column at each site were from the NODC (Levitus) World Ocean Atlas 1998 (http://www.cdc.noaa.gov/).
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where k 1 is the specific bSiO 2 dissolution rate in d -1 measured in controlled conditions in the laboratory; T 1 is the experimental temperature in degrees Kelvin (286.15 K); k z (T 2 ) is the rate recalculated for the depth z at the in situ temperature T 2 ; and Eapp/R = 7211 °K.

To facilitate comparison among sites, the total flux is normalized to the production flux to obtain a profile of bSiO 2 flux expressed in % of bSiO 2 production.

For both models we have:
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which for the 2-particle model becomes:

100 PP ) ( FbSiO ) ( FbSiO ) ( FbSiO % 2 bSiO 2LP 2FC 2 × + = z z z (7')

Parameter determination

As a first step, we applied the 1-pool model to fit the bSiO 2 flux profiles measured in the field. The specific dissolution rate was set to the value given in Table 1 for FC, and corrected for temperature at each site and depth using eq. 6. At each site, the model 1 calculated the bSiO 2 sinking rate required to fit the in situ bSiO 2 flux data. Note that the fit is not improved when the model uses LP specific dissolution rates instead of k FC nor an average of the two values.

In a second step, bSiO 2 specific dissolution rates and the sinking rates for two pools of particles were included in the model (model 2). Specific bSiO 2 dissolution rates of FC and LP

were set to values presented in Table 1 and corrected for in situ temperature at each depth using equation 6. The model 2 calculated a global sinking rate for FC particles (S FC ) for all sites, one LP sinking rate per site and the percent of bSiO 2 from the production which is incorporated into large particles (1-α) or stays freely suspended (α).

Finally in a third step (model 3), the parameter S FC was allowed to vary at each site.

In the three versions of the model, parameters were calculated by minimizing the sum of the square residuals using the Excel Solver and the GRG method (Generalized Reduced Gradient).

These calculations were tested for many initial values because the algorithm used is non linear.

Best fits to the data using the three model versions are shown for each of the eight sites in Fig. 1.

Statistical comparison of the 1-particle and 2-particle models

We used an F-test to compare the three versions of the model. The null hypothesis considers that adding complexity to the model does not significantly decrease the sum of the square residuals between model and observed data (SSR). The calculated F value is obtained using equation ( 8) and compared to the F test critical value.

F = (SSR1-SSR2) (df1-df2) / (SSR2/df2) (8) 
SSR1 and SSR2 are the sum of the square residuals between the modeled and the experimental values; df1 and df2 are the degrees of freedom of the different versions of the model calculated as follow.

dfi = E -P -1 ( 9)

With E, the number of observed values the models has to fit (4 data for each of the 8 sites), and P the number of variable parameters used to optimize the fit.

The F test was first applied to compare the 1-particle model (hereafter referred to as model 1) to a 2-particle model using a global S FC (model 2). Next, we compared two versions of the 2-particle model, one using a global S FC (model 2 again) and one using a variable S FC at each site (model 3). When the model considered only one type of particle, it had 23 degrees of freedom. Model 2 used 17 parameters, providing14 degrees of freedom. Finally, model 3 had 7 degrees of freedom. 2) is a good approximation. Note that at the PAP site, the flux at 1000 m is low compared to the flux at 3000 m and can be explained by the presence of swimmers in the trap [START_REF] Lampitt | Material supply to the abyssal seafloor in the Northeast Atlantic[END_REF].

Results

Comparison of the model versions: Importance of particle formation

Model 2, which considered a global FC sinking rate (S FC ), gives more degrees of freedom than model 1, but the use of a global S FC is also an oversimplification. Indeed, for the PAP site in the North East Atlantic Ocean, and for the NACC and APFP sites located in the Pacific sector of the Southern Ocean (North of the Polar Front and on the Polar Front respectively), this approach doesn't fit the data closely. To improve the reconstruction of these bSiO 2 fluxes, the model has to use a S FC higher than the global one. Reconstructions of the Southern Ocean profiles are generally improved by using model 3 with a varying S FC (Fig. 1). The F-test also favors model 3 over model 2 at the 95% confidence level. At the annual scale, FC sinking rates can be classified into two groups: fast S FC in the Southern Ocean and PAP site and slow S FC in the rest of the world. This trend may well reflect the production of large, fast sinking diatoms commonly observed in the Southern Ocean [START_REF] Kemp | The production of giant marine diatoms and their export at oceanic frontal zones: implications for Si and C flux in stratified oceans[END_REF].

Freely suspended diatoms and large particles have such different sinking rates and specific bSiO 2 dissolution rates that parameters of the two groups of particles must be considered to correctly reconstruct bSiO 2 flux profiles. The role and importance of each particle type is confirmed by a sensitivity analysis performed on the profiles using model 3 for the sinking rates of the two particles (shown for POOZ, Fig. 2). Profiles of bSiO 2 fluxes are quite sensitive to variation in sinking rates: in the upper 1000 m the profile is mostly affected by the sinking rate of FC whereas deeper, the profile is more sensitive to variation of the LP sinking rate. The composition of the flux in the upper layer (parameter α) is well constrained, as when the contribution of FC and LP changes by only 5-10 %, the resulting profile of bSiO 2 flux significantly differs from the one measured (Fig. 2c).

Model outputs

For the eight sites, model 3 provides sinking rates ranging from 45 to 605 m d -1 for the LP and from 0.1 to 10.4 m d -1 for the FC (Table 2; Fig. 1), consistent with ranges found in the literature (Table 1). The sinking rates calculated by model 3 confirm the prevalence of aggregates and fecal pellets in the LP group (see values and references in Table1) and the fact that the FC group must be essentially composed of freely suspended diatoms, small and large.

Note that the 2-particles models (models 2 and 3) can not always strictly separate LP and FC using bSiO 2 sinking and specific dissolution rates. For the two sites located in the Southern Ocean (APFP and NACC) and for PAP, model 3 produces faster FC sinking rates and a faster LP sinking rates than those calculated by model 2. The S FC calculated by the model 2 is in these cases lowered by the other sites' S FC . The difference between the results of the two models for APFP, NACC and PAP shows the importance of a third group of particles that is included in LP in model 2 results and in FC in model 3 results. Large diatoms that have been observed in areas like the Southern Ocean, Gulf of California, and North Pacific Gyre [START_REF] Kemp | The "Fall dump" -a new perspective on the role of a "shade flora" in the annual cycle of diatom production and export flux[END_REF][START_REF] Kemp | The production of giant marine diatoms and their export at oceanic frontal zones: implications for Si and C flux in stratified oceans[END_REF] apparently dominate the production of APFP, NACC and PAP. Following the same argument, the very low S LP and S FC calculated by model 3 for APFA and POOZ suggest simultaneous production of small and large diatoms. Therefore, there are really three groups of particles (LP, freely-suspended large cells, and freely-suspended small cells); however, the large, freelysuspended diatoms have been included in the LP group here as the best compromise since the model can only account for two groups of particles.

Also, even if not shown here, giant aggregates with small and even null sinking rates such as those observed by [START_REF] Rinaldi | Mucilages in italian seas: the Adriatic and Thyrrhenian Seas, 1988-1991[END_REF] would certainly be integrated into the FC group of particles.

DISCUSSION

Particle formation: a major factor determining bSiO 2 export and recycling

In their global analysis of bSiO 2 production and dissolution, [START_REF] Brzezinski | The balance between silica production and silica dissolution in the sea: Insights from Monterey Bay, California, applied to the global data set[END_REF] demonstrated that the dissolution to production ratio integrated over the surface layer (∫D:∫P) is low under bloom conditions, leaving ample room for net export. They underlined the importance of considering dissolution when determining export of matter. Using the model results, we compare the importance of the two processes, sinking and dissolution, by calculating particle residence times in the mixed layer at each site with only sinking or only dissolution considered (Table 3). The comparison of these bSiO 2 residence times in surface waters suggests that this global data set of bSiO 2 production and dissolution cannot ignore particle formation. Sinking rates of large particles act on much shorter time scales than dissolution rates, so, rather than having the export determined by the intensity of the recycling, the intensity of export (1-∫D:∫P) is linked to the rate of large particle formation and drives the intensity of shallow-water recycling.

The rate at which diatoms are incorporated into large particles will determine how rapidly exported they are as their fast sinking rates leave no time for dissolution to occur in surface waters. In such cases, the dissolution depth is translated downward. The recycling intensity in surface waters depends first on the ability of diatoms to remain as single cells and secondly on factors such as temperature [START_REF] Bidle | Regulation of Oceanic Silicon and Carbon Preservation by Temperature Control on bacteria[END_REF][START_REF] Fujii | Effects of biogenic silica dissolution on silicon cycling and export production[END_REF][START_REF] Lawson | Silica dissolution rates of decomposing phytoplankton assemblages at various temperature[END_REF] and bacterial activity [START_REF] Bidle | Accelerated dissolution of diatom silica by marine bacterial assemblages[END_REF] which control their fate in surface waters.

Thus, we suggest that low ∫D:∫P ratios under bloom conditions [START_REF] Brzezinski | The balance between silica production and silica dissolution in the sea: Insights from Monterey Bay, California, applied to the global data set[END_REF] are caused by a rapid export of bloom diatoms [START_REF] Buesseler | The decoupling of production and particulate export in the surface ocean[END_REF], which extracts bSiO 2 from the surface waters where intense recycling generally occurs under non-bloom conditions.

Recognizing the importance of seasonality to the sinking of particles, we calculated the seasonality index of each site as defined by [START_REF] Berger | Export production: seasonality and intermittency, and paleoceanographic implications[END_REF] (Table 2) as six minus the number of months necessary to generate one half of the annual productivity when the data are ordered from the most productive to the least productive month (the 'production half-time').

Considering productivity, the eight sites could be classified in three groups [START_REF] Berger | Export production: seasonality and intermittency, and paleoceanographic implications[END_REF]: EqPac and BATS have constant productivity (seasonality index close to 0); OSP, APFA, NACC, POOZ, PAP have sinusoidal production (seasonality index between 2 and 3) and APFP has a strong seasonal peak in productivity (seasonality index > 3.5). As shown in Figure 3, sites exhibiting the lowest seasonality (EqPac, BATS) also exhibit the lowest export at 100 m (i.e. low 1-∫D:∫P). Conversely, sites with higher seasonality (APFP, NACC and APFA) display a larger 1-∫D:∫P at 100 m. Even if seasonality is not the only important factor, Figure 3 confirms its major role in particle formation. Indeed grazing and aggregation processes are more abundant at the end of a bloom [START_REF] Buesseler | The decoupling of production and particulate export in the surface ocean[END_REF] and consequently the export of matter out of the surface layer is also increased. To properly model diatom export versus recycling, further research efforts must focus not only on dissolution properties, but perhaps more importantly, on representing particle formation during bloom termination.

Another implication of our model results concerns the ballast theory. Armstrong et al.

[2002] established a correlation between organic carbon and ballast (bSiO 2 , CaCO 3 ) fluxes below the mixing layer. Based on this model, [START_REF] Klaas | Association of sinking organic matter with various types of mineral ballast in the deep sea: Implications for the rain ratio[END_REF] concluded that organic carbon is carried into the deeper waters preferentially by calcium carbonate, which has a higher density (2.71 g cm -3 ) than opal (2.1 g cm -3 ). [START_REF] Passow | Switching perspectives: Do mineral fluxes determine particulate organic carbon fluxes or vice versa?[END_REF] proposed the inverse of this hypothesis, that carbon, in the form of TEP, could transport organic matter and ballast to the deep sea by promoting aggregation. In APFP, OSP and NACC sites (Table 2), the fast S LP suggested the dominance of large diatoms. At these sites, freely suspended diatoms can be exported from the mixed layer (Table 4) due to the low temperature at the surface layer and/or high sinking rates. But at most other sites, even ballasted with a frustule whose density is twice that of organic matter (1.06 g cm -3 ), a single diatom almost completely dissolves in the upper WML. This observation calls for more caution when considering the ballast theory and emphasizes once again the importance of bloom-ending processes to explain sedimentation fluxes. The fact that POC and ballast fluxes are closely linked below the mixed layer [START_REF] Armstrong | A new, mechanistic model for organic carbon fluxes in the ocean based on the quantitative association of POC with ballast minerals[END_REF] is not necessarily related only to the higher density of bSiO 2 and CaCO 3 compared to that of organic matter. The efficiency of sedimentation depends primarily on the incorporation of diatoms into large particles like aggregates or fecal pellets (Fig. 2c) in the mixed layer; the ballasting of these large particles throughout the whole water column plays a secondary role (Fig. 2b).

Implications for the silicate pump

The silicate pump is the process by which bSiO 2 is exported from surface waters with a greater efficiency than PON, driving the system towards DSi limitation. According to [START_REF] Dugdale | The role of a silicate pump in driving new production[END_REF], grazers are the motor of this silicate pump; whereas nitrogen is largely assimilated or recycled by grazers and therefore retained at the surface, bSiO 2 is packaged into fast-sinking fecal pellets and exported from the mixed layer. The silicate pump model was developed initially for the Equatorial Pacific [START_REF] Dugdale | Silicate regulation of new production in the equatorial Pacific upwelling[END_REF]] and later applied to the Southern Ocean [START_REF] Brzezinski | Silicon dynamics within an intense open-ocean diatom bloom in the Pacific Sector of the Southern Ocean[END_REF]. It is based on several assumptions, including that bSiO 2 dissolution in surface waters is negligible [START_REF] Dugdale | The role of a silicate pump in driving new production[END_REF]. Our results clearly contradict this assumption at the EqPac site [START_REF] Dugdale | Silicate regulation of new production in the equatorial Pacific upwelling[END_REF]. EqPac is the site with the shallowest recycling in our model output (Fig. 1), as observed previously in the field [START_REF] Blain | Stocks and fluxes of biogenic silica in the western oligotrophic equatorial Pacific[END_REF]. The EqPac site is well-known for its low export efficiency [START_REF] Buesseler | The decoupling of production and particulate export in the surface ocean[END_REF], possibly related to its small seasonal variability (Table 2, Fig. 3). Consequently, the fraction of bSiO 2 production incorporated into large particles by aggregation/ fecal pellet production is lowest at the EqPac site on an annual basis (Table 2). Our results (Table 4) suggest that the vast majority of the diatoms remain as single cells in surface waters, and 88% dissolve before reaching the base of the mixed layer (on average, 50 m). This extensive dissolution is consistent with the high temperatures (i.e., high dissolution rate) and bacterial activity (i.e., fast removal of protective organic coatings) encountered in these equatorial waters [START_REF] Bidle | Regulation of Oceanic Silicon and Carbon Preservation by Temperature Control on bacteria[END_REF]. It is important to note that these are annual fluxes. Episodic events such as Tropical Instability Waves have been shown to trigger intense diatom concentrations at fronts [START_REF] Yoder | A line in the sea[END_REF], leading to massive sinking of algal material and the formation of large flocs of phytodetritus on the seafloor [START_REF] Smith | Phytodetritus at the abyssal seafloor across 10° of latitude in the central equatorial Pacific[END_REF]. However, although these episodes may be very important for sustaining life in the mesopelagic and at the sediment-water interface [Smith et al., 2002;[START_REF] Smith | Benthic community responses to pulses in pelagic food supply: North Pacific subtropical Gyre[END_REF], or for formation of paleoceanographic records [START_REF] Ragueneau | A review of the Si cycle in the modern ocean: recent progress and missing gaps in the application of biogenic opal as a paleoproductivity proxy[END_REF], our results suggest that they do not contribute appreciably to annual POC and bSiO 2 fluxes in oligotrophic ecosystems. [START_REF] Brzezinski | The balance between silica production and silica dissolution in the sea: Insights from Monterey Bay, California, applied to the global data set[END_REF] have suggested that a measure of the strength of the silicate pump can be obtained by comparing 1-∫D:∫P for Si with the f-ratio for N (representing export intensity for Si and N respectively). When the 1-∫D:∫P values obtained from our model are plotted versus the f-ratio for each site (obtained from [START_REF] Nelson | Vertical budgets for organic carbon and biogenic silica in the pacific sector of the Southern Ocean, 1996-1998[END_REF] for the Southern Ocean and from [START_REF] Falkowski | Phytoplankton and their role in primary, new and export production[END_REF] for the other sites) (Fig. 4), the silica pump appears to be most pronounced at APFP and NACC sites. At the EqPac site, 1-∫D:∫P is close to 0.12, whereas the fratio is between 0.1 and 0.17 [START_REF] Dugdale | Estimating new production in the equatorial Pacific Ocean at 150°W[END_REF]Mc Carthy et al., 1996]. Since 1-∫D:∫P is less than or equal to the f-ratio at this site, it would appear that the silicate pump is weak or nonexistent.

The silicate pump will be most pronounced under the following two conditions: (1) when particle formation is extensive enough to induce rapid export from the mixed layer, and (2) when Si and N cycling are decoupled, so that more Si is exported relative to N. To simplify the model as much as possible, we pooled aggregates and fecal pellets into a single group to reconstruct bSiO 2 fluxes. This simplification may lead to some inaccuracies, as grazing (i.e., fecal pellet production) and aggregation can have very different effects on the silicate pump [see [START_REF] Ragueneau | Si and C interactions in the world ocean: importance of ecological processes and implications for the role of diatoms in the biological pump[END_REF]. While grazers assimilate C and N from diatom material, bSiO 2 passes through the gut quasi-inertly, leading to a five-fold increase in the Si/C ratio as the material is egested [START_REF] Cowie | Digestion and alteration of the biochemical constituents of a diatom (Thalassiosira weissflogii) ingested by an herbivorious copepod (Calanus pacificus)[END_REF][START_REF] Tande | Assimilation efficiency in herbivorous aquatic organismsthe potential of the ratio method using 14 C and biogenic silica as markers[END_REF]. By contrast, diatoms that are incorporated within aggregates rather than ingested by zooplankton would tend to remain alive for a longer time, fixing their Si/C ratio at a relatively constant value [START_REF] Moriceau | Evidence for reduced biogenic silica dissolution rates in diatom aggregates[END_REF]. Despite this caveat, with our simple model we can at least identify sites with a high flux of fast-sinking particles, and see that 1-∫D:∫P (at 100 m) is highest at sites with the most seasonality (Fig. 3).

Clearly, particle formation at the end of blooms is a key factor controlling the silicate pump.

Further investigation of aggregation dynamics is crucial for understanding temporal and spatial variations in the strength of the silicate pump, as well as the role of diatoms in the biological carbon pump [e.g., [START_REF] Ragueneau | Si and C interactions in the world ocean: importance of ecological processes and implications for the role of diatoms in the biological pump[END_REF].

Impact on the geochemistry of the seafloor

Our results have important implications for the calibration of bSiO 2 mass accumulation rates (MAR) as a proxy of paleoproductivity [START_REF] Ragueneau | A review of the Si cycle in the modern ocean: recent progress and missing gaps in the application of biogenic opal as a paleoproductivity proxy[END_REF]. Larger opal MAR need not necessarily be ascribed to higher surface productivity. At the POOZ site (Fig. 2), for example, a doubling in the bSiO 2 rain rate can be achieved without any change in surface bSiO 2 production, through either (1) a doubling in the incorporation of bSiO 2 into large particles (i.e., from 20% to 40%), (2) a 3.33-fold increase in the LP sinking rate (from 30 to 100 m d -1 ), or (3) a 2.67-fold decrease in the LP dissolution rate from 0.04 to 0.015 d -1 . These ranges in values are all realistic, and a small variation in one of them can significantly increase the amount of bSiO 2 reaching the seafloor. Furthermore, these 3 factors are not necessarily independent and can therefore have additive effects. For example, incorporation into large particles would most likely increase both the particle sinking rate and decrease the bSiO 2 dissolution rate [START_REF] Moriceau | Evidence for reduced biogenic silica dissolution rates in diatom aggregates[END_REF]. Clearly, improving our understanding of how siliceous sediments accumulate requires proper consideration of particle formation and biogeochemical cycling in sinking particles. This is crucial not only for determining the depth of bSiO 2 dissolution in the water column, but also the extent of silica burial in sediments [START_REF] Gallinari | The importance of water column processes on the dissolution properties of biogenic silica in deep sea-sediments I. Solubility[END_REF][START_REF] Khalil | Constraining biogenic silica dissolution in marine sediments: a comparison between diagenetic models and experimental dissolution rates[END_REF].

Conclusions and perspectives

In this paper, we have combined sinking and silica dissolution rates [START_REF] Schultes | The role of mesozooplankton grazing in the biogeochemical cycle of silicon in the Southern Ocean[END_REF][START_REF] Moriceau | Evidence for reduced biogenic silica dissolution rates in diatom aggregates[END_REF] for three types of siliceous particles (diatoms as free cells, incorporated into zooplankton fecal pellets, or into aggregates) to reconstruct theoretical downward profiles of bSiO 2 fluxes. By applying a simple advection-reaction model to 8 sites of the world ocean where annual estimates of bSiO 2 production are available [START_REF] Ragueneau | Si/C decoupling in the world ocean: is the Southern Ocean different?[END_REF], we were able to fit these theoretical profiles to measured bSiO 2 fluxes derived from sediment trap data. Such an approach allowed us to derive the sinking rates of particles and partitioning of bSiO 2 between freely-suspended diatoms and large particles. When diatoms are incorporated into large particles via aggregation or incorporation into fecal pellets, this can impact bSiO 2 recycling and possibly other elements like C and N. Further experimentation would be needed, however, to assess this last point.

The competition between recycling in surface waters and export to depth is controlled by the intensity of particle formation rather than by the extent of dissolution in surface waters. For bSiO 2 incorporated into sinking aggregates and fecal pellets, export is much faster than dissolution. Therefore, the extent of dissolution in surface waters depends primarily on the amount of diatom cells that remain freely suspended and can subsequently be degraded by bacteria [START_REF] Bidle | Accelerated dissolution of diatom silica by marine bacterial assemblages[END_REF]. Thus, even ballasted by its frustule, a diatom would be recycled if not incorporated into fast-sinking aggregates or fecal pellets.

This finding also has implications for the use of opal MAR as a proxy of paleoproductivity, which should account not only for the production signal, but also the extent of incorporation into large particles. Furthermore, just as bSiO 2 preservation depends on the types of particles transporting diatoms toward the seafloor, it likely affects C preservation as well.

Further investigation is needed of the extent of C recycling within aggregates and fecal pellets, as this has major implications for C export and benthic food webs.

Our model demonstrated that dissolution in surface waters is extremely high at the EqPac site, most likely due to the small percentage of bSiO 2 production being incorporated, on an annual basis, into large sinking particles (Table 2). This result does not support the idea of a strong silicate pump in the equatorial Pacific, as previously suggested by [START_REF] Dugdale | The role of a silicate pump in driving new production[END_REF].

Rather, it appears that such a mechanism would be most applicable at highly seasonal sites like NACC or APFP where the fraction of bSiO 2 production that is exported from the surface layer is highest (Fig. 3). At such locations, the efficiency of the silica pump will depend upon the relative fates of Si and N in sinking particles. Since aggregation and incorporation into fecal pellets may have very distinct influences on Si and N decoupling during sinking [START_REF] Ragueneau | Si and C interactions in the world ocean: importance of ecological processes and implications for the role of diatoms in the biological pump[END_REF],

differentiating between these two transport pathways is essential for improving our understanding of the functioning of the silicate pump, the role of diatoms in the biological pump, and the nutritional properties of particles supporting deep-sea food webs. 2). The dashed lines are the fits obtained from the 1-particle model, the dotted lines describe the bSiO 2 fluxes calculated with the 2-particle model that uses a global S FC and the plain lines depict the bSiO 2 profiles obtained from the 2-particle model that uses a variable S FC calculated at each site. 
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  EqPac) and North Pacific (OSP), and two in the North Atlantic Ocean (PAP and BATS). Four are located in the Southern Ocean: one north of the Polar Front in the Pacific sector (NACC), two in the Polar Front Zone of the Atlantic (APFA) and Pacific (APFP) sectors, and one just south of the Polar Front in the Indian sector (POOZ) (see positions in Table
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 1 Figure1shows the reconstructed bSiO 2 profiles at the eight sites for the three versions of

Figure 1 :

 1 Figure 1: Best fits (lines) of the three versions of the models and in situ (dots) bSiO 2 flux profiles, for eight sites in the global ocean described in Ragueneau et al. [2002] (positions given in Table2). The dashed lines are the fits obtained from the 1-particle model, the dotted lines describe the bSiO 2 fluxes calculated with the 2-particle model that uses a global S FC and the plain lines depict the bSiO 2 profiles obtained from the 2-particle model that uses a variable S FC calculated at each site.

Figure 2 :

 2 Figure 2: Sensitivity of the model, represented by successive variation of parameters. Fig. 2a sensitivity of the model to the sinking rate of the slow sinking/fast dissolving particle S FC , with S LP set at 51 m d -1 and α at 68%, Fig. 2b, sensitivity of the model to the sinking rate of the fast sinking/slow dissolving particle S LP , with S FC set at 1.4 m d -1 and α at 68%, Fig. 2c, sensitivity of the model to the repartition of the bSiO 2 between the FC group α, and the LP group (1-α), with S LP set at 51 m d -1 and S FC at 1.4 m d -1 . The graphs represent the results of the test for the POOZ site, the full circles and the full lines in each graph represent the in situ measurements of the bSiO 2 fluxes and the results of the model 3.

Figure 3 :

 3 Figure 3: Importance of the seasonality. 1-∫D:∫P at 100 m calculated from the model outputs as a function of the seasonality index [Berger and Wefer 1990]. The site names are given near each corresponding point.

Figure 4 :

 4 Figure 4: 1-∫D:∫P calculated at 100 m with the model 3 versus the f-ratios. The f-ratios are from Nelson et al. [2002] for the Southern Ocean and Falkowski et al. [2003] for the other sites. The names of seven of the eight sites are indicated near the corresponding point. APFA site is not in the graph as no f-ratio is available at this site. The plain line delimits the zones where f-ratio is higher or lower than 1-∫D:∫P at 100 m which gives an indication of the strength of the silica pump.

  and results of the two versions of the 2-particle model calculated to fit the bSiO 2 flux profiles at eight sites of the global ocean (Fig. 1). The depth of the maximum mixed layer (MMLD) and the location of the sites are from Ragueneau et al. [2002]. The seasonality indexes (SI) are calculated following the work of Berger and Wefer [1990]. The last rows depict combinations of sinking rates for FC (S FC ) and LP (S LP ) and percentage of bSiO 2 incorporated into the two groups of particles calculated with each version of the 2

POOZ APFP NACC APFA OSP EqPac BATS PAP

  

	Latitude	-52	-60	-56.9	-50.1	50	1	28	48.8
	Longitude	62	-170	-170.1	5.8	-145	-139	-67.5	-16.5
	MMLD (m)	259	235	390	180	100	48	100	576
		SI	2.80	3.75	2.80	2.70	2.50	0.33	1.30	3.00
		% PP bSiO2 in FC stage α	80%	70%	40%	20%	69%	88%	83%	65%
	Model 2:	S FC (m d -1 )				2.76				
	2-particle									
	model	% PP bSiO2								
	global S FC	into LP	20%	30%	60%	80%	31%	12%	17%	35%
		(1-α)								
		S LP (m d -1 )	470	53	27	47	90	812	92	55
		% PP bSiO2 in FC stage α	68%	81%	78%	17%	64%	88%	83%	85%
	Model 3: 2-particle	S FC (m d -1 )	1.4	4.5	10.3	0.1	2	0.1	0.1	6.7
	model variable S FC	% PP bSiO2 into LP (1-α)	32%	19%	22%	83%	36%	12%	17%	15%
		S LP (m d -1 )	51	452	242	45	62	500	90	605

Table 2 : Environmental characteristics
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 [START_REF] Bienfang | Sinking rate of heterogeneous, temperate phytoplankton populations[END_REF]Mann and Lazier, 1996;[START_REF] Smayda | The sinking and suspension of phytoplankton in the sea[END_REF][START_REF] Turner | Zooplankton faecal pellets, marine snow and sinking phytoplankton blooms[END_REF]0.005-1.3 [START_REF] Van Cappellen | Biogenic silica dissolution in the oceans: Reconciling experimental and field-based dissolution rates[END_REF] 0.044 Aggregates 1-370 [START_REF] Alldredge | In situ settling behaviour of marine snow[END_REF][START_REF] Ridgwell | Modeling the response on the oceanic Si inventory to perturbation, and consequences for atmospheric CO2[END_REF] 0.012-0.056 [START_REF] Moriceau | Evidence for reduced biogenic silica dissolution rates in diatom aggregates[END_REF] Copepod fecal pellets 5-220 [START_REF] Turner | Zooplankton faecal pellets, marine snow and sinking phytoplankton blooms[END_REF][START_REF] Wassmann | Distribution and sedimentation of faecal pellets on the Nordvestbanken shelf, northern Norway[END_REF] 0.003-0.027 [Gallinari et al.,unpubl.;[START_REF] Schultes | The role of mesozooplankton grazing in the biogeochemical cycle of silicon in the Southern Ocean[END_REF] 0.022