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In today’s oceans, diatoms are abundant and diverse primary producers distinguished by their silica shells. Although molecular clocks suggest that diatoms arose as much as 250 million years ago (Ma), the earliest known diatom fossils date from 190 Ma, leading to the suggestion that early diatoms were at best lightly silicified. By the Cretaceous Period, large circular (in cross section) diatoms with highly silicified frustules thrived in surface oceans, only later to be joined by species with elongated and thinner frustules, as well as lower SiO2 content. Decreased Si availability in surface oceans has been proposed as a principal driver of diatom evolution. Here, we investigate this through physiological experiments assessing the functional acclimation response of diatoms to reconstructed paleo-seawater. Four diatom species, differing in size and shape, were acclimated to reconstructed paleoenvironments mimicking Mesozoic/Cenozoic concentrations of nutrients in the presence of different Si regimes. When exposed to 500 µM Si, all populations, save for that of Conticribra weissflogii, became more highly silicified; the higher Si content per cell at 500 µM Si coincided with slower growth in small-sized cells. All species except C. weissflogii also showed lower photosynthetic efficiency as well as greater cell volume in comparison with diatoms acclimated to 205 or 25 µM Si. Average cell stoichiometry correlates with cell shape, but not size; pennates, in particular Phaeodactylum tricornutum, showed an acclimatory response to Si regimes, modulating Si use efficiency (the lower the external Si concentrations, the higher the C and N quotas per Si).

Experimental data suggest that in the densely silicified and bigger C. weissflogii grown at higher Si, diffusion of silicic acid across membranes made a larger contribution to Si uptake, saving energy which could be reallocated into growth. In contrast, for less highly silicified and smaller species, high energy costs of Si homeostasis needed to prevent the overaccumulation of intracellular Si limited growth. While our experimental species reacted individualistically to changing silica availability, with distinct levels of plasticity, selective pressure associated with the temporal decline in Si availability may well have favored elongated shapes. Modern, less silicified species are unable to exploit high Si concentrations.
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Introduction

In the modern ocean, diatoms are abundant and diverse primary producers, distinguished by their silica shells, or frustules. Accounting for some 20% of primary production on Earth, diatoms sustain the global food web while being responsible for 240 Tmol of biogenic silica precipitation annually (Loucaides et al., 2012; Vallina et al., 2014; Malviya et al., 2016; Sutton et al., 2018; Vincent and Bowler, 2020; Tréguer et al., 2021). The oldest known diatom fossils occurred in Late Jurassic (ca. 165 million years old, Ma) amber (Girard et al., 2020), and since that time, diatoms have diversified to play a crucial role in ocean ecology (Armbrust, 2009); indeed, their radiation has molded marine ecosystems through time (Finkel and Kotrc, 2010; Kotrc and Knoll, 2015; Cermeño et al., 2015; Medlin, 2015; Knoll and Follows, 2016; Benoiston et al., 2017), affecting both the carbon and silica cycles (Siever, 1992; Ragueneau et al., 2006; Renaudie, 2016; Conley et al., 2017; Tréguer et al., 2018).

In Precambrian oceans, before the evolution of organisms with biomineralized skeletons, the concentration of dissolved silica (DSi) in seawater must have been much higher than today (Siever, 1992; Conley and Carey, 2015; Conley et al., 2017). The Ediacaran/Cambrian radiations of siliceous sponges and radiolarians established biology as a major component of the silica cycle, demonstrably changing the depositional dynamics of silica in the oceans (Maliva et al., 1989; Kidder and Tomescu, 2016) and probably decreasing the seawater DSi concentration (Conley et al., 2017). New biological influences emerged during the Mesozoic Era, as multiple clades of silica biomineralizing protists spread through the oceans (Kotrc and Knoll, 2015; Marron et al., 2016). Diatoms, in particular, are thought to have further drawn down DSi in surface seawater, leading to the low concentration (<30 µM) observed today (Racki and Cordey, 2000; Conley et al., 2017). Changes in hydrothermal fluxes and continental weathering can also have influenced DSi through time (Frings et al., 2016; Conley et al., 2017), but independent perspectives on orogenesis and seafloor spreading suggest that the Mesozoic-Cenozoic DSi decline was largely mediated by biology.

Within diatoms, the diversification of specialized transporters (silicon transporters, SIT) helped to make them the dominant marine DSi utilizers in Cenozoic oceans (Durkin et al., 2016; Fontorbe et al., 2017). As a consequence, competitors for this resource, principally radiolarians and sponges, show declines in test mass and/or environmental distribution (Harper and Knoll, 1975; Maldonado et al., 1999; Lazarus et al., 2009; Hendry et al., 2018). Diatoms themselves show a change in skeletal morphology through time, with a trend toward smaller, more elongated, and less highly silicified frustules toward the present (Finkel et al., 2005; Armbrust, 2009; Finkel and Kotrc, 2010). It is worth noting that factors other than DSi availability may have influenced the evolution of silicifiers (e.g., Finkel et al., 2005; Hendry et al., 2018) and that changing selectivity of preservation may also influence the observed record (Westacott et al., 2021). That noted, could changes in DSi availability have influenced the observed shifts in the fossil record? We hypothesize that decreasing DSi favored smaller and less silicified diatom cells in marine environments. To test this hypothesis, four morphologically distinct modern diatoms (Chaetoceros muelleri, Conticribra weissflogii, Phaeodactylum tricornutum, Cylindrotheca fusiformis) were acclimated to paleo-reconstructed environments according to Ratti et al. (2011), modified to mimic Mesozoic to modern changes in DSi concentration. As nutrient limitation is known to affect silica deposition and dissolution in diatoms (Takeda, 1998; Hutchins and Bruland, 1998; Boyle, 1998; De La Rocha et al., 2000; Mosseri et al., 2008; Finkel et al., 2010; Bucciarelli et al., 2010; Cohen et al., 2017; Meyerink et al., 2017; Panagiotopoulos et al., 2020), experiments using reconstructed seawater that include interpreted variation in the bioavailability of N, Fe, Zn, and Mo (Ratti et al., 2011; Giordano et al., 2018) better approximate ancient marine environments and their interactions with organisms. Growth, photosynthetic efficiency, organic and inorganic composition, and frustule morphology were assessed.



Material and methods


Algal cultures

Two centric diatom species, Chaetoceros muelleri (CCAP 1010/3, https://www.ccap.ac.uk/) and Conticribra weissflogii (Thalassiosira weissflogii in earlier literature; DCG 0320, https://bccm.belspo.be/about-us/bccm-dcg), and two raphid pennate diatoms characterized by thin frustules, Cylindrotheca fusiformis (NEPCC417) and Phaeodactylum tricornutum (DCG 0981), were acclimated for at least 10 generations to three newly designed growth media combining the Mesozoic/Cenozoic concentration of nutrients (as already published by Ratti et al., 2011; Table 1) and the presence of different Si regimes (Table 2) in AMCONA medium (Fanesi et al., 2014) buffered with 10 mM Tris–HCl, pH 8.0.


Table 1 | Mesozoic/Cenozoic concentration of nutrients. Ratti et al., 2011.




Table 2 | Silicic acid concentrations added to the Mesozoic/Cenozoic medium to mimic the progressive DSi depletion through geologic time.



There are varying estimates for DSi levels in ancient oceans. Siever (1992) proposed that diatom evolution gradually reduced seawater DSi from some 1000 µM to its present level of<30 µM in most surface waters. In contrast, Conley et al. (2017) estimated that DSi concentrations of 500 µM in pre-diatom oceans fell rapidly to near-modern levels as diatoms began their radiation. Most recently, Trower et al. (2021) used Si isotope ratios to argue that DSi levels could have been as low as 150 µM in Paleozoic oceans. Regardless of the starting point, all conclude that diatom radiation reduced DSi concentrations in surface seawater. The DSi values used in our experiments were chosen to explore this range of estimated changes through time.

Acclimated batch cultures were established in 500ml flasks filled with 200 ml of medium and maintained in a culture chamber at 18°C, illuminated with cool white fluorescent lamps at 60 µmol m-2 s-1 and 12:12-h light–dark cycles. All experiments were carried out in the exponential growth phase.



Specific growth rate and cell volume

Cell number was measured using a CASY TT Cell Counter (Innovatis AG, Reutlingen, Germany). Aliquots of 100 μl of culture were diluted in 10 ml of an electrolyte solution (CASY TON; Innovatis AG). Cells were pumped into the cell counter through a 150µm capillary at a constant flow, and the number of cells was determined through the enumeration of events measured as change in conductivity. The same instrument was also used to measure the cellular size as the volume of electrolyte solution displaced by the passage of cells through a measuring pore (Palmucci et al., 2011). All determinations were carried out on samples from three distinct cultures. Specific growth rates, μ (1), were derived from daily counts of exponentially growing cells, carried out on a minimum of three distinct cultures for each treatment.

 

where t is time (d), N0 is the initial cell density (cell· ml-1) at time 0, and Nt is the cell density at the considered time t.



Pigment quantification and photosynthetic efficiency

Algae were centrifuged at 1500 g for 5 min. Then, pigments were extracted from the pellet in 2 ml of 100% (v/v) methanol (Ritchie, 2006); the extracts were stored in the dark, at -20°C overnight. The colorless pellet was then separated from the supernatant by centrifugation at 13,000 g for 5 min. The absorbance of the supernatant was evaluated spectrophotometrically (Beckman DU 640 Spectrophotometer, Beckman Coulter) in a range from 750 to 350 nm (scan speed 0.5 nm). The absorbance (Abs) at wavelengths of 664, 630, and 470 nm was used for pigment quantification of chlorophyll a, chlorophyll c1 + c2, and carotenoids, respectively. Methanol absorbance was used as blank, and absorbance at 730 nm was subtracted to all measurements.

Chlorophyll (Chl) concentrations were calculated according to Ritchie, 2006 equations:

 

 

 

Carotenoids’ concentrations were calculated according to Wellburn, 1994 equations:

 

All results were expressed as pg of pigment per cell (Figure S2).

In vivo variable fluorescence of photosystem II (PSII) chlorophyll a (P680) was analyzed using a Dual Pulse Amplitude Modulation (PAM) 100 fluorimeter (Heinz Walz GmbH, Effeltrich, Germany). Samples of 107 cells were collected by centrifugation at 1500 g for 5 min, resuspended in 2 ml of fresh growth medium, and dark-adapted for 10 min. Subsequently, samples were transferred into a glass cuvette for the PAM analysis under continuous stirring. The measuring light (40 µmol photons m-2 s-1) was turned on to determine the F0 value, the minimum value for chlorophyll fluorescence. Then, a saturation pulse (10,000 µmol photons m-2 s-1, 600 ms) was applied to saturate all centers and allowed to measure the Fm value, the maximum value of fluorescence. The maximum quantum efficiency of PSII, Fv/Fm, was then calculated as follows:

 

Fv/Fm represents a robust indicator of the maximum quantum yield of PSII photochemistry (Misra et al., 2012). All parameters were obtained using the Dual PAM v1.8 software (Walz GmbH, Effeltrich, Germany).



Elemental composition

Cellular C and N contents were determined using an elemental analyzer (ECS 4010, Costech Italy) from 0.1 to 1 mg of dry cells washed twice with an ammonium formate solution isosmotic to the culturing media and dried at 80°C (Giordano et al., 2018). Sulfanilamide (C:N:S = 6:2:1) was used in a standard curve for quantification (Giordano et al., 2018). Data acquisition and analysis were performed with the software EAS Clarity (Costech Analytical Technologies Inc., Milano, Italy; organic composition). All measurements were carried out on three biological replicas.

Similarly prepared samples (0.5–1 mg of dry weight) were analyzed by an elemental analyzer (ECS 4010, Costech Italy) connected to the ID Micro EA isotope ratio mass spectrometer (Compact Science Systems, Lymedale Business Centre, Newcastle-Under-Lyme, United Kingdom) to obtain carbon and nitrogen stable isotope (δ13C and δ15N) ratios. Urea was the isotopic standard reference showing δ13C = −36.6‰ and δ15N = -2.2‰; its replicates were used to normalize isotopic values of algal biomass. Two blank samples (empty aluminum capsules) were analyzed at the start of each analysis to verify that the CO2 and N2 backgrounds were low, and urea standards were also analyzed after every six samples to monitor instrument performance. Data acquisition and analysis were performed with the software EA IsoDelta (Compact Science Systems, Lymedale Business Centre, Newcastle-Under-Lyme, United Kingdom). All the measurements were carried out on three biological replicas.

The absolute abundance of silicon and elements other than C and N was measured using a total reflection X-ray fluorescence spectrometer (S2 PICOFOX, Bruker AXS Microanalysis GmbH, Berlin, Germany) according to Giordano et al. (2018). Sampled diatoms were washed twice with an ammonium formate solution isosmotic to the culturing media and resuspended in 250 µl of dH2O. A solution of 0.1 g l-1 Ga (Sigma-Aldrich, St. Luis, MO, USA) in 5% HNO3 was added as internal standard to a final concentration of 0.5 μl l-1. The suspension was carefully vortexed, and an aliquot of 10 µl was deposed on a plastic sample holder, dried on a heating plate, and measured for 1,000 s. Spectral deconvolution and quantification of elemental abundances were performed by the Spectra 6.1 software (Bruker AXS Microanalysis GmbH, Berlin, Germany).



Organic composition

Diatoms collected during the exponential phase were washed twice with a 0.5M solution of ammonium formate and used to prepare samples for analysis of FTIR spectroscopy. Aliquots of 50 µl of cell suspension were transferred to a silicon window and dried at 80°C (Domenighini and Giordano, 2009). FTIR spectra on whole cells were acquired with a Tensor 27 FTIR spectrometer (Bruker Optics, Ettlingen, Germany). Bands were assigned to cellular pools as described by Giordano et al. (2001), and the relative abundances of lipids, carbohydrates, proteins, and silica were calculated via band integrals of deconvolved spectra, with OPUS 6.5 software (Bruker Optics GmbH, Ettlingen, Germany). Considering that silica absorbance (∼1,075 cm-1) masks some of the typical carbohydrate bands in diatoms, only the integrated value at ∼1,150 cm-1 was used as proxy for carbohydrates (Palmucci et al., 2011). Semiquantification of carbohydrates and lipids was obtained by comparing the total protein content measured by a quantitative method (see below) with the FTIR absorbance ratio between the pool of interest and that of proteins according to Palmucci et al. (2011); the three macromolecular pools expressed in arbitrary units were normalized to the corresponding 500 µM of Si pool.

Protein content was measured according to the Lowry method described by Peterson (1977) on diatoms collected by centrifugation (13,000 g for 5 min) during the exponential phase. A volume of 500 µl 1% sodium dodecyl sulfate (SDS) and 0.1 mol l-1 of NaOH were added to the pellet to facilitate membrane disruption and solubilization of proteins. The tubes were vortexed and then incubated at room temperature for 10 min. A volume of 500 µl of reagent A (25% H2O, 25% SDS 10%, 25% NaOH 0.8M, 25% CTC reagent) was added, and the samples were vortexed and let to sit at room temperature for 10 min. A volume of 250 µl of reagent B (83.3% H2O, 16.7% Folin and Cicalteau’s phenol reagent) was then added, and samples were immediately vortexed vigorously; finally, they were incubated in the dark for 30 min. Afterward, the sample absorbance was measured in a Beckman DU 640 Spectrophotometer (Beckman Coulter) at 750 nm. Protein contents were calculated by interpolating absorbance data in a standard curve constructed with known concentrations of bovine serum albumin (BSA). All the measurements were carried out on three biological replicas, and results were expressed as pg of proteins per cell (Figure S4).



Frustule characterization through scanning electron microscopy

Diatom frustules were obtained through oxidation of the organic material using hydrogen peroxide, H2O2. Salts of the culture medium were washed out from the cells for three times with deionized water, then 30% H2O2 was added to the cell suspension to a final concentration of about 15%. Samples were dried in oven at 60°C for 1 day (less silicified species, P. tricornutum and C. fusiformis) or three days (more silicified species, C. muelleri and C. weissflogii). Finally, the material was washed four times with deionized water to carefully remove H2O2. Drops of cleaned material were then poured on a cellulose acetate and cellulose nitrate mixture filter (MF-Millipore™, mesh size 0,45 µm) fixed on conductive carbon adhesive discs pasted on the stub and left to dry completely at 50°C. The stub was then sputter-coated with a thin layer of gold–palladium in a Balzer Union evaporator and analyzed by SEM (High Resolution ZEISS – SUPRA 40). Images were obtained at different magnifications to make morphometric measurements of frustule details (raphe and fibulae in C. fusiformis, Reimann et al., 1965; setae and punctae in C. muelleri, Reinke, 1984) from at least 10 frustules per each of the three biological replicas.



Statistical analysis

Significant differences among the means of dependent variables in different paleoenvironments (independent variable) were tested with a one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. Macromolecular pools as dependent variables in response to paleoenvironments and according to diatom species (independent variables) were analyzed by two-way ANOVA, followed by Tukey’s post-hoc test. Comparison of treatment pairs (morphological parameters at 500 and 25 µM Si, Table S2) was achieved with a two-tailed t-test. The level of significance was set at 0.05. GraphPad Prism 8.0.2.263 was used to carry out the tests (GraphPad Software, San Diego, CA, USA).




Results


Growth, cell volume, and photosynthetic efficiency

The four diatom populations were acclimated to reconstructed paleoenvironments. Growth of the smaller species C. muelleri and P. tricornutum was deeply affected by Si availability in the medium (Figure S1); specifically, the higher the DSi concentration, the lower the growth rate (Table 3). In fact, C. muelleri cells grew very slowly when DSi was 500 µM. The decrease in growth rate of these species was accompanied by an increase in cell volume (Table 3). Growth rates of the larger species C. weissflogii and C. fusiformis were similar among the three DSi treatments. High concentrations of silicic acid mimicking a pre-diatom regime resulted in a lower maximum PSII Quantum Yield in dark-adapted cells, Fv/Fm, of C. muelleri, P. tricornutum, and C. fusiformis. In contrast, C. weissflogii did not show any change in photosynthetic efficiency (Table 3).


Table 3 | Average ± SD of specific growth rate (μ), cell volume, and Fv/Fm in the four diatoms acclimated to different paleoenvironments (n ≥ 3).





Elemental composition

When cells were subjected to different Si regimes during growth, all diatoms grown in the highest DSi condition except for C. weissflogii accumulated more Si per volume unit (Figure 1). The largest variation was observed in pennate diatoms, C. fusiformis and P. tricornutum, showing twice the content when the concentration of external silicic acid reached 500 µM as compared to contents in the other conditions. The same was true when the Si content was expressed on a per cell basis (Table S1).




Figure 1 | Si content per volume (fg·µm-3) in the four diatoms acclimated to different paleoenvironments. Data are means of three biological replicas. Error bars show SD. Different letters represent significant differences among conditions in the same species (p < 0.05, one-way ANOVA followed by Tukey’s post-hoc test, results in Table S3).



The P cell quota had a similar trend to that of the Si cell quota (Table S1). Only P. tricornutum also showed significantly higher C, N, and Fe contents in the highest DSi condition (Table S1). In general, the C:N:P:S:Si ratio of the cells was inversely related to the concentration of silicic acid in the growth medium: lower amounts of assimilated C, N, P, and S per unit of cell Si with higher DSi availability (Table 4). Furthermore, the P cell quota increased with increasing DSi availability (Table S1). Only P. tricornutum also showed significantly higher C, N, and Fe contents in the highest DSi condition (Table S1), with the Fe : Si ratio remaining approximately constant across the different Si treatments (Table 4).


Table 4 | Cell stoichiometry in relation to Si content (pg·cell-1) of the four diatoms acclimated to different paleoenvironments.



Interestingly, our centric and pennate diatoms show divergent trends in carbon isotopic fractionation across treatments (Figure 2). Centric diatoms significantly increased observed fractionation (more negative δ13C) as DSi decreased, just the opposite of observed trends in our pennate species. Also, a strong correlation (Pearson r = -0.99 in P. tricornutum and -0.96 in C. fusiformis, Figure S3) between the δ13C and intracellular Si content was observed in pennate cells, but not in our centric species.




Figure 2 | δ13C values in the four diatoms acclimated to different paleoenvironments. Data are means of three biological replicas. Error bars show SD. Different letters represent significant differences among conditions in the same species (p< 0.05, one-way ANOVA followed by Tukey’s post hoc test, results in Table S3).





Organic composition

In cells of C. muelleri, C. fusiformis, and P. tricornutum, proteins were more abundant in response to higher silicic acid concentrations in the growth medium (Figure 3 and Figure S4). In pennate diatoms, the same trend was observed for the carbohydrate pool. Save for C. weissflogii, all diatoms did not significantly change the lipid pool in response to DSi treatment. Regarding macromolecular ratios, the cellular carbohydrate/lipid ratio showed C reallocation in all species (Table 5). In centric diatoms, the protein-to-carbohydrate ratio was not affected while the protein-to-lipid ratio was significantly higher in response to higher DSi availability (Table 5).




Figure 3 | Protein, carbohydrates, and lipid pools in the four diatoms acclimated to different paleoenvironments. Data are means of three replicates. Error bars show SD. Different letters represent significant differences among conditions in the same species (p < 0.05, two-way ANOVA followed by Tukey’s post-hoc test, results in Table S3).




Table 5 | Macromolecular pool ratios (arbitrary unit) for the four diatoms acclimated to different paleoenvironments.





Frustule characterization through scanning electron microscopy

Frustule structure shows only limited variation as a function of treatment. In C. muelleri, setae were thicker when grown at high DSi, but not significantly (Figures 4C, D; Table S2). Neither did C. weissflogii show any significant difference in frustule morphology as a function of treatment (Figure 4B). By contrast, the pennate species both showed a significant difference between frustules grown at high versus low DSi (Figure 5 and Table S2). Under high DSi, P. tricornutum frustules were significantly wider and raphes significantly thicker (Figures 5A, C, D), while the raphe in C. fusiformis was significantly wider (Figures 5B, E, F and Table S2).




Figure 4 | SEM images of frustules from C. muelleri (A) and C. weissflogii (B) acclimated to 500 µM Si (left images) and 25 µM Si (right images). Details of C. muelleri setae at 500 µM Si (C) and 25 µM Si (D) are shown.






Figure 5 | SEM images of frustules from P. tricornutum (A) and C. fusiformis (B) acclimated to 500 µM Si (left images) and 25 µM Si (right images). Details of P. tricornutum and C. fusiformis raphe at 500 µM Si ((C, E) respectively) and 25 µM Si ((D, F) respectively) are shown.






Discussion

Paleontological and geochemical data support the hypothesis that diatom radiation drove a decline in the DSi of surface seawater that influenced the subsequent evolution of both diatoms and other organisms that form skeletons of silica (Finkel et al., 2005; Rabosky and Sorhannus, 2009; Conley et al., 2017; Hendry et al., 2018). At the same time, other factors, including climate change, orogenesis, and predation pressure, may have influenced both observed paleontological patterns and inferred temporal variation in seawater composition (Falkowski et al., 2004; Zachos et al., 2008; Ratti et al., 2013; Lazarus et al., 2014; Conley et al., 2017; Giordano et al., 2018; Petrucciani et al., 2022). The experiments reported here confirm that whatever other factors inform our understanding of Mesozoic–Cenozoic diatom evolution, declining DSi could have had a direct influence on diatom growth, physiology, and morphogenesis.


Growth in reconstructed paleoenvironments: facing high [DSi]

Perhaps counterintuitively, our experimental species did not grow better at high DSi concentrations; indeed, just the opposite occurred. All the diatoms in our experiments thrived at the low concentrations of N, Fe, Zn, Mo, and Si characteristic of modern oceans (Table 3 and Figure S1). In modern oceans, regional and seasonal Si limitation (i.e., in the Southern Ocean) is known to downregulate Si uptake and silicification in DSi users, including diatoms (Pinkerton et al., 2021). Nevertheless, diatoms maintain nearly maximal division rates (Olsen and Paasche, 1986). Our data underscore that different species show distinct responses to Si availability. In fact, although growth of the two smaller species, C. muelleri and P. tricornutum, was significantly lower at the highest DSi concentration (Table 3), the acclimation of C. muelleri to 500μM DSi concentration was strongly hampered (Figure S1) as the pennate species reached a stationary phase growth (Figure S1). The drastic reduction in photosynthetic efficiency was consistent with growth limitation (Table 3). It has been suggested that a high silicic acid concentration in the external medium can lead to cytotoxic effects (Marron et al., 2016) through auto-polymerization of intracellular soluble Si which then overaccumulates (Milligan et al., 2004).

Why a high external concentration of DSi should result in a high intracellular Si concentration is unclear. It is known that Si influx makes use of i) energy-dependent transporters for Si uptake (SIT), which have acquired the influx function in response to the scarce availability of Si in oceans, and ii) diffusion (Thamatrakoln et al., 2006; Thamatrakoln and Hildebrand, 2008; Hildebrand et al., 2018). On the other hand, Si efflux is an overlooked and poorly understood process in diatom metabolism. These originally utilized ancestral SITs requiring energy have been hypothesized, as do currently utilized SITs (Martin-Jezequel et al., 2000; Milligan et al., 2004; Thamatrakoln and Hildebrand, 2008; Shrestha and Hildebrand, 2015; Hildebrand et al., 2018). Our data (Table 3 and Figure S1) likely indicate that DSi uptake was not turned off by algal cells; direct damage due to intracellular Si polymerization and/or energy-dependent mechanisms to avoid it (i.e., counterbalancing Si influx with Si efflux) might affect growth as observed for C. muelleri and P. tricornutum. The effect was observed in less silicified and smaller species characterized by a higher S/V ratio and thus incurring a higher cost to maintain Si homeostasis than bigger cells (Table 3, Figure S1). It is particularly intriguing that in P. tricornutum, Fe : Si was the only ratio not modulated by Si availability in the external medium (Table 4). Nevertheless, when DSi was 500 μM, both Si and Fe cell quotas were higher (roughly 17 and 14 times, respectively) than those in modern Si-treated algae (Table S1). This finding may add nuance to the observation that Fe deficiency leads to enhanced Si content (De La Rocha et al., 2000), suggesting that Fe is strongly involved in Si homeostasis. Further studies are needed to clarify how Fe interacts with Si influx/efflux/biomineralization.

The densely silicified and larger (hence, lower S/V ratio, Table 3 and Figure 1) cells of C. weissflogii had a different fate when grown under high DSi conditions (Table 3 and Figure S1). In the presence of higher environmental DSi concentrations, diffusion of silicic acid across membranes is supposed to make a bigger contribution to the Si uptake than it does in lower DSi growth conditions. This could explain why energy is saved and reallocated into C. weissflogii growth, assuming that DSi influx through SITs is less relevant and the efflux is not needed due to the high Si requirement for thicker C. weissflogii frustules. Only in this species did the photosynthetic efficiency remain unchanged by varying DSi levels (Table 3).



Cell composition in reconstructed paleoenvironments: facing high [DSi]

Cell composition in terms of macromolecular pools varied among treatments and in a shape-dependent manner. At high [DSi], our pre- to early diatom Si treatment cells of pennate diatoms were most costly (in terms of energy investment associated with the observed organic composition; Gerotto et al., 2020) and palatable (Palmucci et al., 2011; Ratti et al., 2013), preferentially allocating fixed C into carbohydrates and proteins (Figure 3, Table 5) as compared to the same species acclimated to modern Si treatment.

Data suggest that over geologic time, DSi availability has affected the overall C allocation pattern of diatoms (in particular pennates) and, therefore, predation pressure via its influence on palatability for predators. Thus, DSi decline has favored the evolution of energy-saving, less palatable cells, which are more competitive in intraspecific and interspecific interactions (Petrucciani et al., 2022).

Interestingly, Si availability also affected C isotopic fractionation: when DSi concentration was higher, pennate diatoms increased C fractionation (more negative δ13C) (Figure 2). This could be explained by a change in availability of intracellular inorganic carbon among growth regimes: in fact, a lower contribution of inorganic C mobilized from HCO3- to the fixed C in pennates grown in high DSi conditions results in increased discrimination against 13CO2 (Korb et al., 1996; Keller and Morel, 1999; Vuorio et al., 2006). This may well reflect to a downregulation in pennates of CCM (Riebesell et al., 2000) in favor of other mandatory energy-dependent mechanisms such as Si deposition and Si efflux under high DSi conditions (Giordano et al., 2005; Giordano et al., 2017). Therefore, lower photosynthetic efficiencies were reported (Table 3). In any event, the correlation between silicon content and C fractionation observed in these species underscores the deep interaction between the two elements as well as between biomineralization and C fixation (Figure S3). This is somewhat unexpected, since in centric diatoms the uncoupling of silicon compared with carbon and nitrogen metabolisms was reported (Claquin et al., 2002; Suroy et al., 2015). The observed variations in isotopic fractionation also add further nuance to physiological and paleoenvironmental interpretations of organic carbon isotopes in Mesozoic and Cenozoic marine sediments (Hayes et al., 1999).

Greater availability of DSi was associated, as well, with a greater accumulation of Si in both cells (Figure 1, Table S1) and frustules (Figures 4 and 5), as also evident in the literature compilation of Finkel et al (2010). The high Si content was not simply a function of greater cell volume since Si content expressed on a per-volume basis was also higher in the 500µM Si treatment (Figure 1). In addition, a higher Si quota per cell in diatoms is known to be induced by a slower growth rate (Brzezinski et al., 1990; Friedrichs et al., 2013). Both factors (high DSi and low growth rate) were present when C. muelleri and P. tricornutum showed the highest Si content (Table 3 and Figure S1). The change in Si quota was striking in pennate diatoms (Figure 1 and Table S1), as shown by raphe thickening in P. tricornutum frustules (Figures 5A, B). The entire cellular stoichiometry was overturned (Table 4). C. fusiformis showed a similar trend, suggesting that the pennate diatoms acclimated to changing growth conditions by modulating Si use efficiency: the higher the available DSi in the environment, the lower the efficiency in its use (Table 4). In contrast, centric diatoms had a homeostatic behavior regarding their elemental stoichiometry: such strategy did not allow growth in C. muelleri and limited maximal cell density in C. weissflogii (Table 4 and Figure S1).

In conclusion, even with our small sample size, it becomes clear that diatom responses to changing silica bioavailability are commonly individualistic; that is, there may be few parameters for which diatoms universally respond in the same way. The centric and pennate species in our experiments commonly responded in different ways or to different degrees, suggesting that centrics and pennates may show broad and consistent differences in their physiological responses to changing DSi levels.

While we cannot discount climate change and changing preservational selectivity as influences on the observed fossil record of diatoms, the experimental approach used here acclimating algal species to reconstructed paleoenvironments bolsters the case that decreasing [DSi] had an important influence on diatom biomineralization through time. In particular, the observed physiological responses of pennate species may have helped to drive their differential diversification, governing reduced size and silica usage in diatoms as a group.
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The dissolved silicate concentrations in the supernatant of sediment trap sampling bottles retrieved from deep water (1000-3000 m) at four stations in the South China Sea (SCS) were measured to calculate the underestimated flux of biogenic silica (bSi) in sinking particles due to bSi dissolution. High dissolved silicate concentrations in the supernatant, ranging from 122.6 to 1365.8 μmol/L, indicated significant dissolution of particulate bSi in the sampling bottles. Underestimation of the bSi flux in the SCS by ~2% to ~34% (average: ~10%) due to bSi dissolution was revealed, and the degree of underestimation increased with decreasing total bSi flux. The amount of bSi dissolved within the sampling series at each station was generally positively correlated with dissolution time and to a certain extent influenced by the bSi amount collected by the sampling bottles under a low bSi sinking flux. Apparently stronger bSi dissolution was found at two of the four stations due to relatively high bSi dissolution rates, which were possibly related to a higher reactive surface area of the bSi or bacterial activity. Overall, our results demonstrated that the considerable bSi dissolution in sediment trap sampling bottles should not be ignored, especially in the low-productivity oligotrophic ocean, and bSi flux calibration via measurement of the dissolved silicate in sampling bottles is necessary. To reduce bSi flux underestimation due to the deployment of time-series sediment traps, larger-volume sampling bottles should be avoided in the oligotrophic open ocean, and sinking particle samples should be analyzed as soon as the sediment traps are recovered.
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Introduction

Biogenic silica (bSi), also referred to as biogenic opal, comprises the skeletons or cell walls of siliceous organisms, such as diatoms, silicoflagellates, sponge spicules, siliceous rhizarians and several species of choanoflagellates in marine environments (Biard et al., 2018; Maldonado et al., 2019; Puppe, 2020; Llopis Monferrer et al., 2020; Tréguer et al., 2021). Silicate is an essential nutrient supporting the growth of siliceous organisms and the picocyanobacteria Synechococcus (Baines et al., 2012; Ohnemus et al., 2016). The biogeochemical cycle of silicon, including assimilation by phytoplankton, remineralization from organic organisms, dissolution and burial of siliceous organisms in sediments, controls silicate bioavailability in the global ocean (Struyf et al., 2009; Tréguer et al., 2021). In addition, as one of the main ballast minerals transporting particulate organic carbon to the deep ocean, bSi plays an important role in the global biogeochemical cycles of carbon (Ragueneau et al., 2006; Honjo et al., 2008; Street-Perrott and Barker, 2008; Lampitt et al., 2009; Guidi et al., 2016; Tréguer et al., 2018).

Sediment traps are widely implemented as an effective tool to observe marine biogeochemical processes and marine biological carbon export by collecting sinking particles over time in the deep ocean. The sinking particles are analyzed in the laboratory to obtain detailed information on biogeochemical fluxes, and bSi, as one of the main components in sinking particles, is measured to estimate the silicon export flux and the coupled relation between silicon and carbon (Ran et al., 2015; Li et al., 2017; Tan et al., 2020). The mole ratio of bSi to CaCO3, another major ballast material of particulate organic carbon attributed to coccoliths and foraminifer tests (Schiebel, 2002; Poulton et al., 2007), in sinking particles is an important indicator of different marine biogeochemical provinces (Ragueneau et al., 2002). Oceanic regions with higher bSi/CaCO3 ratios (>1.0) are normally referred to as silica oceans, and regions with ratios<1.0 constitute carbonate oceans (Honjo et al., 2008). Therefore, accurate measurement of bSi in sinking particles is essential for research on marine silicon and carbon cycles.

It is acknowledged that the bSi of dead organisms begins to dissolve in the water column due to the high-undersaturated concentration of silicate in marine environments (Hurd, 1973; Tréguer and Rocha, 2013). It is foreseeable that the dissolution of bSi will also inevitably occur in a sediment trap because the sampling bottles are generally filled with seawater that is highly undersaturated in silicate. Continuous bSi dissolution in sediment trap sampling bottles could result in significant underestimation of the bSi sinking flux by more than 80% under low bSi fluxes and by 60% under the annual average flux in high-latitude seas, such as the Greenland Sea, Norwegian Sea and Baltic Sea (Bauerfeind and Bodungen, 2006). Nevertheless, few follow-up studies on bSi dissolution in sediment traps during the sampling period and the effect on bSi flux measurements have been reported. This may result in substantial underestimation of the silicon biogeochemical flux in the current global marine silicon cycle budget (Tréguer and Rocha, 2013; Tréguer et al., 2021) and corresponding misunderstanding of the marine biogeochemical carbon cycle and marine biological carbon pump (Honjo et al., 2008).

The South China Sea (SCS), as the largest marginal sea in the tropical northwestern Pacific, is under the control of the East Asian monsoon, and therefore has significant seasonal variation in the marine environment and biogeochemical processes in the upper ocean. It is generally considered oligotrophic water with relatively low surface biomass (Du et al., 2013; Du et al., 2017). Nevertheless, diatoms are important contributors to phytoplankton communities in this oligotrophic water, especially during winter monsoon period (Ning et al., 2004). Long-term time-series observations by sediment traps in the SCS since the 1980s have indicated significant seasonal and interannual variations and spatial differences in the bSi export flux to the deep ocean, related to variations in diatom productivity (Wiesner et al., 1996; Lahajnar et al., 2007; Ran et al., 2015; Li et al., 2017; Zhang et al., 2019; Tan et al., 2020; Li et al., 2022). The bSi/CaCO3 ratio in the sinking particles is generally<1.0 in the northern SCS except in the period of highest productivity (Zhang et al., 2019; Tan et al., 2020), and >1.0 in the central SCS except in the period of lowest productivity (Li et al., 2017; Li et al., 2022), indicating a variable export mechanism of POC in this relatively small semienclosed and oligotrophic ocean basin. However, the measurement of the bSi sinking flux in previous works did not consider dissolution of bSi in the sampling bottles of sediment traps and its effect on the bSi flux measurements.

In the present work, the SCS was selected to investigate bSi dissolution in sediment traps and its impact on bSi flux estimation in this low-latitude oligotrophic marginal sea. Both the bSi in sinking particles and the silicate in the supernatant of the sediment trap sampling bottles were analyzed to evaluate the degree of bSi dissolution in the sediment trap bottles during the sampling period and calculate the underestimation of the bSi sinking flux. The results also provide valuable clues for further study of the dissolution kinetics of bSi in dark, cryogenic and high-pressure deep ocean environments.



Materials and methods


Time-series sediment trap mooring

Time-series sinking particle samples collected at 4 stations in the northern SCS (Figure 1 and Table 1) were used in this study. They were collected from July 2012 to April 2013 at station SCS-NW, from May 2015 to April 2016 at station SCS-N, and from May 2017 to May 2018 at station SCS-B and SCS-C at water depths ranging from 1000 or 3000 m. The sediment traps used in this study were the PARFLUX Mark 78H-21 from Mclane Research Laboratories, Inc. The sea water temperature ranged from 2.4°C to 4°C at the depth of the deployed sediment traps (Chen et al., 2001; Tian and Wei, 2005; Wang et al., 2011).




Figure 1 | Site locations of the sediment trap moorings in the SCS.




Table 1 | Site location and sampling information of the sediment traps deployed in the northern SCS.



Before the sediment traps were deployed, the adopted polyethylene sampling bottles (250 ml for SCS-N and 500 ml for SCS-NW, SCS-B and SCS-C) were filled with a filtered surface seawater-based solution of sodium chloride (NaCl, 35 g·L-1) and mercury chloride (HgCl2, 3.3 g·L-1) to minimize microbial activity and diffusive processes (Wiesner et al., 1996; Li et al., 2017). The surface seawater retrieved from the open ocean where the sediment traps were deployed was nearly depleted in silicate (silicate concentration = 0.8~1.4 μmol·L-1). After recovery of the sediment traps, the collected samples were stored in a refrigerator at 4°C. Approximately 30 mL of the supernatant in each sampling bottle was filtered through a polycarbonate filter (0.45-µm pore size) for silicate analysis. Wet particle samples were passed through a 1-mm mesh nylon sieve to remove zooplankton, and the <1-mm component was divided into ten equal parts with a high-precision rotary splitter (McLane WSD-10). Each subsample for bSi analysis was filtered through preweighed polycarbonate filters and dried at 45°C for 72 h before being precisely weighed.



Measurement of silicate in the supernatant of the sediment trap sampling bottles

Each supernatant sample for silicate analysis was diluted 10–30 times with silicate-depleted sea surface water. The diluted sample was then acidified and mixed with an ammonium heptamolybdate solution to form molybdosilicic acid. The resulting acid was reduced with a reducing agent (L (+) ascorbic acid or a mixed reagent of H2SO4, metol and Na2SO3) into a blue dye, which was measured at 810 nm with spectrophotometer. Oxalic acid was added to the reducing agent to avoid phosphate interference. For the supernatant samples from station SCS-N, the silicate concentrations were measured by a Skalar San++ nutrient automatic analyzer, with the chemical treatments of samples embedded in the analyzer.

The silicate concentration in the supernatant was considered to originate from the dissolution of biogenic silica (bSiD), as the filtered surface seawater-based solution used to fill the sampling bottles was generally silicate depleted. The absolute amount of bSiD was calculated with equation (1):

 

where M(bSiD) is the amount of bSiD (mg), 67.29 is the molar mass (g·mol-1) of bSi [SiO2·0.4 H2O; Mortlock and Froelich (1989)], V is the volume of the sampling bottle (L), and C is the silicate concentration in the supernatant (μmol·L-1).

Then, the underestimated bSi flux due to bSi dissolution was calculated with equation (2):

 

where F(bSiD) is the bSiD flux (mg·m-2·d-1), S0 is the collecting area of the sediment trap (m2), and Δt is the sampling interval (day).



Measurement of biogenic silica in sinking particles

The flux of particulate bSi (bSiP) was measured following Mortlock and Froelich (1989): 20–50 mg of a dry sinking particle sample was ground and transferred to a 50-mL polypropylene centrifuge tube. Then, 5 mL of 2% H2O2 and 5 mL of 1 mol/L HCl were added to remove impurities such as organics and carbonate, respectively. The sample was centrifuged, and the supernatant was removed with a pipette. Then, Milli-Q water was mixed with the sample and centrifuged again to remove the supernatant. This process was repeated three times to remove the residual reaction liquid. After the resultant sample was dried at 60°C, 40 mL of a 2 M Na2CO3 solution was added, and the obtained sample was heated in a water bath at 85°C for 5 h. The sample was then centrifuged, and 20 mL of the supernatant was employed for silicate measurement with the silicomolybdenum blue method via spectrophotometry.

The amount of bSiP was calculated with equation (3):

 

where M(bSiP) is the amount of bSiP (mg), 67.29 is the molar mass (g·mol-1) of bSi [SiO2·0.4 H2O; Mortlock and Froelich (1989)], VNa2CO3 is the volume of the Na2CO3 solution (L), Cextract is the silicate concentration in the supernatant of the extraction solution (μmol·L-1), m is the total amount of sinking particles (mg), and M is the amount of sinking particles considered for silicate analysis (mg).

Then, the bSiP flux was calculated with equation (4):

 

where F(bSiP) is the bSiP flux (mg·m-2·d-1), S0 is the collecting area of the sediment trap (m2), and Δt is the sampling interval (day).



Revising the total biogenic silica fluxes

The total bSi (bSiT) flux was revised by adding the bSiD flux and the bSiP flux based on equation (5):

 

The ratio of bSiD to bSiT (bSiD%) was calculated based on equation (6):

 




Results


Dissolved biogenic silica in the sediment trap sampling bottles

The silicate concentration in the supernatant of the sediment traps deployed in different areas of the SCS is shown in Figure 2 and Table 2. The silicate concentration in the sampling bottles at stations SCS-N and SCS-NW was much higher than that in the sampling bottles at stations SCS-B and SCS-C. At stations SCS-N and SCS-NW, the silicate concentration decreased gradually over time from the beginning to the end of the sampling year. The highest concentration varied within the range of 1200–1400 μmol·L-1, normally found in the first or second sampling bottle. The silicate concentration in the supernatant at stations SCS-B and SCS-C was generally lower than 400 μmol·L-1, which is lower than the lower limit of the silicate concentration (564.7 μmol·L-1) at stations SCS-NW and SCS-N. Nevertheless, a gradual decreasing trend in silicate in the sampling bottles from the beginning to the end of the sampling year was also observed at stations SCS-B and SCS-C.




Figure 2 | Silicate concentration in the supernatant of the sediment trap sampling bottles at 1000 m of stationSCS-N (A), 3000 m of station SCS-N (B), 1000 m of station SCS-NW (C) and 1000 m of station B & C with the blueish diamonds representing the data of SCS-B (D).




Table 2 | Silicate concentration in the supernatant of the sampling bottles, bSiD flux, bSiP flux and bSiT flux at the different sediment trap stations in the SCS.



The amount of bSiD was calculated based on the silicate concentration in the supernatant of each sampling bottle [equation (1)], and the flux of bSiD was further calculated [equation (2)]. The bSiD amount and flux at station SCS-NW were much higher than those at stations SCS-N, SCS-B and SCS-C (Figure 3). Although an apparent higher silicate concentration in the supernatant was found at station SCS-N than at stations SCS-B and SCS-C, the differences in the bSiD amount and flux at these stations were not as significant as the difference in the silicate concentration.




Figure 3 | The bSiD flux and amount calculated based on the silicate concentration in the sediment trap sampling bottles at 1000 m of station SCS-N (A), 3000 m of station SCS-N (B), 1000 m of station SCS-NW (C) and 1000 m of station B & C with the blueish bars and blueish dotted line representing the data of SCS-B (D).





Particulate biogenic silica fluxes observed by sediment traps

Variations in the bSiP flux at the four stations in the deep SCS are shown in Figure 4 and Table 2. The bSiP flux at stations SCS-B and SCS-C from 2017–2018 was slightly lower than that at station SCS-N from 2015-2016 and much lower than that at station SCS-NW from 2012-2013. Seasonal variations in the bSiP flux were found at all stations; for example, a higher bSiP flux was found in winter than in summer at station SCS-C, and three remarkable peaks in the bSiP flux were observed at station SCS-NW. However, no significant correlation was found between the variation in bSiP and the change pattern of bSiD.




Figure 4 | The bSiP flux at different stations at 1000m of station SCS-N (A), 3000 m of station SCS-N (B),1000m of station SCS-NW (C) and 1000 m of station B & C with the blueish bars representing the data of SCS-B (D).





Revised total biogenic silica fluxes

Significant dissolution of bSi, indicated by the high silicate concentrations in the sediment trap sampling bottles at all stations in the SCS (Figure 2), is bound to result in underestimation of the bSi sinking flux. Based on equations (5) and (6), the bSiT flux and bSiD% were calculated and are shown in Figure 5 and Table 2. The variation in the bSiT flux generally followed the variation in the bSiP flux, and the contribution of bSiD to the bSiT was lower than that of bSiP. Nevertheless, an apparent change in bSiD% was found. It ranged from 4.4% to 16.6% (average: 8.3%) at 1000 m at station SCS-N, from 5.8% to 31.2% (average: 8.9%) at 3000 m at station SCS-N, from 2.8% to 34.0% (average: 13.3%) at 1000 m at station SCS-NW, from 6.4% to 31.9% (average: 12.3%) at 1000 m at station SCS-B and from 1.3% to 33.2% (average: 9.7%) at 1000 m at station SCS-C. In general, the bSiD% value at station SCS-N was lower than that at stations SCS-NW, SCS-B and SCS-C, except for one outlier at 3000 m at station SCS-N.




Figure 5 | Revision of the bSi flux and contribution of bSiD to bSiT (bSiD%) at 1000m of station SCS-N (A), 3000 m of station SCS-N (B), 1000 m of station SCS-NW (C) and 1000m of station B & C with the blueish bars and blueish circles representing the data of SCS-B (D).






Discussion


Potential factors influencing bSi dissolution in sediment trap sampling bottles

As shown in Figures 2 and 3, a general decreasing trend in silicate concentration and bSiD flux and amount from the beginning of the sampling period to the end was found at all studied stations, implying a positive correlation between the degree of bSi dissolution and the time for bSi dissolution. This is understandable, as the dissolution amount of bSi is determined by the dissolution rate (mol·g-1·h-1), the mass of solute bSi (g), and the time for dissolution (h). As shown in Figure 6, this positive correlation between the bSiD amount and the time for dissolution was significant at stations SCS-NW, SCS-N and SCS-B, with the exception of station SCS-C.




Figure 6 | Relationship between the bSiD amount and the dissolution time at the different stations (A. station SCS-N, SCS-B and SCS-C; (B) station SCS-NW) in the SCS. Note: Because the time when the supernatant taken in the laboratory for station SCS-NW samples was not recorded exactly, we defined a constant x as the time period from the recovery time of the sediment trap to the time when the supernatant was taken in the laboratory, and the “Dissolution time - x” is the time period from the sampling time of each bottle to the recovery time of the sediment trap.



Another obvious phenomenon is the remarkably different degrees of bSi dissolution among stations in the study area. Much stronger bSi dissolution occurred at stations SCS-NW and SCS-N, as indicated by the much higher silicate concentrations (Figure 2). Because there was no significant difference in the dissolution time among the stations, the different degrees of dissolution among the stations were either due to different dissolution rates or differences in bSi amounts. As the average bSi flux at stations SCS-NW and SCS-N was higher than that at stations SCS-B and SCS-C, it is easy to conclude that the stronger dissolution of bSi at stations SCS-NW and SCS-N was due to the higher bSi amount. Coincidently, a drop in the silicate concentration from November to December 2015 interrupting the gradually decreasing trend of the silicate concentration at 1000 m at station SCS-N (Figure 2) corresponded well to a decline in the bSi flux (Figures 4, 5). Another sudden decline in the silicate concentration found in the last sampling bottle of station SCS-NW (Figure 2) also corresponded to the lowest bSi amount due to the shortest sampling interval (only 1 week).

However, we also found that the bSiT flux in the sampling bottles from the end of 2017 to 2018 at station SCS-C was comparable to and sometimes even higher than the bSiT flux at the end of station SCS-N (Figures 4, 5), but the silicate concentration and bSiD amount in these sampling bottles from station SCS-C were still apparently lower (Figures 2, 3). As shown in Figure 7, the correlation between the bSiD amount and the bSiT amount was generally poor, except at 3000 m at station SCS-N. It should be noted that this close relationship between the bSiD and the bSiT at 3000 m at station SCS-N is most likely attributable to the general decreasing trend of both the bSiD amount and the bSiT amount over time (Figures 2 and 5, respectively). Therefore, the bSi amount in the sampling bottles was not the determining factor for the different degrees of bSi dissolution among sites, although it could function as a limiting factor under a low bSi amount, and the difference in dissolution rate may explain the different degrees of bSi dissolution among the stations.




Figure 7 | Relationship between the bSiD amount and bSiT amount in the sampling bottles at the different stations in the SCS.



The degree of environmental silicate unsaturation (1-C/Ceq) is one of the key factors determining the dissolution rate of bSi (Loucaides et al., 2012a). As the water prefilled in the sampling bottles was almost entirely depleted in silicate (C≈0), the degree of silicate unsaturation in all sampling bottles was close to 1 at the very beginning of the dissolution process. This inevitably resulted in the highest average bSi dissolution rate in each sampling series occurring in the last sampling bottles of each station (Figure 2). On the other hand, apparent differences in silicate concentrations in the last sampling bottles of each station indicated that significant differences in bSi dissolution rates among stations started from the initial stage of bSi dissolution (Figures 2 and 3). As dissolution proceeded, the degree of silicate unsaturation decreased gradually because the silicate concentration (C) in the sampling bottles increased. It is worth noting that the silicate concentration in the bottles is also determined by the volume of the sampling bottles. As the same amount of bSi dissolved, the silicate concentration increased less in the 500 ml sampling bottle than in the 250 ml sampling bottle, which in turn influenced the silicate unsaturation and the bSi dissolution rate. However, the difference in the volume of sampling bottles between SCS-NW, SCS-B, SCS-C (500 ml) and SCS-N (250 ml) could not explain the apparent lower bSi dissolution rate at stations SCS-B and SCS-C.

In addition to the environmental silicate concentration (C), the equilibrium solubility of bSi (Ceq) is another determining factor of the degree of environmental silicate unsaturation (1-C/Ceq). The apparently higher bSi dissolution rate at stations SCS-NW and SCS-N than at stations SCS-B and SCS-C might be due to the higher bSi solubility of bSi particles at stations SCS-NW and SCS-N. The highest silicate concentration in the supernatant at the beginning of the sampling period reached ~1300 μmol·L-1 at station SCS-NW and ~1100 μmol·L-1 at station SCS-N (Figure 2). This value was comparable to the solubility of bSi at 2°C measured in stirred flow-through experiments (1000~1200 μmol·L-1) by Rickert et al. (2002) and higher than that observed in the field (800~1000 μmol/L) via batch reactors in the deep (> 1000 m) Mozambique Channel (Loucaides et al., 2012b). However, we are not sure whether the silicate in the sampling bottle with the highest silicate concentration reached saturation. Therefore, we could only approximately estimate that the equilibrium solubility of the sinking bSi particles in the deep northern SCS was at least 1100 μmol·L-1. On the other hand, the highest silicate concentration in the supernatant at stations SCS-B and SCS-C was ~400 μmol·L-1 (Figure 2), which is much lower than 1100 μmol·L-1. Whether it is limited by bSi solubility or attributed to other factors determining a low dissolution rate remains unknown.

Previous works have demonstrated that water temperature, pressure, and pH are potential environmental factors determining bSi solubility (Hurd, 1973; Lawson et al., 1978; Kamatani et al., 1980; Van Cappellen and Qiu, 1997; Rickert et al., 2002), in which a higher water temperature usually yields enhanced solubility. However, the sea water temperature at the depths of the deployed sediment traps, both at 1000 and 3000 m, in the deep SCS generally remained constant, ranging from 2.4°C to 4°C (Tian and Wei, 2005; Wang et al., 2011), and the samples were stored in a refrigerator at 4°C after recovery, indicating that the environmental temperature could not result in a large difference in bSi solubility among stations. The bSi solubility has been estimated to increase with pressure based on experiments with synthetic amorphous silica (Loucaides et al., 2012a and references therein), but there was no large difference between the silicate concentration at 3000 m at station SCS-N and that at 1000 m, indicating that pressure was not the key factor influencing bSi solubility in the deep SCS. The pH of the supernatant in the sampling bottles was approximately measured with a pH meter (Mettler Toledo S210K) before sample splitting via a McLane WSD-10 rotary splitter, which revealed that the pH ranged from 7.4 to 7.8 at room temperature for the supernatant at stations SCS-B and SCS-C and reached approximately 6.0 for that at station SCS-NW. The relatively high pH at stations SCS-B and SCS-C could result in lower resistance of bSi and higher bSi solubility (Hurd, 1973; Van Cappellen and Qiu, 1997; Taucher et al., 2022), which is against our assumption that the lower bSi dissolution rate at stations SCS-B and SCS-C was due to lower bSi solubility. Therefore, the possibly different bSi solubilities as a result of differences in ambient physical and chemical conditions cannot explain the notably different bSi dissolution rates among the stations.

In addition to ambient physical and chemical conditions, some of the internal characteristics of bSi, e.g., reactive surface area (As), degree of aging and diagenesis, are other important controlling factors for bSi solubility (Loucaides et al., 2012a). As the settling velocity of sinking particles in the open ocean is dozens to hundreds of meters per day (Giering et al., 2020) and the settling velocity of sinking particles in the northern SCS was estimated to be 30-50 m per day (Ran et al., 2015), the degree of aging and diagenesis of bSi in sinking particles at 1000 m may not be a key factor in differentiating bSi solubility among sites. The difference in the As of the bSi seems to be the only possibility to explain the possible difference in bSi solubility and bSi dissolution rate among sites. However, this speculation needs more detailed study, including research on the siliceous organism compositions and the nanostructure of different bSi components at each station.

Another possible explanation of the difference in the bSi dissolution rate among stations could be the effect of bacterial activity. The silica cell walls of diatoms while alive are protected from dissolution by an organic film (Hecky et al., 1973), but bacteria can decompose this organic matter after diatom death (Bidle and Azam, 1999), thus accelerating bSi dissolution (Bidle and Azam, 2001). The relatively low pH value at station SCS-NW could probably be attributed to the notable degradation of sinking organic matter, which was indicated by the high concentrations of dissolved organic carbon and dissolved inorganic nitrogen in the sediment trap (Sun et al., 2015). The relatively high pH value of the supernatant at stations SCS-B and SCS-C could indicate lower degradation of organic matter and lower microbial activity, which could probably result in less bSi exposure in the solution. However, this possibility should be confirmed or modified through further research, and more microbiological work should be involved.

In summary, except for the decreasing trend in the bSi dissolution amount in the sampling bottles over time, a significant difference in bSi dissolution among stations was found in the study area. This significant difference could not be explained by the difference in bSi flux among stations, although the bSiD amount is influenced by the total bSi amount in the sampling bottles. The main reason for the difference in the degree of bSi dissolution at the different stations was likely due to the difference in the dissolution rate, which was presumably related to the different As of bSi or bacterial activity. Studying the dissolution kinetics of bSi from different stations with flow-through experiments (Van Cappellen and Qiu, 1997; Rickert et al., 2002), together with microbiological analysis, siliceous organism identification and measurement of the bSi nanostructure, will help identify the exact controlling factor causing the differences in dissolution rates in future work. It should be noted that the volume of the sampling bottle not only influences the silicate concentration in the bottles but also modifies the dissolution rate by impacting the silicate unsaturation and eventually influencing the degree of bSi dissolution.



Underestimation of the bSi flux due to bSi dissolution

As shown in Figures 2 and 3, although the silicate concentration at stations SCS-B and SCS-C, respectively, were much lower than that at station SCS-N, the discrepancy in the calculated bSiD flux between these stations was not as significant as that in the silicate concentration (Figure 3), mainly because the volume of the sampling bottles deployed at stations SCS-B and SCS-C (500 ml) was twice that of the sampling bottles deployed at station SCS-N (250 ml) (Table 1). On the one hand, the high silicate concentration in the supernatant and the large-volume sampling bottles employed at station SCS-NW resulted in much higher bSiD fluxes (Figure 3 and Table 2). It should also be noted that the bSiD flux in several samples collected from November 2012 to February 2013 at station SCS-NW decreased suddenly (Figure 3), which was likely due to the longer sampling interval (1 month) during this period. On the other hand, the sudden increase in the bSiD flux and bSiD% for the last SCS-NW sample occurred due to the shorter sampling interval (only 1 week, Figure 3). This indicated that the bSiD flux was determined not only by the bSiD amount in the sampling bottles but also by the volume of the sampling bottles and the preset sampling intervals.

A clear negative correlation between bSiD% and the bSiT flux was found at all stations (Figure 8). In some of the samples, the bSiD% value was higher than 30%, suggesting that approximately 1/3 of the contained bSi was dissolved in the sampling bottles. This negative relationship between bSiD% and the bSiT flux has also been reported in similar work in the North Atlantic Ocean (Gallinari et al., 2002), but a much higher bSiD% (4.6–66.1%) has been found in the deep North Atlantic Ocean (Figure 8). This result indicated that bSi could be significantly underestimated when the bSiT flux was relatively low, which normally occurs when the productivity of siliceous organisms, e.g., diatoms, is relatively low in the oligotrophic open ocean or in the ocean with a notable seasonal variation in primary productivity. Generally, the underestimation could exceed 10% when the bSiT flux was lower than 40 mg·m-2·d-1 (Figure 8), which suggests that the global export flux of bSi to the deep ocean has generally been underestimated, probably by more than 10%, and correspondingly, bSi recycling in the deep ocean might be overestimated (Tréguer et al., 2021). It is therefore strongly suggested that the bSiD fraction in sediment trap sampling bottles should be measured to better understand sinking particles of bSi, which is important for quantitative research on the biogeochemical process of silicon in the ocean and the global marine silicon cycle.




Figure 8 | Percentage of the bSiD as a function of the bSiT flux at the different stations in the SCS and North Atlantic Ocean [NA, North Atlantic; data retrieved from Gallinari et al. (2002)].






Conclusion

In this work, we studied the influence of bSi dissolution on bSi sinking flux estimation via sediment traps in the northern SCS. The results indicated apparent bSi dissolution in the sediment trap sampling bottles, which resulted in an underestimation of the bSi sinking flux of 2~34% (average: ~10%) in the northern SCS. The impact of bSi dissolution on bSi flux estimation became increasingly notable with decreasing total bSi flux, especially when the total bSi flux was lower than 40 mg·m-2·d-1. Therefore, to better quantify the biogeochemical flux of silicon in the deep ocean, the collected samples should be split and analyzed in the laboratory as soon as possible after trap recovery, and it is necessary to measure the dissolved bSi in the supernatant to revise the particulate bSi flux, especially when the bSi flux is inherently low. The degree of bSi dissolution in the sediment trap sampling bottles at each station was mainly controlled by the dissolution time but influenced by the total bSi amount in the sampling bottles if the bSi sinking flux was extremely low. Apparent differences in the degree of bSi dissolution in the sampling bottles among stations were found. However, neither the dissolution time difference nor the bSi amount difference could explain such a large discrepancy in the degree of bSi dissolution, and the difference in the bSi dissolution rate might be the only possible reason, but more experiments are needed to better understand the controlling factors of the bSi dissolution rate in sediment traps in the future. It is worth noting that the volume of the sampling bottles adopted could influence the dissolution amount of bSi and result in greater underestimation of the bSi flux. Thus, smaller-volume sampling bottles are recommended for application in sediment traps, especially in oligotrophic open ocean settings.
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Siliceous Rhizaria (polycystine radiolarians and phaeodarians) are significant contributors to carbon and silicon biogeochemical cycles. Considering their broad taxonomic diversity and their wide size range (from a few micrometres up to several millimetres), a comprehensive evaluation of the entire community to carbon and silicon cycles is challenging. Here, we assess the diversity and contribution of silicified Rhizaria to the global biogenic silica stocks in the upper 500 m of the oligotrophic North-Western Mediterranean Sea using both imaging (FlowCAM, Zooscan and Underwater Vision Profiler) and molecular tools and data. While imaging data (cells m-3) revealed that the most abundant organisms were the smallest, molecular results (number of reads) showed that the largest Rhizaria had the highest relative abundances. While this seems contradictory, relative abundance data obtained with molecular methods appear to be closer to the total biovolume data than to the total abundance data of the organisms. This result reflects a potential link between gene copies number and the volume of a given cell allowing reconciling molecular and imaging data. Using abundance data from imaging methods we estimate that siliceous Rhizaria accounted for up to 6% of the total biogenic silica biomass of the siliceous planktonic community in the upper 500m of the water column.
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1. Introduction

Marine environments represent the largest ecosystem on Earth, housing a broad variety of planktonic organisms, from viruses and bacteria to unicellular and small multicellular eukaryotes. These organisms, which span more than six orders of magnitude in size, form complex ecological networks that sustain major biogeochemical cycles (Edwards et al., 2013). While phytoplankton forms the base of marine food webs, zooplankton occupy numerous trophic levels and can contribute to carbon export through mechanisms such as vertical migration and production of fecal pellets (Stukel et al., 2013; Toullec et al., 2019). To date, studies of phytoplankton assemblages have focused mostly on diatoms, dinoflagellates, and cyanobacteria (Alves-de-Souza et al., 2008), while the role of zooplankton in the ocean has been assessed through the study of copepods and euphausiids (e.g., Buitenhuis et al., 2006), mainly because of their high abundances and good preservation in formaline. These are however very specific compartments, only representing limited aspects of the functional diversity of plankton (Le Queré et al., 2005), omitting the potential role of other organisms when developing biogeochemical models.

In recent years, automated sampling devices, image analysis technologies, and machine learning algorithms have been developed to quantify abundances of marine organisms (Gorsky et al., 2010; Picheral et al., 2010; Irisson et al., 2022) and to accelerate the analysis of planktonic samples which are generally time-consuming (Benfield et al., 2007). These methods have been fundamental in revealing the occurrence and potential impact of previously neglected organisms in biogeochemical cycles (Biard et al., 2016). In addition to imaging systems, DNA-metabarcoding, allowing an extensive taxonomic coverage, has become a powerful alternative to morphological observation, being largely used in high-throughput exploration of the diversity of microbial communities (de Vargas et al., 2015; Faure et al., 2019).

Despite the benefits of either method, these come with inherent uncertainties. Imaging tools do not cover all the size spectra of plankton (Lombard et al., 2019), and several tools/instruments need to be used simultaneously to study all components of the marine ecosystem. On the other end, molecular approaches produce relative-abundance and compositional data. Abundances of specific groups are inherently influenced by the abundances of other groups, thus biasing conclusions (Gloor et al., 2017).

In the modern ocean, Rhizaria, a group of unicellular eukaryotic organisms that span a wide range of sizes, from tens to hundreds of micrometres, are known to play important roles in food webs and biogeochemical cycles (Biard, 2022). In the last decade, this group has been highlighted as a critical source of carbon export (Lampitt et al., 2009; Guidi et al., 2016; Gutierrez-Rodriguez et al., 2018), silica cycling (Biard et al., 2018; Llopis Monferrer et al., 2020), and a significant component of ocean biomass (Biard et al., 2016). While some rhizarians build their skeletons of calcium carbonate (Foraminifera) or strontium sulfate (Acantharia), numerous marine rhizarians form siliceous skeletons (Nassellaria, Spumellaria, Collodaria and Phaeodaria) (Takahashi et al., 1983). Considering their large taxonomic diversity, broad size spectrum and extended range of vertical niches (Biard and Ohman, 2020) as well as various trophic modes (Suzuki and Not, 2015), Rhizaria lack a characterisation of their full size range and quantification of their contribution to biogeochemical cycles.

Historically, living Rhizaria, have been collected using plankton nets and Niskin bottles (Boltovskoy et al., 1993; Boltovskoy, 2003; Ishitani and Takahashi, 2007). These conventional sampling methods collect more efficiently smaller specimens, which are also numerically more abundant (e.g., Boltovskoy et al., 2010). So far, large individuals have seldom been taken into account, mainly due to the fragility of their skeletons and only fragments are generally found in the nets. The development of in-situ imaging techniques has enabled the first characterizations and estimates of these organisms in the pelagic realm (Biard et al., 2016; Biard and Ohman, 2020). Despite their recent confirmed relevance to current marine biogeochemical cycles (e.g., Biard et al., 2016; Guidi et al., 2016; Llopis Monferrer et al., 2020), knowledge about the distribution and abundances of living Rhizaria is still highly fragmented due to the scarcity of the data and heterogeneity between collection methods and sample analyses. These protists have been patchily sampled and their distribution and role in the biogeochemical cycles, especially in the silicon cycle, are not yet fully understood.

In September 2017, we participated in the Mediterranean Ocean Observing System for the Environment – Grande Echelle (MOOSE-GE) cruise. During this cruise, three imaging technologies, FlowCAM, ZooScan and Underwater Vision Profiler, were employed in combination along with DNA metabarcoding sampled at the same locations. We used this integrative approach to describe the broad size spectrum of Rhizaria, their abundance and diversity. Using the data obtained with the imaging instruments and the existing allometry between silica content and rhizarians’ biovolume (Llopis Monferrer et al., 2020), we assess the contribution of rhizarian biogenic silica standing stock and potential taxa specific contribution to the silicon cycle on a regional scale.



2. Material and methods


2.1. Study area

Sampling was conducted at 16 sites during the MOOSE‐GE 2017 expedition (30/08/2017-24/09/2017) on board R/V Atalante in the North-Western basin of the Mediterranean Sea (Figure 1). This area is characterized by oligotrophic conditions with patchy productivity regions (Mayot et al., 2017). The Gulf of Lion is an important area of deep water formation (Donoso et al., 2017), with intense mesoscale activity along with the coastal current and mid-sea eddies present along the basin (Robinson et al., 2001).




Figure 1 | Map of the study area (North-Western Mediterranean basin) of the MOOSE-GE expedition with positions of the sampling stations (LEG-Station) that were analysed in this study. Axis colour represents average chlorophyll values in mg m-3 during September 2017, the study period. Data was collected using E.U. Copernicus Marine Service Information (https://doi.org/10.48670/moi-00114).





2.2. Environmental and biogeochemical data

At each station, a rosette carrying 12 Niskin bottles (12 L) and equipped with a CTD (Seabird Electronics) to measure temperature and salinity was deployed. Samples were taken according to the requirements of biogeochemical parameters. Chlorophyll-a concentration was estimated from bottle water samples using HPLC (Uitz et al., 2009). To measure biogenic silica concentrations, 1 L of seawater sampled at 3 depths distributed between the surface and the deep chlorophyll maximum (DCM), which was calculated according to maximum values of fluorescence, was filtered onto 0.6 µm, 47 mm isopore polycarbonate filters (GE Healthcare Whatman). After filtration, filters were kept in petri dishes and stored at room temperature. Analyses were performed using the double digestion method according to Brzezinski and Nelson (1989).



2.3. Plankton collection

A triple net, with 64, 200, and 500 µm mesh sizes was deployed in a vertical haul mode at the constant speed of 0.8 m s-1 in the upper 500 m. A flowmeter was attached to the mouth of each net to quantify the amount of water passing through the net. Once the net was on board the ship, samples concentrated in each cod-end were diluted in 4 L of 0.2-µm filtered seawater and divided into several subsamples.

For the 64 µm cod-end, a subsample of 1.5 L was concentrated on a 50 µm mesh sieve. The concentrated sample was carefully removed from the sieve using a squeeze bottle and preserved with acidic Lugol’s solution (2% final concentration) in a 250 mL dark plastic bottle to avoid light and stored at 4°C for later analysis with the FlowCAM (Fluid Imaging Inc.) (Sieracki et al., 1998).

For the 200 µm cod-end, a subsample of 1.5 L was concentrated using a 180 µm sieve. The content of the sieve was poured into a 250-mL plastic bottle with 25 – 30 mL tetraborax buffered formaldehyde (4%v/v) and stored at room temperature for later analysis with the Zooscan imaging system (Hydroptic; Gorsky et al., 2010).

For genetic analyses, 1 L of each cod-end (64, 200 and 500 µm), was filtered through a 10 µm polycarbonate filter. Filters from the different size fractions were flash-frozen in liquid nitrogen and stored independently at -80°C until DNA extraction.



2.4. Image acquisition and processing


2.4.1. FlowCAM analyses

The FlowCAM is an imaging system for measuring and classifying organisms and particles (size from 3 to 5000 µm, depending on the objective chosen) present in a liquid medium. Samples from the 64 µm cod-end and fixed with Lugol’s solution were analysed using a FlowCAM at the Villefranche Platform for Quantitative imaging (PIQv). Before the analysis, samples were filtered through a 200 µm sieve to remove large particles and avoid clogging of the FlowCAM chamber. Plankton organisms were counted using the “auto-trigger mode” of the FlowCAM. Samples were examined under a 4x objective lens and pumped through a 3mm x 0.3mm chamber for 45 minutes or until reaching 30 000 images (volume varied 0.6883 ml to 8.88707 ml). Raw images were saved to analyse them using the Zooprocess software (Gorsky et al., 2010).



2.4.2. Zooscan analyses

The Zooscan is a plankton scanner that takes high-resolution images of planktonic samples (Gorsky et al., 2010). Samples in tetraborax-formaldehyde 4%v/v were digitized at 4800 dpi using the Zooscan at the PIQv. Each of the samples collected were first divided into two size fractions using 1000 μm sieves: d1 for the organisms larger than 1 mm and d2, for the organisms smaller than 1 mm. Each of the two size fractions (d1, d2) was subsampled using a Motoda splitter to reach aliquots containing nearly 500 to 1000 objects and imaged with the Zooscan (Gorsky et al., 2010).



2.4.3. In situ imaging – UVP analyses

The Underwater Vision Profiler (UVP5; Hydroptic) was integrated on the CTD-rosette. The UVP5 allows the acquisition of particles and zooplankton images larger than >700 µm and to quantify them in a known volume of water. The UVP operates a 4 MPix camera imaging a field of view of approximately 180 x 180 mm2 about 200mm in front of the camera. Vertical profiles exceeded 500 m except Station 27 (Leg1), but only data from the upper 500 m of the water column was used in this study in order to compare with results from the plankton nets.



2.4.4. Metabarcoding sequencing

DNA was extracted using the MasterPure Complete DNA and RNA Purification Kit (Epicentre) following the manufacturer’s instructions. This particular extraction method was used because it has been proven to be appropriate for cells with robust skeletons, such as Rhizaria (Pernice et al., 2016). Polymerase chain reaction (PCR) amplification was performed with the general eukaryotic primer pair TAReuk454FWD1 (5’-CCAGCASCYGCGGTAATTCC-3’) and TAReukREV3 (5’-ACTTTCGTTCTTGATYRA-3’) targeting the V4 hypervariable region of the 18S rDNA (Stoeck et al., 2010). Sequencing was performed using the Illumina MiSeq platform (2x250 bp) for over 50000 reads per sample.




2.5. Data analysis


2.5.1. Imaging

All raw images generated by FlowCAM, Zooscan, and UVP were analysed and processed using the Zooprocess software (Gorsky et al., 2010). Extracted images were uploaded to Ecotaxa, an online collaborative software dedicated to the visual exploration and taxonomic annotation of planktonic images (Picheral et al., 2017). The Random Forest algorithm (Breiman, 2001) was used to classify all objects into major plankton categories. The automatic classification was visually inspected to ensure the quality of the sorting. Only images corresponding to siliceous Rhizaria were picked out for subsequent analyses. For each instrument, abundances (ind. m-3) of each rhizarian category were calculated at every station and morphological measurements associated with each vignette, such as body length and width, were used to obtain biovolumes (Supplementary Tables 1–3).



2.5.2. Metabarcoding data curation and analysis

Raw reads obtained from sequencing were processed and clustered following DADA2 (Callahan et al., 2016). The resulting amplicons sequence variants (ASVs) were taxonomically assigned using global search implemented in Vsearch (Rognes et al., 2016) against PR2 v4.14.0 database (Guillou et al., 2012) updated with Radiolaria sequences from (Méndez-Sandín, 2019). ASVs were considered for further analyses as long as they were present in at least 2 of the 48 samples examined and had more than 10 total reads in those samples and assigned to Phaeodaria and polycystine radiolarians (Spumellaria and Nassellaria, excluding Collodaria). Different size fractions were pooled together. The final dataset was composed of a total of 48 ASVs, normalized by sample to relative abundance.




2.6. Rhizaria biovolume and biogenic silica content

Area of the imaged specimen were computed according to Picheral et al. (2017). From the area, we calculated the equivalent spherical diameter (ESD; Equation1) to prevent overestimation of the individual’s biovolume, since in some cases, the skeleton can have complex shapes, including long and irregular spines.

	(1)

where ESD (in µm) is the equivalent spherical diameter and Area is the pixel area of the imaged organism.

Then, we calculated the biovolume (µm3) using the following equation:

	(2)

where ESD is the spherical diameter calculated with equation 1.

After calculating the biovolume (equation 2), we calculated the individual silica content of Rhizaria by using the log-linear relationship established by Llopis Monferrer et al. (2020), which relates silica content to biovolume (R2 = 0.86):

	(3)

where QbSi is the biogenic silica content of the specimen (µg-Si cell-1).




3. Results


3.1. Environmental data

Surface temperature during the cruise ranged from 16.0°C to 22.2°C. Integrated Chlorophyll a (Chl a) values over the 0-150 m layer, varied between 2 and 45 mg m-2. The depth of deep chlorophyll maximum (DCM) varied from 42 to 95 m. Biogenic silica concentrations, integrated over the surface to DCM layer ranged from 1.7 to 6.8 mmol-Si m-2 (Table 1).


Table 1 | Study sites location and collection date. Chlorophyll a (Chl a) and biogenic silica (bSi) values were integrated over the 0-DCM layer.





3.2. Size spectra of the organisms captured by the different imaging technologies

A total of 753 rhizarians specimens were imaged using different imaging devices: either the FlowCAM (195 vignettes; 64-200 µm), the Zooscan (341, 200-1000 µm), or the UVP (217; >1000 µm). The overall size of the analysed organisms ranges from 45 to 3663 µm in equivalent spherical diameter (ESD; Figure 2). In the present study, the FlowCAM recorded the smallest individuals, with an ESD ranging from 45 to 176 µm (mean ± standard deviation; 103 ± 26 µm). Among the three instruments, the FlowCAM was the only one able to capture some of the polycystine radiolarians (i.e., Spumellaria and Nassellaria) and phaeodarians of the genus Challengeria. The Zooscan captured individuals with ESD ranging from 365 to 1244 µm (799 ± 146 µm), which all belonged to the family Aulacanthidae (Phaeodaria). The UVP imaged the largest individuals, starting with an ESD of 945 µm up to 3662 µm (1279 ± 429 µm), with the smallest individuals belonging to the Aulacanthidae family and the largest cells to the Coelodendridae family (Phaeodaria).




Figure 2 | Density plot comparing the total size range of Rhizaria (in equivalent spherical diameter; ESD) captured by the three imaging tools used in this study (FlowCAM, Zooscan and UVP). The area under the curve represents the probability of getting an x value between a range of x values. The dashed line represents the upper limit of the Zooscan data considered and the lower limit of the UVP data, which was established to avoid overlap between these two instruments. (A) FlowCam images of Nassellaria, (B) Spumellaria, (C) FlowCam images of phaeodarians of the family Challengeridae, (D, D’) Zooscan and UVP images of phaeodarians of the family Aulacanthidae respectively, (E) UVP images of phaeodarians of the family Coelodendridae and, (F) UVP images of phaeodarians of the family Aulosphaeridae.



We observed a discontinuity between the size class captured by the FlowCAM and the Zooscan. No specimen was observed between 176 µm (largest individual imaged by the FlowCAM) and 365 µm (i.e., the smallest individual collected by the 200 µm mesh-size and imaged by the Zooscan). However, there was a size (ESD) overlap for organisms of about 1000 µm (essentially Aulacanthidae individuals) that were captured by both, the Zooscan and the UVP. In order to avoid overestimation of the Rhizaria abundances (i.e., counting twice the same size fraction), we excluded the specimens with an ESD larger than 1000 µm from the Zooscan data, and specimens with an ESD equal or smaller than 1000 µm from the UVP data.



3.3. Rhizaria diversity and abundance

The abundances of specimen (i.e., cells m-3) were established based on quantitative methods (imaging tools) (Supplementary Tables 1–3). The smallest size range investigated in this study (Nassellaria, Spumellaria and Phaeodaria of the genus Challengeria), the 64-200 µm (FlowCAM) showed the highest abundance values at all stations, ranging from 5.0 to 61.1 cell m-3 (Table 2). The small size fraction was mainly dominated by nassellarians in all stations. Phaeodaria of the genus Challengeria were observed in lower proportions (in 12 of the 16 stations studied; Table 3). Regarding the 200-1000 µm size fraction, which corresponded to data obtained with the Zooscan, abundances of specimens identified as Aulacanthidae, the only category imaged with this instrument, had a maximum of 3.4 cells m-3. Rhizarian abundances in the largest size fraction (>1000 µm), imaged by the UVP were generally slightly lower than those found for the 200-1000 µm size fraction (from 0.3 to 1.9 cells m-3), except some stations (Table 2). The Phaeodaria groups found during this cruise belong to the families Aulacanthidae, Castanellidae, Coelodendridae, Aulosphaeridae and Cannosphaeridae (Figure 3).


Table 2 | The abundance of siliceous Rhizaria collected using three different devices corresponding a different size ranges.




Table 3 | The presence and absence of the different taxonomic groups for the entire size spectra studied using imaging (I) and metabarcoding (M) methods.






Figure 3 | (A) Imaging technologies data. Relative abundances of the main rhizarians taxonomic groups cumulated from the different size fractions (> 64-200, 200-1000, > 1000 µm), from data obtained using the FlowCAM, Zooscan and UVP. (B) Imaging technologies data. Relative biovolume of the main rhizarians taxonomic groups cumulated from the different size fractions (> 64-200, 200-1000, > 1000 µm), from data obtained using the FlowCAM, Zooscan and UVP. (C) Molecular metabarcoding data. Relative abundance reads of the main rhizarian taxonomic groups in the different size fractions cumulated (> 64, > 200, > 500µm) of the V4 rDNA from vertical tow nets. No metabarcoding data was available for stations leg2-05.



When we examine the biovolume, we encounter an opposite trend to abundance (Figure 3B). The biovolume values of the individuals captured by Zooscan or UVP (> 200 µm) are higher than the ones obtained for individuals imaged by the FlowCAM and bring composition closer to metabarcoding than abundance values.

In the metabarcoding data, organisms belonging to the largest families (i.e., Coelodendridae and Aulacanthidae) contributed the most to the relative sequence abundance (Figure 3C). When analysing the contribution of the various groups of organisms in terms of biovolume, we find that Aulacanthidae and Coelodendridae are the most represented taxa in each site while organisms belonging to smaller taxonomic groups are scarcely represented (Figure 3B).

From molecular techniques, we estimated that Rhizaria belonging to the >64 µm size class represented a total of 4.53% (± 3.49) of the eukaryotic community reads, while the fraction > 200 represented 11.3% (± 7.80), and the largest fraction, > 500 µm represented the highest percentage, 15.8% (± 13.90) in all samples. When comparing the relative abundances obtained by both methods (imaging and molecular), on the same size fraction sampled, we observed that the taxonomic groups determined by each method were not the same. Consequently, the computed relative abundances differed for the two methods (Table 3; Figure 3). A difference between the different taxonomic groups is observed when calculating the corresponding percentage of occurrence, ranging from 0.1% (Aulosphaeridae) and 0.9% (Aulacanthidae). However, when comparing relative abundances obtained through molecular tools and relative biovolume from imaging techniques, the results are closer at most of the stations investigated (Figure 3).



3.4. Contribution of Rhizaria to bSi standing stock

We examined the contribution of the different size ranges to the total silica biomass of Rhizaria. When converted to biomass using the allometric relationship (Equation 3), we found that the largest individuals (>1000 µm) contributed the most to the total Si stock in the water column, from 5.2 to 70.3 µmol-Si m-2. Overall, the small and medium-sized individuals (>64 – 1000 µm) contributed equally to the largest individuals at all stations, except at offshore stations leg2-36, leg2-56, where small-sized individuals dominated. These stations presented the deepest bottom depths (Figure 4). Small Rhizaria (<200 µm) contributed to the biogenic silica standing stock from 2 to 50% depending on the sampling stations, contributing from 1.1 to 39.9 µmol-Si m-2 (Table 4).




Figure 4 | Overview of the bSi biomass of Rhizaria integrated into the upper 500 m of the water column (µmol-Si m-2) in the Mediterranean Sea. Piecharts indicate relative contributions of the three size classes studied to the total bSi at each station and their size is proportional to their Si contribution.




Table 4 | Biogenic silica integrated over the 0 – 500 m layer for Rhizaria collected using three different devices corresponding to different size ranges.






4. Discussion


4.1. Rhizaria abundances and diversity: Imaging

This study is one of the few that simultaneously analyses a planktonic compartment covering a wide size spectrum using a wide array of instruments and methods. We used three imaging methods and genetic analyses to investigate a broad section of the Rhizaria size range. We found that these organisms are present at every station. In the North-Western basin of the Mediterranean Sea, Rhizaria abundances reached 61.1 cells m-3 in 0-500 m water depth, with small cells being largely dominant (from 5.0 to 61.1 cells m-3) over larger ones (up to 3.4 cells m-3). These abundances are consistent with the size distribution of organisms reported in previous studies where small rhizarians are generally more abundant than larger ones in the upper water column of the ocean (Boltovskoy et al., 1993; Llopis Monferrer et al., 2020). Yet, abundances observed here fall in the lower range of estimates from a worldwide compilation from microscopic observations of net samples deployed the 0-200 m water layer of the tropical and subtropical waters (40°N/S), which stated that small Rhizaria cell abundances ranged from 79 to 892 cells m-3 for polycystine radiolarians and from 5 to 20 cells m-3 for larger phaeodarians (Llopis Monferrer et al., 2020). Low cell densities observed in this study could be due to the integration of abundance values to 500 m instead of 200 m. Also, the different techniques used to obtain abundance values (microscopy versus FlowCAM) as well as the seasonality patterns in rhizarians communities. Analysis of plankton time series on the Northern coast of the Mediterranean Sea shows the highest biovolume of Rhizaria (including the non-silicified) in August, and quite low numbers the rest of the year (Romagnan et al., 2015).

Low cell densities could also be explained by the caveats associated with the use of imaging instruments. Although the combined use of the three instruments covered a broad size spectrum, we observed a size gap between the FlowCAM and Zooscan. From 176 µm to 365 µm no specimens were observed (Figure 2), which corresponds to the size class in which we may find many specimens of polycystines and phaeodarians (e.g., genus Challengeria; Llopis Monferrer et al., 2020). Their absence in the results could be explained by the handling of FlowCAM samples before the analysis, since these are sieved onto a 200 µm mesh size to prevent instrument clogging. To avoid the underestimation of larger cells, samples could be divided into different size fractions and analysed using smaller or larger flow cells. Moreover, many siliceous Rhizaria specimens can exhibit a size smaller than 64 µm which was the smallest plankton mesh used (e.g., small size species, juvenile forms), leading to an underestimation of total siliceous Rhizaria abundances. Finally, fixatives used classically (e.g., Lugol’s iodine or formaldehyde) are known to affect organisms leading to potentially underestimated cell counts (Choi and Stoecker, 1989; Beers and Stewart, 1970).

Regarding the Zooscan (200–1000 µm), its operational size range starts at 240 µm. This instrument may limit the enumeration of small individuals whose sizes are close to the detection limit. Although all observations reported in this study lie within the range in which reliable quantitative results can be obtained, not all the operational size range is efficient to obtain quantitative results. The Zooscan captured the smallest individuals of the family Aulacanthidae and therefore it was necessary to avoid an even higher gap between different instruments (e.g., between the FlowCAM and the UVP).

The UVP has the advantage of determining in situ abundances of organisms in in the water column without damaging the organisms, along with their size distribution. However, despite this instrument has been designed to study large (>100 µm) particles, it is impossible to reliably identify Rhizaria groups when the size of the specimen is below 700 µm. Furthermore, the largest organisms are the least abundant and taxa with few representatives are likely to be overlooked.



4.2. Comparison of imaging and metabarcoding results

Molecular methods provide insights into the relative abundances and diversity of organisms but results are not quantitative. Molecular data can attempt to be compared to quantitative imaging technologies. In this study, the results of the imaging and metabarcoding comparisons do not match, neither in terms of relative abundances nor in terms of taxonomic diversity. However, when we analyse the biovolume obtained using imaging techniques, results are comparable and closer to metabarcoding data.

Molecular results show that siliceous Rhizaria were present in every sample among the different stations and size fractions and that the largest individuals had the highest relative abundances when comparing to data obtained through imaging approaches. It is well known that genes copies vary among protists and correlation exists between size and number of rDNA copies (Zhu et al., 2005; Godhe et al., 2008, Biard et al., 2017) which might bias their representativeness in an ecosystem leading to an overrepresentation of large specimens in metabarcoding data compared to morphologically cell counting. If we examine the biovolume results, they support the hypothesis that larger individuals usually present higher genome size and more gene copies, being more proportional to biomass than quantitative abundances (i.e., number of cells). In the present study, larger organisms, despite being less abundant in the water column, may have an important impact on the total biomass because of their large size.

On the other hand, in terms of diversity, Nassellaria, which is the dominant group in abundance with imaging techniques, rarely appear in metabarcoding data. Nassellaria possess robust skeletons (Takahashi et al., 1983) and cell breakage may affect DNA extraction and amplification (Not et al., 2007; Méndez-Sandín, 2019). In addition, metabarcoding analyses rely on the reference database. Since sequences obtained from the environment will be compared to the closest related sequence, taxa not yet included in the database may lead to an underestimation of the relative abundances found in the metabarcoding data.

Although a correlation between rDNA copy number per cell and cell length was established across eukaryotic marine Collodaria (Biard et al., 2017), the comparison of relative abundances and diversity measured by imaging methods and molecular tools (Supplementary Figure S1) is complex and must be made cautiously. In this study, we excluded Collodaria specimen because they can include colonies composed by tens to thousands of cells, number which is complicated to determine with imagine methods and therefore, biogenic silica estimations cannot be conducted. Also, Collodaria can be naked (e.g., Collozoum sp.) or provided with siliceous spines (e.g., Sphaerozoum sp.), feature that cannot always be confirmed with imaging methods.

Imaging and metabarcoding methods have great potential and allow a rapid analysis and processing of samples. All these approaches for plankton enumeration have, however, uncertainties when estimating the actual composition and abundance of the community, and a thorough interpretation of the results requires assessment of the limits of each method.

To provide reliable comparisons between imaging and molecular methods, sampling protocols must be homogeneous (e.g., sample the same size class, analysing the same water sample using both methods). Single-cell sequencing may help to avoid the mismatch between the taxonomic groups as it will enrich the database.



4.3. Use of imaging data to assess the relative contribution of Rhizaria to the bSi stock in the NW Mediterranean Sea

Rhizaria are important contributors to biogenic silica production in the global ocean (Takahashi et al., 1983; Biard et al., 2018; Llopis Monferrer et al., 2020). They span a wide size range and occupy a variety of ecosystems which makes it difficult to achieve an integrated perspective on their specific contribution to biogeochemical cycles (Suzuki and Not, 2015; Biard and Ohman, 2020).

The North-Western Mediterranean basin is characterised by oligotrophic conditions. During Fall (September-early November), surface waters are nutrient-depleted, and microphytoplankton is generally dominated by non-siliceous organisms (Leblanc et al., 2003). Leblanc et al. (2003) reported biogenic silica integrated stocks from 3.1 to 21.5 mmol-Si m-2 in the first 150 m of the water column at a station located in the North-Western Mediterranean basin with the lowest values of diatom biogenic silica corresponding to autumn. Values of diatom biogenic silica are close to 0 below 150 m throughout the year (Leblanc et al., 2003). During MOOSE-GE 17 cruise, biogenic silica values integrated over the 0-DCM layer ranged between 1.7 and 6.8 mmol-Si m-2, which are concordant to those found by Leblanc et al. (2003) at a similar period of the year.

Using data obtained from the imaging tools along with the allometric relationship previously established (Llopis Monferrer et al., 2020), we provide the first attempt to determine the contribution of siliceous Rhizaria, across a broad size spectrum, to the biogenic silica standing stock in the Mediterranean Sea. Assuming that phytoplankton biogenic silica under the DCM was null (Leblanc et al., 2003), we compared Rhizaria biogenic silica values from the first 500 m of the water column to biogenic silica values of the water column. Therefore, we found that siliceous Rhizaria contributed up to 6% (2.6 ± 1.6) of the total biogenic silica in the water column (Table 4),

The contribution of Rhizaria to the biogenic silica biomass can be highly variable. For example, in productive areas of the World Ocean, where Rhizaria are less abundant and diatoms concentrations are much higher, the impact of these protists on the biogenic silica biomass in surface waters is much lower, as in the case of the Ross Sea in Antarctica, where Rhizaria account for only 0.1% at most of the total biogenic silica (Llopis Monferrer et al., 2021).

In this study, the smallest size class was collected with a plankton net over the first 500 m. With this sampling method, there is no detailed information on the vertical distribution of small Rhizaria, and it is difficult to know if they mainly thrive in the euphotic layer, where phytoplankton grow. We investigated metabarcoding from the Niskin bottles (Supplementary Figure S2), where the small phytoplankton community was represented. We observed that Rhizaria were relatively more abundant than diatoms in most of the stations, most likely due to the fact that larger organisms present more gene copies. For larger individuals, imaged in-situ with the UVP, the highest abundances were found at approximately 100 m depth (Supplementary Figure S3), below the maximum of diatom biogenic silica found in this area (Leblanc et al., 2003). There is evidence that the vertical distribution of some groups of Rhizaria can be associated with hydrographic features, such as the DCM (Kling and Boltovskoy, 1995; Dennett, 2002). A wider depth coverage, including the depth preferences of each taxonomic group, would be needed to study in detail the effect of these features on the rhizarians community.

Different Rhizaria species have different depth preferences (Boltovskoy et al., 2017; Biard and Ohman, 2020). According to this information, Rhizaria living in deeper layers, have been omitted in our estimates. This uneven distribution of organisms would affect the contribution of Rhizaria to the global biogenic silica standing stocks, especially in the waters below the euphotic layer, where they can be very abundant contributing to the biogenic silica fluxes to the deep ocean (Nakamura et al., 2013).

According to Llopis Monferrer et al. (2020), in tropical and subtropical waters (0-40°N/S) the contribution of Rhizaria to the standing stock of silicifiers in the 0-200 m water layer is of the same order of magnitude as their contribution estimated for the 200-1000 m layer. The impact of deeper-living organisms on the silica cycle has not been considered here, as we only analysed rhizarians found in the 0-500 m layer, but it could significantly increase their contribution to the total biomass.

Our results highlight that the study of the entire size spectrum and vertical distribution of Rhizaria is essential to fully understand the role of these protists in the biogeochemical cycle of silicon. Despite the possible underestimation of cell concentrations due to the sample manipulation (in FLowCAM and Zooscan protocols), small specimen accounted for up to 50% of the biogenic silica standing stock at some stations, showing that the small size class cannot be ignored. The biogenic silica content was certainly influenced by the taxonomic groups present at each station and their different cell sizes. Small Rhizaria, represented by polycystine (Nassellaria and Spumellaria) possess solid skeletons and are generally denser (up to 530 µg-Si mm-3) than large phaeodarians (10 µg-Si mm-3) (Llopis Monferrer et al., 2020), whose skeletons are instead porous (Nakamura et al., 2018).

Despite the uncertainties associated with each method employed, results showed that both, small and large Rhizaria are non-negligible contributors to the biogenic silica biomass in this oligotrophic region. To better understand the global significance of these organisms and to be able to include them in the biogeochemical models, the full extent of siliceous rhizarians must be considered.



4.4. Prospects to better characterize the entire Rhizaria community

Silicified Rhizaria vary widely in size, and studying them simultaneously is a challenging task. Furthermore, collecting enough individuals to get a fair representation of its abundance and diversity is a difficult task (Cortese, 2004). To sample both, large and small organisms concurrently, bongo nets can be used, as is the case of the present study. Sampling Rhizaria specimens can be also done by filtering water (Boltovskoy et al., 1993). For example, the entire content of a Niskin bottle could be analysed by imaging and/or molecular tools. By sampling with Niskin bottles, small collected Rhizaria could be associated with a given depth and physicochemical parameters, providing valuable information on the ecology of each specimen. Larger plankton could be sampled by traditional closing nets (e.g., Multinet) to take into account different water layers. Alternatively, the Bottle-Net could be used as an alternative to the traditional plankton net. The Bottle-Net is an oceanographic device designed specifically for the Malaspina 2010 Circumnavigation (Agustí et al., 2020) to improve the collection of microplankton and particles (Leblanc et al., 2021). This instrument is designed to be mounted on a standard rosette and it consists of an external PVC and stainless-steel frame, with a 20 µm mesh size inside it. One of the major assets of this device is that it can sample a delimited water layer and it does not concentrate as many organisms as the plankton net, avoiding damage to the organisms.

To investigate large Rhizaria, the UVP appears as the most adequate instrument. This in-situ device is attached to the CTD, no extra time is needed for its deployment and environmental parameters can be associated with the organisms imaged. With this information, their ecological preferences and vertical niches can be characterized (Biard and Ohman, 2020). Its depth range is 6000 m, therefore, it can study the vertical distribution of Rhizaria up to zones where other tools cannot reach. The size of the resulting dataset is vast, resulting in a complex and time-consuming task to manually classify all the images.

Molecular tools, in turn, are a promising alternative to morphological observation for diversity determination but still many concepts are yet to be understood, such as cellular architecture and cellular size, copy number and intragenomic variability (Sandin et al., 2021). Another limitation of molecular methods is that DNA is capable of remaining available even when cells are dead (environmental DNA). This makes it difficult to know whether organisms found at a certain depth inhabit that same depth or are simply organisms sedimented from surface waters, making it impossible to know whether the DNA comes from a metabolically active cell, a dead cell, or the remnant of a cell (Brisbin et al., 2020).

The combination of imaging and molecular tools may lead to a better understanding of Rhizaria biology and ecology as it offers extensive coverage of the size spectrum.
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The dissolution of the biogenic silica that constitutes the skeletons of silicifying organisms is an important mechanism for regenerating dissolved silicon in the ocean. The silica skeletons deposited to the seafloor after the organisms die keep dissolving until becoming definitively buried. The low dissolution rate of sponge skeletons compared to that of diatom skeletons favors their burial and makes sponges (Phylum Porifera) to function as important silicon sinks in the oceans. However, it remains poorly understood whether the large variety of siliceous skeletons existing in the Porifera involves similar variability in their dissolution rates, which would affect the general conceptualization of these organisms as silicon sinks. Herein we investigated kinetics of silica dissolution for major types of skeletons in the three siliceous lineages of Porifera, following standardized digestion conditions in 1% sodium carbonate with orbital agitation at 85°C. The results are compared with those of a previous study conducted under identical conditions, which considered diatom silica, sponge silica, and lithogenic silica. Unexpectedly, the silica of homoscleromorph sponges dissolved only a bit slower than that of freshly cultured diatoms and as fast as diatom earth. However, the rest of sponge skeletons were far more resistant, although with some differences: the isolated spicules of hexactinellid sponges dissolved slightly faster than when forming frameworks of fused spicules, being hexactinellid frameworks as resistant to dissolution as the silica of demosponges, irrespective of occurring in the form of isolated spicules or frameworks. The experiments also indicated that the complexation of sponge silica with aluminum and with chitin does not increase its resistance to dissolution. Because the rapidly-dissolving homoscleromorph sponges represent less than 1% of extant sponges, the sponge skeletons are still conceptualized as important silicon sinks due to their comparative resistance to dissolution. Yet, the turnover of silica into dissolved silicon will always be faster in environments dominated by hexactinellids with isolated spicules than in environments dominated by other hexactinellids and/or demosponges. We discuss whether the time required for a given silica type to completely dissolve in 1% sodium carbonate could be a predictor of its preservation ratio in marine sediments.
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Introduction

In the marine biogeochemical cycle of silicon (Si), siliceous sponges are recognized as distinctive players (Maldonado et al., 2012; Tréguer and De La Rocha, 2013; Tréguer et al., 2021). They are slow consumers compared to diatoms and their main effects are mediated through long-term accumulation of impressive Si standing stocks in the form of silica skeletons in the living populations. Those skeletons are deposited to the sediments once the sponges die. Deposited skeletal pieces feed a fossil record dating back to the Early Cambrian, 525 mya (Tang et al., 2019). More questionable proposals suggest some Precambrian fossil vestiges to be sponge silica skeletons (Muscente et al., 2015). The sponge skeletons accumulated in marine sediments make important local to regional silica reservoirs (Rützler and Macintyre, 1978; Bavestrello et al., 1996; Chu et al., 2011; Gutt et al., 2013; Murillo et al., 2016; Maldonado et al., 2021; López-Acosta et al., 2022). A first quantification of the deposition and burial of sponge skeletons, which occurs more markedly on continental margins and around seamounts, revealed that these processes lead to a substantial Si sink in the global ocean (Maldonado et al., 2019). Burial of sponge silica is favored by its high resistance to dissolution compared to that of the silica of other common marine silicifiers, such as radiolarians and diatoms. For instance, about 45.2% (on average) of the sponge silica deposited to the sediments per year is estimated to become buried permanently (Maldonado et al., 2019), while the ratio for diatom silica is only about 7.5% (Tréguer et al., 2021), being the rest recycled as silicic acid (DSi= dissolved silica) that escapes from the sediments to the bottom water. Thus, the resistance to dissolution of the biogenic silica (BSi) produced by the various marine silicifiers has important implications to the recycling of DSi, which is, in turn, a pivotal nutrient sustaining primary marine productivity (Nelson et al., 1995).

The approximately 9,500 extant species of sponges described taxonomically (de Voogd et al., 2022) are distributed into four major lineages, three of them characterized by having siliceous skeletons: Demospongiae (84%), Hexactinellida (7%), and Homoscleromorpha (1%); sponges with a calcareous skeleton make the remaining 8% of species. Since the 1970’s, a variety of experimental studies have consistently concluded that the silica constituting the skeletons of sponges is more resistant to dissolution than diatom silica, in both seawater and alkaline solutions (Kamatani, 1971; Kamatani and Oku, 2000; Maldonado et al., 2005; Chu et al., 2011; Maldonado et al., 2019), for reasons that are not yet well understood. However, a study by  Bertolino et al. (2017) proposed that the resistance to dissolution of the silica of some hexactinellid sponges could be not that strong, since relatively large spicules of hexactinellids (particularly those in the family Rosellidae) appeared to dissolve almost entirely in the course of an 8 month experiment. This view was contested by a subsequent study investigating the Si cycle in an aggregation of rosellid hexactinellids (Maldonado et al., 2021), which documented that superficial silica layers of the spicules of rosellid hexactinellids progressively peel off and detach (i.e., silica delamination). Thus, the “high silica dissolution rate” reported by Bertolino et al. (2017) mostly accounted for unnoticed mechanical BSi delamination rather than for actual chemical BSi dissolution. To further investigate the potential differences in the dissolution dynamics of the sponge silica between major sponge lineages, we have conducted the present study. To understand the between-group variability of the dissolution properties of the BSi is important, because such property affects the general conceptualization of siliceous sponges as a relevant Si sink in the global ocean. It also affects the assumptions underlying the quantification of Si cycling through sponges. Thus, we examine herein whether there are marked differences in the resistance to dissolution between different types of siliceous skeletons in the phylum Porifera, by conducting comparative laboratory dissolution experiments based on standard methodology.

Likewise, there is no mechanistic understanding about the reasons of the comparatively high resistance of sponge silica to dissolution. Two main hypotheses have been postulated (Maldonado et al., 2012), but never tested experimentally: 1) the molecular network of the sponge silica would incorporate aluminum (Al) in larger quantities than diatom silica. Aluminum is known to stabilize covalently the silica matrix of diatoms (Machill et al., 2013), lowering its solubility by as much as 25% when one out of every 70 Si atoms is substituted by an Al(III) ion (Van Bennekom et al., 1991; Dixit et al., 2001; Van Cappellen et al., 2002); 2) the spicules of some hexactinellid sponges are known to incorporate chitin layers intercalated between the concentric silica layers (Ehrlich et al., 2007b; (Ehrlich et al., 2016). Since chitin is a skeletal amino polysaccharide highly resistant to degradation, its presence could hamper the chemical attack to the most accessible sites of the BSi molecular structure, decreasing solubility. These two hypotheses are herein tested experimentally in an attempt to improve our understanding of the processes governing the dissolution and recycling of the sponge silica.



Materials and methods


Digestion of sponge silica

The dissolution kinetics of the skeletal BSi of a variety of sponge species were compared using a 1% solution of sodium carbonate as standard dissolution medium (DeMaster, 1991). Representatives of the main skeletal types in the three phylogenetic lineages of siliceous sponges were selected for the experiment. For the demosponge lineage, we selected 2 skeleton types: 1) millimeters long oxeas and anchor-like spicules (anatriaenes) that are naturally exposed to the seawater because they protrude out of the sponge body to form the rootlets that anchor the sponge Geodia hentscheli to the bottom (Figure 1A), 2) pieces of the hypersilicified skeletal framework of fused desmas in the lithistid demosponge Leiodermatium pfeifferae (Figure 1B). For the homoscleromorph lineage, we selected the combination of small isolated monaxonic triaxonic, and tetraxonic spicules of the species Corticium candelabrum (Figure 1C). For the hexactinellid lineage, we also selected two skeleton types: 1) the skeleton of Aphrocallistes vastus (Figure 1D) in which a variety of isolated hexactinal spicules and a massive dictyonal skeletal framework of fused skeletal pieces co-occur; 2) the skeleton of only isolated spicules from the body wall of three rosellids, Schaudinnia rosea (Figure 1E), Asconema setubalense (Figure 1F), and Vazella pourtalesii (Figure 1G). The group of rosellid hexactinellids included 3 species in order to facilitate a within-group assessment of variability in the dissolution rate and compare the results with a previous study suggesting that the resistance to dissolution of the silica of rosellid hexactinellids might be much lower than that of other sponges (Bertolino et al., 2017). In addition to the sponge skeletons, we also dissolved aged frustules of diatoms in the form of diatomaceous earth from a Miocene deposit (Castalia diatom earth; https://www.naturitas.es/p/hogar-y-huerto/huerto/abonos-sustratos-y-fertilizantes/tierra-de-diatomeas-250-g-castalia).




Figure 1 | Line drawings summarizing the main types of siliceous skeletons involved in the dissolution experiment. (A) Anatriaene from the rootlets of the astrophorid demosponge Geodia hentscheli. (B) Skeletal framework of fused desmas of the lithistid demosponge Leiodermatium pfeifferae. (C) Microtriactines and microtetractines (a) along with candelabra (b) of the homoscleromorph Corticium candelabrum. (D) Skeleton of hexactinellid hexactinosid Aphrocallistes vastus, where a variety of hexactinal spicules (e.g., a, b: dermal pinnule; c: dermal scopule; d: parenchymal hexactine) and a skeletal dictyonal framework (e) co-occur. (E) Skeleton of the hexactinellid rosellid Schaudinnia rosea, which lacks skeletal framework and contains, among other skeletal pieces, a variety of diactinal spicules (a, b) within the body wall, dermal triactines and pentactines (c, d), and hexasters (e). (F) Skeleton of the hexactinellid rosellid Asconema setubalense, containing, among other skeletal pieces, atrial hexactines (A) and diactines of several sizes (b–d). (G) Skeleton of the hexactinellid rosellid Vazella pourtalesii, containing, among other skeletal pieces, diactinal (a, b) and pentactinal (c) spicules that reinforce the body wall and project out of the body, along with smaller pentactines and hexactines (d), and a variety of hexasters (e) and microhexactines (f).



Digestions were based on 5 silica subsamples of each skeleton type. Each subsample consisted of ~2.997 mg of acid-cleaned, dried BSi, which is equivalent to ~1.4 mg Si (Supplementary Data File S1). To obtain the silica, pieces of sponge tissue were boiled for a few minutes in concentrated nitric acid, then rinsed in distilled water, and finally in ethanol, prior to dry them to constant weight in an oven to 60°C for several days. Digestions of cleaned BSi were conducted in 50 mL, hermetically-closed Teflon bombs immersed in distilled water at 85°C with orbital agitation, using a 50L SBS TBA-30 bath that was user-modified for agitation and temperature control (Supplementary Video S1). Digestion Teflon bombs were sampled at 0, 2, 3, 4, 5, 6, 8, 12, 24, 48, 60, 72, and 84 h. At each sampling time, 1 mL of digesting solution was pipetted out after gently centrifugation of bombs at 1500 rpm for 3 min. The sampled digesting solution was added to 19 mL of 0.021N HCl solution for buffering and blocking the digestion reaction, bringing the pH of the resulting mix down to 6, an optimal value for colorimetric determination of Si concentration (± 5%) using an Alliance Futura autoanalyzer. Finally, the % of Si released during digestions was plotted against time for depicting between-material differences in dissolution kinetics. Additionally, two spare Teflon tubes from each material were poured on a 0.45 cm polycarbonate filter of 1µm pore at 6h and 24h. The retained particulate BSi material was subsequently coated and examined under a high resolution Jeol Field Emission J1700S SEM (University of Barcelona, Spain).

Results are presented as percentage of dissolved Si over time rather than just mere changes in DSi concentration in the digestion bombs. Unlike the raw values of DSi concentrations, the percentages of dissolved Si overtime incorporate three corrections that make their comparison straightforward, as it follows: 1) At every sampling time, 1mL is extracted from the bombs for analysis. Consequently, the volume is decreasing overtime and the DSi concentration is increasing at a higher pace than it would be expected by mere silica dissolution. 2) Although we used equivalent amounts of Si (approx. 1.4 mg Si) in each sample replicate across materials, the process of weighing always involves a small weight variation (± 1.5%) across samples. Such variation, if not corrected, becomes an additional confounding factor complicating the interpretation of DSi concentrations. 3) Not all sponge silicas have the same purity, due to their different levels of complexation of the silica with organic components (chitin, actin, other proteins embedded in the silica, etc.). The purity levels, which are indicated in the Supplementary Data Files S1, S2, can only be calculated after the 84h digestion. Again, the DSi concentration need to be corrected by this factor to yield the correct percentage of BSi dissolution.

For comparative purposes and to generate a more general pattern for the resistance to dissolution of the various types of sponge BSi, we plotted together the results obtained here and those obtained from an experiment previously conducted under identical experimental conditions by our team and published elsewhere (Maldonado et al., 2019). In that previous study, we processed two additional types of demosponge skeletons: small needle-like (oxea) spicules of Petrosia ficiformis, and small star-like spicules (cortical spherasters) of Chondrilla caribensis. Frustules of freshly cultured diatoms (Thalassiosira weissflogii) were also processed as representative of diatom BSi. Two aluminosilicates (benthonite and kaolinite) were used as representatives of the lithogenic silica (LSi). The only methodological difference between the previous digestion study and the current one is that we used eight replicates per material in the former versus five replicates in the current one. All together, the global comparative analysis included fresh and subfossil diatom skeletons, four types of demosponge skeletons, four types of hexactinellid skeletons, one type of homoscleromorph skeleton, and two aluminosilicates.

In addition, we examined statistically the quantitative differences in the resistance to dissolution between 8 main silica types, according to lineage and previously known dissolution behavior: i) frustules of freshly cultured T. weissflogii (labelled as Thalassiosira BSi, N= 8), ii) diatom earth (diatomite BSi, N= 8), iii) isolated spicules of the homoscleromorph sponge C. candelabrum (Homos BSi; N= 5), iv) isolated, delaminating spicules of hexactinellids (Hexact-iso BSi; N= 15), v) dictyonal frameworks of hexactinellids (Hexact-fus BSi; N= 5), vi) isolated spicules of demosponges (Demosp-iso BSi; N= 21), vii) desma frameworks of lithistid demosponges (Demosp-fus BSi; N= 5), viii) kaolinite and bentonite aluminosilicates (Lithogenic silica; N= 16). We calculated the average dissolution percentage per silica type after 5 h in 1% sodium carbonate at 85°C and examined statistically between-type differences using a one-way ANOVA. A period of 5 h was selected for such comparison, because according to the initial postulates of the 1% sodium carbonate approach designed to estimate total biogenic silica in sediments, nearly all biogenic silica should have been dissolved after 5 h (DeMaster, 1991). However, it was recently demonstrated that the approach underestimates the resistance to dissolution of the sponge silica, which at 5-6 hours only shows incipient to moderate signs of dissolution (Maldonado et al., 2019). Initial non-normal dissolution percentages became normally distributed and homoscedastic after an arcsin-square root transformation prior to the ANOVA. “A posteriori” pairwise comparisons to identify the groups of silica types responsible for the differences followed the Holm-Sidak test.



Aluminum effects on silica dissolution

The content of Al of the skeletal silica was determined in the demosponges Petrosia ficiformis (needle-like spicules) and C. caribensis (aster-like spicules), and in diatomaceous earth. Then, it was used to interpret differences among the three types of siliceous skeletons in the resistance to dissolution. For Al determination, replicates (1 mg BSi each) of acid-cleaned, dried spicules of P. ficiformis and C. caribensis, and diatomaceous earth were dissolved in 5 mL of 10% HF. Standard solutions of known concentrations were prepared in the same medium as the samples. Al and Si were determined at the PSO/IUEM (Pôle Spectrométrie Océan, Institut Universitaire Européen de la Mer, Brest, France) by inductively coupled plasma-atomic emission spectrometry (ICP-AES) using a Horiba Jobin Yvon® Ultima 2 spectrometer. Statistically significant differences in the Al : Si ratios of P.ficiformis (n=7), C. caribensis (n=3), and diatomaceous earth (n=4) were examined using a Kruskal-Wallis one-way ANOVA on ranks followed by a posteriori Dunn’s tests, given unequal sampling size and departure from normality. The differences in Al content were assessed versus the dissolution pattern of the three BSi types.



Chitin effects on silica dissolution

To test the role of chitin in the resistance of the sponge BSi to dissolution, acid-cleaned spicules of the hexactinellid sponge Ijimalophus hawaiicus (containing 15.3 ± 1.3 µg chitin mg-1 BSi; Ehrlich et al., 2016) and the demosponge Petrosia ficiformis (lacking chitin; this study) were digested in 1% sodium carbonate and their dissolution kinetics compared. As the assayed spicules of I. hawaiicus are the ones making the 30-40 cm long, external stalk that anchors the sponge to the soft bottom (Maldonado et al., 2005), we expected these spicules to have developed special mechanisms (e.g., chitin-silica complexing) to prevent their dissolution when being exposed to a continuous flow of passing-by silicon-desaturated seawater. In contrast, the spicule of P. ficiformis, which occur “protected” within the sponge mesohyl, would not need such a defense against dissolution. A comparison of the spicules of I. hawaiicus with equivalent spicules from other hexactinellid but lacking chitin would have also been a relevant test. However, such a silica was not available to us when conducting this study.

To determine the presence/absence of chitin in the spicules of P. ficiformis, we used three analytical techniques: i) Calcofluor White (CFW) staining, ii) chitinase test, and iii) electrospray ionization mass spectrometry ESI-MS. Calcofluor White (Fluorescent Brightener M2R, Sigma-Aldrich, Taufkirchen, Germany) shows enhanced fluorescence after binding to chitin (Tsurkan et al., 2021). This staining method was applied to purified organic matter obtained after demineralization of P. ficiformis spicules. The material was soaked in 0.1 M KOH-glycerine-water solution and few drops of the 0.1% CFW solution were added. This mixture was incubated for 3 h in darkness, washed several times with demineralized water, dried at room temperature and examined using BZ-9000 microscope (Keyence, Osaka, Japan) in both light-microscopy and fluorescent microscopy modes. The highly sensitive CFW staining showed no positive results, indicating the absence of chitin (Supplementary Figure S1). Likewise, the chitinase digestion test (Ehrlich et al., 2010), based on light-microscopy detection of enzymatic dissolution of chitin-containing structures confirmed the absence of chitin. Finally, for the electrospray ionization mass spectrometry ESI-MS, samples obtained after final isolation step were hydrolyzed in 6 M HCl for 24 h at 50°C. After the HCl hydrolysis, samples were filtrated through a 0.4 µm filter and freeze-dried in order to remove excess HCl. The remaining solid was dissolved in water for ESI-MS analysis. D-glucosamine (Sigma-Aldrich, Taufkirchen, Germany) was used as standard. The ESI-MS analytical measurements were performed using an Agilent Technologies 6230 TOF LC/MS spectrometer (Applied Biosystems, Santa Clara, CA, USA). Nitrogen was used as the nebulizing and desolvation gas. Graphs were generated using Origin 8.5 for PC (Originlab Corporation, Northampton, MA, USA). Again, the results of ESI-MS analysis showed the absence of the mass spectrum of d-glucosamine, which should consist of three main signals with mw/z=162, 180 and 359, corresponding respectively to the species [M − H2O+ H+], [M + H+] and [2 M + H+]. Together, these results provide strong evidence that the biological material isolated from the spicules of P. ficiformis contains no chitin.

To test whether the presence of chitin has an effect on the dissolution rate of the silica, two spicule batches were prepared for each of the two sponge species. One batch was treated with the enzyme chitinase for 72 h, the other batch consisted of chitinase-untreated BSi. As chitin occurs internally between the concentric BSi layers, acid-cleaned spicules were grinded to gross dust to facilitate chitinase to reach the chitin embedded in the silica. Each batch contained 5 replicates of 3 mg BSi each, which were deposited in 2 mL Eppendorf vials. In the vials of one of the batches, 0.8 mL of a chitinase solution (1 mg mL-1) was added, being the mix incubated with gentle orbital agitation at 25°C for 72 h. To avoid that some of the silica-associated chitin could not be broken down because of saturation of the chitinase enzyme over the long incubation period, the added amount of chitinase (1.5 units) was about 27-fold that required to digest the amount of chitin expected within the sponge spicules (i.e., 15.3 ± 1.3 µg chitin per mg BSi). The chitinase solution was prepared by adding dust of Trichoderma viridae (Sigma; CAS-No 90001-06-3) to potassium phosphate buffer (pH= 6.1). The other half of the vials were incubated without chitinase, adding just the phosphate buffer solution.

After the incubation with chitinase, we did not quantified how much chitin had exactly been dissolved, because of obvious difficulties. It was just assumed that most of the chitin exposed at the grinded silica had been degraded and that those differences in chitin abundance should be enough to have an effect on the  subsequent silica dissolution rate. After the incubation period, the Eppendorf vials were centrifuged and the incubation medium removed by pipetting. Then, we rinsed in ethanol 96% and centrifuged three more times. The ethanol was finally evaporated at 40 °C and the bottom of the vial containing the sample was cut using a scalpel to be dropped into a 50 mL teflon test tube for digestion in 1% sodium carbonate at 85°C (as indicated in the section “Digestion of sponge silica”). 1mL samples from test tubes were taken at times 2, 3, 4, 5, 6, 8, 12, 24, 36, and 48 h.




Results


Comparative dissolution of sponge silica

The digestion in 1% sodium carbonate at 85°C is a method typically used to estimate the amount of biogenic silica in sediments. For correct functioning, the method needs all biogenic silica be completely dissolved before 5 h. However, our experiment shows that, after 5 h, 6 h and 24 h in treatment, a large amount of undissolved sponge silica still persisted (Figures 2–5; Supplementary Data Files S1, S2). At 5 h, the skeletons of the class Demospongiae had dissolved very little, irrespective of being in the form of the hypersilicified desma framework of Leiodermatium pfeifferae (12.5 ± 1.8% dissolution; Figures 2A, 3A–C) or the long, isolated spicules of Geodia hentscheli rootlets (9.9 ± 0.7% dissolution; Figures 2A, 3D–F). The silica of the class Hexactinellida dissolved a bit more than that of demosponges, but always less than 40% in 5 h. Specifically, the silica of the hexactinellid with the spicules fused in a dictyonal framework (Aphrocallistes vastus: 14.4 ± 1.9%; Figures 2A, 3G–O) dissolved more slowly than that of the three rosellid species with isolated, delaminating spicules (Vazella pourtalesii: 37.5 ± 5.9%; Schaudinnia rosea: 32.8 ± 3.8%; Asconema setubalense: 27.9 ± 1.8). The only sponge silica dissolving substantially (74.4 ± 3.9%) in 5 h was that of the class Homoscleromorpha, a small lineage of siliceous sponges represented in the experiment by the tiny isolated spicules of Corticium candelabrum. Yet, a virtually complete dissolution (98.6 ± 4.3%) of the BSi of C. candelabrum required at least 24 h in treatment.




Figure 2 | Dissolution (%; average ± SD) dynamics of various siliceous materials in 1% sodium carbonate in gentle agitation during 84 h. (A) Comparative dissolution of major types of sponge siliceous skeletons assayed in the current study: small isolated spicules of Corticium candelabrum in the Class Homoscleroemorpha (Ho-iso); delaminating, isolated spicules of three rosellids species, Vazella pourtalesii, Schaudinnia rosea, Asconema setubalense in the Class Hexactinellida (He-iso); spicules of Aphocallistes vastus fused in a dictyonal silica framework (He-fus); desmas of Leiodermatium pfeifferae fused in a silica framework in the Class Demospongiae (De-fus); isolated spicules from the rootlets of Geodia hentscheli in the Class Demospongiae (De-iso). (B) Comparison of the dissolution dynamics of the above described sponge skeleton types in comparison with those of diatom Thalassiosira weissflogii, diatom earth, isolated aster-like spicules of demosponge Chondrilla caribensis (De-iso), isolated needle-like spicules of desmosponge Petrosia ficiformis (De-iso), and aluminosilicates bentonite and kaolinite, as detailed in Maldonado et al. (2019), and herein represented by dashed lines. Note that the representation of the dissolution line of T. weissflogii and C. candelabrum ends at 12 h and 60 h, respectively, because silica dissolution is virtually completed.






Figure 3 | Scanning electron microscopy images of sponge skeletal pieces after 6 h and 24 h in 1% sodium carbonate at 85°C. Desmas of demosponge Leiodermatium pfeffeirae have largely resisted dissolution after 6 h (A) and also after 24 h (B), when only incipient signs of etching at the spicule surface occur (C). Spicules from the rootlets of demosponge Geodia henstcheli, which remain largely undissolved and with only incipient etching of their silica surface after 6 h (D, E) and 24 h (F) in treatment. Dictyonal framework of hexactinellid Aphrocallistes vastus remaining largely undissolved after 6 h (G, H), but largely dissolved from the inside after 24 h (I). In contrast to the framework, some of the isolated spicules from A vastus, such as the scopula (J, K) and the pinnules (L, M), were largely dissolved at 6 h, but other, such as the small asters (N), showed only incipient signs of dissolution at this time (O).



A qualitative SEM study of the skeletons after 6 h and 24 h in treatment (Figures 3–5) corroborated the quantitative dissolution data. The desma skeleton of demosponge L. pfeifferae was only incipiently dissolved (Figure 3A) at 6 h. Its resistance to dissolution caused that even after 24 h in treatment, many desmas were still poorly dissolved (Figure 3B), with not much etching on their surface (Figure 3C). Likewise, many of the spicules of the rootlets of demosponge G. henstcheli remained largely undissolved after both 6 h (Figures 3D, E) and 24 h (Figure 3F). The dictyonal framework of the hexactinellid A. vastus showed only incipient digestion at 6h (Figures 3G, H), but extensive digestion of the internal silica occurred at 24 h (Figure 3I). Most of the isolated spicules of this species dissolved faster than its dictyonal framework, with, for instance, hexactines (Figures 3H, I), scopula (Figures 3J, K), and pinnules (Figures 3L, M), showing evident signs of dissolution at 6 h and being completely dissolved in the 24 h sample. However, the tiny asters arrived at 6h with only few dissolution cavities on their surface (Figures 3N, O). After 6 h, the spicules of the three rosellid sponges (Figure 4) were a little bit more dissolved than those of A. setubalense. Yet, at 6h many of the diactines of S. rosea showed only incipient signs of dissolution at their surface (Figure 4A), with the axial canal being relatively well preserved (Figures 4B, C). However, after 24 h, most of the diactines had extensively dissolved from the inside (Figures 4D–F) and some had also delaminated silica layers (Figure 4G, arrow). However, as it also happened for A. vastus, the tiny asters were comparatively resistant to dissolution at both 6 h (Figures 4G, H) and 24 h (Figure 4I). In A. setubalense, the hexactines (Figures 4J, K) and diactines (Figures 4J, L) showed obvious signs of dissolution at 6 h. The dissolution was more evident in the hexactines, with both more pronounced etching at the surface (Figure 4K) and inside the tips of the actines (arrows in Figure 4J). In V. pourtalesii, a combination of dermal and choanosomal diactines, along with a tiny aster (a), remained all largely undissolved after 6h, with obvious signs of silica delamination, rather than silica digestion (Figure 4M). Likewise, the hexactines of this species remained largely undissolved at 6h (Figure 4N), though with evidence that the most peripheral silica layer (arrows) had been partially dissolved (Figure 4O, arrows). Surprisingly, many of the micro-spicules of C. candelabrum were still present after 6h (Figure 5A). However, detailed inspection revealed that those spicules had experienced substantial dissolution at their tips and inside (Figures 5A–C, arrows), as well as on their surface (Figure 5D), showing a surface etching pattern different from that in demosponges and hexactinellids. After 24 h, most of these micro-spicules had been entirely dissolved. Yet, some were still undissolved after 24 h (Figures 5E, F), remaining unclear the reasons for the resistance to dissolution of only some spicules, given than they are similar in shape and structure to their dissolved counterparts.




Figure 4 | Scanning electron microscopy images of sponge skeletal pieces after 6 h and 24 h in 1% sodium carbonate at 85°C. Dermal (A, B) and choanosomal (A, C) diactines of hexactinellid Schaudinnia rosea showing weak dissolution at 6 h, but more extensive dissolution after 24 h (D–F). Unlike the large spicules, the tiny asters (A) remained largely un dissolved after both 6h (G, H) and 24 h (I). Note in G the occurrence of an undissolved peripheral layer (arrow) delaminated from a large choanosomal diactine. Hexactine (J, K) and diactine (J, L) of hexactinellid Asconema setubalense, showing moderate signs of dissolution at 6 h. The dissolution is more evident in the hexactine, with both more pronounced etching at the surface (K) and also inside the tips of the actines (arrows in J). (M) A combination of dermal and choanosomal diactines of hexactinellid Vazella pourtalesii, along with a tiny aster (a), all remaining largely undissolved after 6 h. Note signs of delamination of the peripheral silica layers (arrows). (N) Hexactine of V. pourtalesii remaining largely undissolved at 6 h, although with evidence (O) that the most peripheral silica layer (arrows) has been partially dissolved.






Figure 5 | Scanning electron microscopy images of sponge skeletal pieces of the homoscleromorph Corticium candelabrum after 6 h and 24 h in 1% sodium carbonate at 85°C. Many of the microspicules were still present after 6 h (A–C). However, they all showed substantial dissolution at their tips and inside (arrows), as well as at their surface (D), revealing a surface etching pattern different from that in demosponges and hexactinellids. After 24 h, very few spicules remained undissolved (E, F), being unclear the reasons for the resistance of such few spicules, given than they are similar in shape and structure to their dissolved counterparts.



When previously published data for several kinds of silica digested in 1% sodium carbonate in a fully comparable experimental setup (Maldonado et al., 2019) were plotted together with the data of the current study, a wider context of reference emerges (Figure 2B) to better assess within-group and between-group patterns of sponge silica dissolution. It can be seen that the dissolution of the diatom earth at 5 h (75.4 ± 6.6%) is nearly identical to that of the homoscleromorph sponge C. candelabrum, but less than that of freshly cultured diatoms (99.2 ± 2.9%; Figure 2B). It can also be noticed that at 5h, the lithogenic silica has dissolved between 3% and 8% on average, the demosponge silica between 9% and 14%, and the hexactinellid silica between 14% and 37%. Differences in the resistance to dissolution were further examined quantitatively (Figure 6) by grouping the various digested materials by main silica type, as it follows: frustules of freshly cultured T. weissflogii (Thalassiosira BSi), diatom earth (diatomite BSi), isolated spicules of the homoscleromorph sponge C. candelabrum (Homos BSi), isolated, delaminating spicules of hexactinellids (Hexact-iso BSi), dictyonal frameworks of hexactinellids (Hexact-fus BSi), isolated spicules of demosponges (Demosp-iso BSi), desma frameworks of lithistid demosponges (Demosp-fus BSi), kaolinite and bentonite aluminosilicates (Lithogenica silica). The one-way ANOVA comparing average dissolution percentage (arcsin-sqroot transformed) per silica type after 5 h hours found significant between-type differences (F= 380.6, P < 0.001; see extended statistics of analysis in Supplementary Results S1). The “a posteriori” comparisons are graphically summarized in Figure 6. They show that fresh frustules (99.3 ± 2.9%), diatomite (75.4 ± 6.6%) and the tiny spicules of homosclerophorid sponges (74.6 ± 3.9%) dissolved at relatively high rates, which —in the conceptual frame of these multiple comparisons— were not significantly different from each other. The isolated, delaminating spicules of rosellid hexactinellids (32.7 ± 5.6%) dissolved significantly slower than the former BSi types, but they still did it about twice faster than the dictyonal frameworks of hexactinellids (14.4 ± 2.0%), the isolated spicules of demosponges (14.8 ± 6.0%), and the desmas frameworks of demosponges (12.5 ± 1.8%), the three of which did not dissolve significantly different from each other. All types of biogenic silica assayed dissolved significantly faster than the lithogenic silica (5.3 ± 2.0%). In terms of magnitude, the most important difference occurs between the group made by diatom frustules (fresh and aged) plus spicules of homoscleromorph sponges (84.3 ± 12.9%) versus the group made by the silica of the remaining sponge skeletons (20.3 ± 10.1%).




Figure 6 | Percentage dissolution (avg ± SD) of the various silica types after 5 h in 1% sodium carbonate at 85 °C, ordered in decreasing magnitude: biogeneic silica (BSi) in the form of frustules of diatom Thalassiosira weissflogii, diatom earth (diatomite BSi), spicules of homosclerophorid sponge Corticium candelabrum (Homos BSi), isolated, delaminating spicules of rosellid hexactinellid sponges (Hexact-iso BSi), isolated spicules of several shapes of demosponges (Demosp-iso BSi), spicules fused in skeletal framework of hexactinellids (Hexact-fus BSi), desmas fused in skeletal framework of demosponges (Demosp-fus BSi), and lithogenic silica represented by aluminosilicates bentonite and kaolinite. A one-way ANOVA detected significant between-type differences in average dissolution (see Supplementary Results S1 for extended statistics). “A posteriori” pairwise comparisons (Holm-Sidak test) are summarized graphically at the top of the graph. Silica types are ordered by decreasing magnitude in average dissolution (%) at 5 h and types that are not statistically different from each other are underlined by the same line. The graph summarizes that fresh frustules, diatomite and spicules of a homoscleromorph sponge dissolve at comparatively higher rates than the rest of assayed BSi, but with no significantly difference from each other. The isolated spicules of hexactinellids dissolve more slowly than the former BSi types, but they still do it two fold faster than the frameworks of fused spicules of hexactinellids, the isolated spicules of demosponges, and the desmas frameworks of demosponges, the three of which do not dissolve differently from each other. All assayed types of biogenic silica dissolved faster than the lithogenic silica.




Effects of aluminum and chitin on silica dissolution

To test the role of aluminum (Al) in explaining the patterns of resistance to dissolution of the sponge BSi, the spicules of two sponge species (Chondrilla caribensis and Petrosia ficiformis) and diatomaceous earth were analyzed for their Al/Si atom:atom ratio. The average (± SD) Al/Si ratio in the diatomaceous earth (2.07x10-2 ± 1.45x 10-2) was significantly higher than those of the two spicules (1.60x10-3 ± 0.92x10-3 in C. caribensis and 2.65x10-3 ± 1.6x10-3 in P. ficiformis), which in turn were not significantly different from each other (Figure 7 and Supplementary Results S2).




Figure 7 | Comparison of Al : Si ratios in the BSi of the spicules of the sponges Chondrilla caribensis and Petrosia ficiformis, and Miocenic diatomaceous earth. A Kruskal-Wallis one-way ANOVA on ranks found significant between-group differences (H= 8.823, P= 0.012). The “a posteriori” Dunn’s test revealed that the ratio in the diatomaceous earth is significantly larger than that in the spicules of the two sponges (P= 0.022, P= 0.036), which were not significantly different from each other (P > 0.50), as graphically indicated in the upper zone of the graph (i.e., BSi types with Al : Si ratios not significantly different are underlined by the same line). See extended statistics in Supplementary Results S2. “n” refers to the number of replicates analyzed, which varied depending on sample availability.



Because the concentration of dissolved Al in most marine environments is very low, the Al/Si ratio in frustules of diatoms either living in the wild or cultured in non-Al-enriched media often falls in the range of 10-4 to10-3 (Gehlen et al., 2002; Van Cappellen et al., 2002), and we assumed it to be so (not measured) in our cultured diatoms. While the larger Al content of the diatomaceous earth could account for its larger resistance to dissolution relative to freshly cultured diatoms (Figure 2B), it cannot explain the differences in dissolution rate between diatom earth and sponge BSi. The Al/Si ratios of sponge spicules were an order of magnitude smaller than that of diatomaceous earth, but spicules dissolved significantly more slowly (Figure 6). The Al content can neither explain differences in dissolution rate between “types” of sponge silica: the Al/Si ratio in C. caribensis is about 1.65 times lower than in P. ficiformis, but the dissolution kinetics of both types of sponge skeletons are nearly identical (Figure 2B).

To test whether the presence of chitin increases the resistance to dissolution of the sponge silica, grinded, chitinase-treated and untreated spicules of the hexactinellid Ijimalophus hawaiicus (containing chitin) and the demosponge P. ficiformis (lacking chitin) were digested in 1% sodium carbonate. Chitinase-treated and untreated replicates of grinded BSi were digested to 100% dissolution, which occurred from 12 h to 24 h (Figure 8), a digestion period shorter than required for entire (not grinded) spicules, which  took place in about 60 h (Figure 2B). For both species, dissolution dynamics of chitinase-treated and untreated samples were virtually undistinguishable (Figure 8). Importantly, the silica of I. hawaiicus (containing chitin) dissolved even faster during the first 12 h than the silica of P. ficiformis (lacking chitin). This pattern is consistent with previous reports that hexactinellid BSi dissolves in seawater faster than demosponge silica (Maldonado et al., 2005; Bertolino et al., 2017). In summary, Al and chitin cannot explain by themselves the distinct resistance to dissolution of the silica of demosponges and hexactinellids.




Figure 8 | Chitinase effects on sponge BSi dissolution. Dissolution kinetics in 1% sodium carbonatate of grinded chitinase-treated and untreated spicules of the hexactinellid Ijimalophus hawaiicus and the demosponge Petrosia ficiformis. Time (h) is presented in logarithmic scale.







Discussion


Ecological significance of laboratory dissolution rates

Several compounds, such as sodium carbonate, sodium hydroxide, potassium hydroxide, and hydrofluoric acid, are available for dissolving biogenic silica and extracting it from sediments (Hurd, 1973; Paasche, 1973; Eggimann et al., 1980; Mortlock and Froelich, 1989; Müller and Schneider, 1993; Kamatani and Oku, 2000; Bossert et al., 2019; Maldonado et al., 2019). The most widespread method is the utilization of 1% sodium carbonate (DeMaster, 1981; Conley, 1998). Thus, such a method provides a standardized approach to accurately compare the resistance to dissolution of the main types of sponge BSi skeletons. However, a major challenge remains posed on whether the different dissolution rates in 1% sodium carbonate measured in this study could be translated into some ranking of dissolution rates in the natural environment. To that aim, we are tentatively proposing a simple model that may predict annual dissolution/preservation (%) of the sponge silica relative to its deposition rate to the sediments. Our proposal is here initially formulated after combining some data available in the literature with new data from this study. Though we are aware that our proposal will need additional testing with future data sets, the available arguments for the proposed model are as it follows:

	1) The average preservation rate of diatom frustules in sediments (9.2 Tmol y-1) relative to their deposition as silica rain (84 Tmol y-1) is about 10.9% (Tréguer et al., 2021) and such diatom silica is dissolved entirely in 1% sodium carbonate in about 2 h to 3 h (DeMaster, 1991; Figure 2B).

	2) In a study of 17 marine sediment cores, the preservation of the sponge silica —in broad sense, that is, combining all spicule types— in marine sediments was estimated at about 45.2 ± 27.4%, relative to its annual deposition (Maldonado et al., 2019). If only the 12 cores dominated by demosponge spicules in that study are considered (i.e., cores 1, 2, 4, 6, 7, 9-15), the average preservation for demosponge skeletons can be recalculated as 46.1 ± 28.4%. The present study shows that such a BSi is completely dissolved in 1% sodium carbonate only after 72 h (Figure 2B).

	3) The study of sediments in an aggregation of the rosellid hexactinellid Vazella pourtalesii estimated that sponge silica preservation by burial relative to its annual deposition rate is about 35.1 ± 10.1% (Maldonado et al., 2021). Such a silica is completely dissolved in 1% sodium carbonate after 48 h (Figure 2B).



When these three datasets are plotted (Figure 9), the model best fitting the relationship between BSi preservation (% relative to deposition) in the sediments and time (h) to total BSi dissolution in 1% sodium carbonate is a linear regression Y= y0+(a×X) (Supplementary Results S3). Such a regression predicts the silica of homosclerophorid spicules to have a comparatively poor average preservation in marine sediments of 22.12 ± 1.38% (Figure 6). Indeed, such a predicted poor preservation is consistent with the rapid dissolution in 1% sodium carbonate detected for the spicules of C. candelabrum (Figures 2A, 5). The comparatively rapid dissolution of these spicules may also be the reason why the fossil record of  the class Homoscleromorpha is surprisingly poor (Botting and Muir, 2018).




Figure 9 | Relationship between the time (h) required by the various types of BSi (diatoms, rosellid hexactinellids, demosponges) to dissolve completely in 1% sodium carbonate at 85°C and their respective preservation (%) in the marine sediments. The relationship is best fitted by a linear regression model (black line) in the form of “Preservation (%) = 10.04 + (0.5×dissolution time)”, which is statistically significant (see extended statistics in Supplementary Results S3). Blue and red lines indicate the 95% confidence band and the 95% prediction band of model, respectively. The preservation of the silica of homoscleromorph sponges relative to its deposition is predicted to be around 22.12 ± 1.38% (yellow start) as a function of its resistance to dissolution in sodium carbonate (Figure 2).



Thus, the proposed model may provide a tentative proxy to estimate natural BSi preservation as a function of time to total dissolution in 1% sodium carbonate. If so, it would save considerable amounts of time in sediment analyses. Yet, a general applicability of this tentative proposal needs to be corroborated in future studies incorporating additional types of BSi, such as radiolarians, benthic diatoms, choanoflagellates, etc. Conducting a dissolution process based on continuous monitoring (e.g., Barão et al., 2015) rather than monitoring at given time steps would also increase accuracy when further testing and/or refining this proxy.



Dissolution patterns and their causes

A mechanistic understanding on how biogenic silica dissolves has proven elusive because the amorphous organic nature of such silica lacks structural order and prevents application of classical techniques used for crystals (Dove et al., 2008). Regarding the BSi of sponges, the experiments indicate that the silica of homoscleromorph sponges dissolved significantly faster than that of the other sponges, following a pattern nearly identical to that of the aged silica of diatom earth. The homoscleromorphs make a small class of sponges, which harbors only nine taxonomic genera and 118 species, that is, it represents less than 1% of extant sponge species. A few of those species (i.e., 21 spp.) do not even have a siliceous skeleton. Therefore, although these sponges may be common at some specific shallow-water tropical and subtropical habitats (typically coral reefs and caves), the magnitude of their global contribution to the Si fluxes in sediments is expected to be negligible.

In contrast to homosclerophorids, the demosponges make the bulk of the sponge fauna on continental shelves, showing also great abundance at bathyal depths. The skeletons of demosponges are found in abundance in sediments from continental margins and around seamounts (Bavestrello et al., 1996; Bertolino et al., 2012; Murillo et al., 2016; Maldonado et al., 2019; Costa et al., 2021). Our results agree with the general notion that the skeletal pieces of demosponges are relatively resistant to dissolution in seawater and alkaline digesters. For instance, (Kamatani 1971), using siliceous spicules of an unidentified demosponge, demonstrated that the spicules dissolved only 0.3% after 24 days in seawater, while the frustules of Thalassiosira decipiens did it in 90.1%. Kamatani also reported that appreciable differences occurred between sponge spicules and diatom frustules that were not geologically aged regarding the infra-red spectra of their silica, both in the absorption pattern near 980 cm-1 and the ratio of absorption intensities (D2/D1 and D3/D1). Consequently, Kamatani concluded that it “seemed reasonable to assume that the difference in solubility between diatom and sponge silica would be due not only to the thickness and specific surface area, but also to the internal structure suggested by the infra-red spectrum”. Thirty years later, (Kamatani and Oku, 2000) reported again large differences in dissolution between the silica of an unidentified demosponge and the silica of the diatoms Skeletonema costatum and Rhizosolenia hebetata in both NaOH and Na2CO3 solutions. In 2005, an 8-month dissolution experiment in sterile seawater reported that needle-like spicules of the hexactinellid Ijimalophus hawaiicus dissolved 5%, while dissolution of needle-like and aster-like spicules of demosponges Petrosia ficiformis and Chondrilla caribensis, respectively, was undetectable (Maldonado et al., 2005). The experiments by Kamatani (1971) along with those by (Maldonado et al., 2005; Maldonado et al., 2019) also provide strong support to the idea that differences in specific surface area are not a major responsible for the comparative resistance of the sponge silica to dissolution. Spicules with drastically different surface areas dissolve at similar slow rates. In some cases, the shapes expected to have lower surface area dissolve even more rapidly than the ones with higher specific surface area, in a clear demonstration that the specific surface area is not a major driver of the differences in the resistance to dissolution between the different types of sponge silica. For instance, the 30µm, star-like sterrasters of the demosponge Geodia dissolve more slowly than the 50-cm long, needle-like spicules of the hexactinellid Ijimalophus (Maldonado et al., 2005). However, the opposite pattern would be expected if specific surface area was the main responsible for the resistance to dissolution in these sponge silicas. Likewise, the 30µm, star-like oxyasters of the demosponge Chondrilla dissolve at identical rate than the 150 µm long, needle-like oxeas of the demosponge Petrosia (Figure 2B), despite large predicted differences in their specific surface area.

Sediment studies also provide indirect evidence of the high resistance of sponge silica to dissolution. Extant aggregations of Geodia spp. are known to have built a continuous reservoir of well-preserved, aster-like spicules (sterrasters) in the sediments, dating 130,000 years BP (Murillo et al., 2016). In agreement with such a long-term preservation of Geodia sterrasters, our experiments indicate that spicules of Geodia hentscheli (Figures 2, 3D–F) are among the most resistant to dissolution. It appears that in the many cases in which the function of the sponge skeletons requires direct exposure of the silica to the seawater (e.g., spicules of the attachment rootlets of G. hentcheli), mechanisms have been developed through evolution to avoid dissolution and preserve spicule functionality. A paradigmatic example would be the giant siliceous spicule of the hexactinellid Monorhaphis chuni that serves as anchoring stalk for the sponge during more than 15,000 years (Jochum et al., 2017), while showing no evident external signs of dissolution during that long period. It remains unclear which are the mechanisms that prevent or slow down sponge silica dissolution, but the Al and chitin contents of the silica do not appear to be major drivers of such a resistance (Figures 7, 8).

Initially, we hypothesized that complexation of the sponge silica with chitin could be a factor slowing dissolution, but it appears to be the opposite, according to our experimental results (Figure 8). To date, chitin has been identified in a variety of 21 marine and three fresh-water sponge species (Talevski et al., 2020), though rarely incorporated into the silica. It occurs incorporated into the silica of only some hexactinellid sponges (Ehrlich and Worch, 2007; Ehrlich et al., 2007a; Elrich et al., 2008; Tabachnick et al., 2011; Elrich et al., 2016), but it has never been found in the silica of demosponges and homoscleromorphs to date. The microscopic organization of the silica of the hexactinellid I. hawaiicus, which contains chitin and dissolves comparatively faster than the chitin-lacking silica of the demosponge P. ficiformis, comes into some general agreement with the organization of the silica of the other skeleton type experiencing relative fast dissolution, the spicules of the homosclerophorid C. candelabrum. Transmission electron microscopy revealed occurrence of relative thick layers of organic components (of undetermined nature) between the silica layers (Maldonado and Riesgo, 2007). Thus, it appears that complexation with organic materials makes the silica matrix less dense and it could explain the comparatively rapid dissolution detected in homosclerophorids and hexactinellids with delaminating spicules. It is likely that, in the sponge skeletons with a marked concentric layering of the silica due to intercalation sheets of chitin, collagen or other organic compounds, the alkaline digesters may infiltrate more easily between the concentric silica layers, multiplying the surface area exposed to digestion and accelerating the process, relative to other types of sponge silica where silica layers are closely fused to each other. This general pattern may also held at some point for diatom silica, since some experiments have suggested that dissolved protease from environmental bacteria appear to digest by enzymatic hydrolysis some of the proteins embedded in the silica matrix, accelerating the dissolution of the frustules (Roubeix et al., 2008). This effect would be different from the better known hydrolytic attack to the exopolysaccharides and other organic layers that externally cover the frustules of diatoms and that avoid a direct contact with the seawater that otherwise would cause their rapid dissolution (Bidle and Azam, 1999; Toullec and Moriceau, 2018). Such external organic covers have never been reported from sponge silica, despite most sponges having part of their spicules directly exposed to the seawater and despite those spicules not dissolving during the lifetime of the sponges. Thus, the effects of the external organic layer on the dissolution of diatom silica are not directly comparable to the effect of the organic components truly embedded within the silica matrix of the sponge spicules (Maldonado and Riesgo, 2007; Ehrlich et al., 2016).

We also hypothesized that incorporation of Al within the silica matrix could be other of the mechanisms responsible for the slow dissolution of the sponge silica. However, the Al/Si ratios in the sponge silica were an order of magnitude smaller than in diatomaceous earth (Figure 7), but still the sponge spicules dissolved more slowly (Figure 2B). The Al content can neither explain differences in dissolution rate between “types” of sponge silica: the Al/Si ratio in C. caribensis was about 1.75 times lower than in P. ficiformis (Figure 7), but their dissolution kinetics in the 1% Na2CO3 solution were extremely similar (Figure 2B). The effects of other elements (e.g., incorporation of Ge and/or Zn: Sim-Smith et al., 2017; leaching effect of Na+, K+, Li+ ions: Crundwell, 2017) in the general control of BSi dissolution rate need to be addressed in future studies. In the case of spicules that are continuously exposed to seawater to accomplish their ecological function, it cannot be discarded physico-chemical mechanisms —which remain elusive— to favor values of surface free energy that may increase passivation of the external surface of silica to solvents.

Before we can reach a mechanistic understanding of the dissolution of biogenic silica, further characterization of the BSi behavior in seawater and Si-desaturated solutions rich in ions is required. Likewise, a recent surprising report of actin deeply embedded in the silica of demosponges and hexactinellids (Ehrlich et al., 2022) emphasizes the need of deepening into the atom-level characterization of the complexation of BSi with organic elements, which may significantly determine dissolution patterns. The persisting lack of knowledge in this sense is relevant because the dissolution kinetics of the biogenic silica reservoirs in the water column and the sediments are one of the main controls of the biogeochemical cycling of silicon in the ocean.




Conclusions

The main conclusions of this study are several. First, the dissolution properties of the biogenic silica vary not only across organismal phyla, but also within sponges, where differences occur between the main siliceous lineages (i. e., Demospongiae, Hexactinellida, Homoscleromorpha). Second, the bulk of sponge silica still dissolves very slowly compared to diatom silica, except for the microspicules of homosclerophorid sponges. Third, the complexation of the sponge silica with aluminum and chitin does not explain the comparatively higher resistance to dissolution of sponge silica. The intercalation of chitin or other organic elements between concentric silica layers in some hexactinellid and homoscleromorph sponges, if any, facilitates spicule dissolution rather than preventing it. Fourth, the spicules of hexactinellids in the family Rosellidae, which drop off their peripheral silica layers, dissolve about twice faster than the silica of the rest of hexactinellids and demosponges, but still substantially slower than diatom skeletons. Fifth, a chemical digestion of sediments rich in sponge spicules is little appropriate to obtain accurate determinations of total BSi in them, due to large differences in resistance to dissolution between the various types of biogenic silica. Sixth, developing a methodology to easily quantify the amount of sponge silica and its preservation in marine sediments remains as a major future challenge. Seventh, we propose herein a tentative proxy to be further explored, suggesting that preservation of sponge silica in marine sediments may be grossly estimated as a function of time to its total dissolution in 1% sodium carbonate.
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The Coastal and Continental Margin Zones (CCMZs) contribute to 40% of the total burial flux of biogenic silica (bSi) of the world ocean. However, the accurate determination of the bSi content (bSiO2%) in marine sediments remains a challenge. The alkaline methods commonly used to quantitatively determine bSiO2% can completely digest the amorphous silica of diatoms but
are less effective at digesting radiolarians and sponge spicules. In addition, the lithogenic silica (lSi) found in sediments is partly digested during these alkaline extractions, which can bias the accuracy of the determined bSiO2%. This is of importance in CCMZs where the lSi:bSi ratio is high. In this study, we examined sediments collected in the CCMZs of East China seas, an environment of
peculiar interest given the large amount of lSi deposited by the Yellow River and the Yangtze River. The results show that alkaline digestions using stronger solutions and pretreatment steps resulted in an overestimate of the bSiO2% due to increased leaching of silica mainly from authigenic silicates and clays, whereas weak digestions underestimated the bSiO2% owing to incomplete
digestion of sponge spicules. We found that the use of the Si/Al method accurately corrects for the lSi fraction in marine sediments, and thereby improves the determinations of bSiO2% in the sediments of East China seas CCMZs. Ensuring full digestion of all bSi remains challenging, in particular for sponge spicules, motivating both verifications via microscopy and longer extraction times. To emphasize the influence of these methodological differences, we revised the bSi burial flux in the East China seas and provide a new estimate of 253 (± 286) Gmol-SiO2 yr-1, which is one third of the previous estimates. We discuss the potential contribution from radiolarian and sponges
and we propose a new general protocol for the determination of bSi in sediments that minimizes the methodological bias in bSi determination.
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  1 Introduction

Coastal and Continental Margin Zones (CCMZs) are distinct settings for the interrogation of global marine biogeochemical cycling of silica (Si), climate change and marine ecological processes (Jeandel and Oelkers, 2015; Jeandel, 2016; Tréguer et al., 2018; Rahman et al., 2019). The CCMZs represent approximately 10% of the global marine surface area (3.61 × 108 km2) (Costello et al., 2010), and account for 40% of the total biogenic silica (bSi) burial (~9.2 Tmol-Si yr-1) in the global ocean (DeMaster, 2019; Tréguer et al., 2021). This estimate was based solely on the burial of diatom bSi. However, marine Si is also removed through reverse weathering in major tropical and subtropical deltas (Rahman et al., 2016; Rahman et al., 2017), the burial of siliceous sponges spicules predominantly on the continental shelf and margins (DeMaster, 2019; Maldonado et al., 2019), and the burial of radiolarian tests (Maldonado et al., 2019). Recent work estimated that if all of these processes are taken into account, the burial flux of Si that occurs mainly within the CCMZs, removes 5.0 to 10.1 Tmol-Si yr-1 (DeMaster, 2019; Tréguer et al., 2021), which is equivalent to roughly one to two-thirds of the global Si output flux (15.6 Tmol-Si yr-1) from the marine environment (DeMaster, 2019; Tréguer et al., 2021).

The calculation of the marine Si budget at the global or local level is dependent on the precision and accuracy of the bSi measurements (DeMaster, 1991). Within the CCMZs, the combination of lSi with bSi decreases the reactive surface area of biogenic opal and lowers its solubility (Dixit and Van Cappellen, 2003; Varkouhi et al., 2020a; Varkouhi and Wells, 2020), which enhances the bSi burial efficiency. However, high precipitation rates of terrestrial lSi dilute the bSi and result in an opal-depleted coastal sediment (DeMaster, 2002; Wu et al., 2017; Wu and Liu, 2020). Therefore, accurate determination of the bSi content (bSiO2%) in the CCMZs sediment is particularly challenging owing to its characteristically low bSiO2%, high lithogenic silica (lSi; clay mineral, authigenic aluminosilicate, quartz) content (DeMaster, 1991), and complexity of bSi types (e.g. diatoms, phytolith, radiolarians, sponge spicules;  Figure 1A ) (DeMaster, 1991; Maldonado et al., 2019). Among several different techniques (e.g., X-ray Diffraction (Goldberg, 1958; Eisma and van der Gaast, 1971), point counts of siliceous microfossil (Pudsey, 1993; Varkouhi et al., 2020b), infrared analysis (Fröhlich, 1989), normative calculation technique (Leinen, 1977), wet chemical method (DeMaster, 1981; Mortlock and Froelich, 1989; Müller and Schneider, 1993)), wet chemical method is the most commonly used method for determining the bSiO2% in marine sediments (Conley, 1998). Considering the complex sediment composition of CCMZs sediments, a mild alkaline leach (0.1 M Na2CO3) is recommended to minimize the interference of lSi in bSi determination when using the wet chemical method (DeMaster, 1981). However, a mild alkaline leach underestimates the quantity of bSi due to an incomplete extraction of more resistant bSi ( Figure 1A ), such as radiolarians (Mortlock and Froelich, 1989; Müller and Schneider, 1993) and siliceous sponge spicules (Maldonado et al., 2019). Nonetheless, complete digestion of resistant bSi using a strong alkaline solution can introduce additional bias due to the inevitable attack on lSi. To accurately determine bSiO2% in sediment from different marine environments, various kinds of wet alkaline methods with different digestion conditions (i.e., alkaline solution, sample to solution ratio, extraction temperature, duration of extraction and pre-treatment of sediment by HCl and H2O2 prior to alkaline digestion) have been proposed and applied in the literature (DeMaster, 1981; Mortlock and Froelich, 1989; Müller and Schneider, 1993; Kamatani and Oku, 2000; Conley and Schelske, 2001; Koning et al., 2002; Liu et al., 2002; Olivarez Lyle and Lyle, 2002). These methods were grouped into two different types: (1) Si/time alkaline digestion and (2) Si/Al alkaline digestion (Swann, 2010). The Si/time method ( Figure 1B ), which is the conventional wet alkaline method, requires the measurement of alkaline extracted Si concentration and corrects the lSi fraction based on the assumption of the difference in dissolution kinetics between bSi (non-linear dissolution) and lSi (linear dissolution) (DeMaster, 1981). The Si/Al alkaline digestion method ( Figure 1B ) requires the measurement of alkaline extracted Si and Al concentrations, and corrects the lSi fraction based on the assumption that the Si:Al ratio of lSi is low (Si:Al< 5,  Figure 1A ) and the extracted Al is mainly lSi origin (Kamatani and Oku, 2000; Koning et al., 2002). Previous studies found methodological differences in the bSiO2% between Si/time and Si/Al methods in both lacustrine (Swann, 2010) and marine sediments (Barão et al., 2015). It has been noted that major biases in the bSiO2% can be generated among different wet alkaline methods (DeMaster, 1991; Gehlen and van Raaphorst, 1993; Schlüter and Rickert, 1998; Kamatani and Oku, 2000; Barão et al., 2015), influencing the estimation of the bSi burial flux especially in the opal-depleted (bSiO2-depleted) sediment of the CCMZs (DeMaster, 1991; DeMaster, 2002; Tréguer et al., 2021).

 

Figure 1 | The schematic diagram shows the: (A) components in the sediment of CCMZs and (B) Wet chemical methods (B1: Si/time method; B2: Si/Al method). (A) shows the types of bSi in sediment and their dissolution capability: diatom< phytolith< radiolarian< sponge spicule (Mortlock and Froelich, 1989; Müller and Schneider, 1993; Meunier et al., 2014) and types of lSi in sediment and their Si:Al ratio: authigenic clay: Si:Al< 2 (Mackin, 1989; Michalopoulos and Aller, 1995); Kaolinite: Si:Al = 1, Illite: Si:Al = 2, Montmorillonite: Si:Al< 5 (Koning et al., 2002). The ‘stronger attack’ represents high alkaline concentration/pH, longer extraction time and sample pretreatment with acid (e.g. HCl) and/or oxidizing agents (e.g. H2O2). (B) shows the alkaline digestion (85°C) of bSi and correction of lSi using the Si/time method (B1) modified from DeMaster (1981), the Si/time method (B2) modified from Conley and Schelske (2001) and the Si/Al method (B3) modified from Kamatani and Oku (2000). The Si/time method (B1 and B2) assumes the bSi dissolves non-linearly through time whereas the lSi dissolves linearly (the slope equals to dissolution rate ‘b’) through time, the different types of bSi (diatom, radiolarian and sponge spicules) can be quantified based on their dissolution rate (k1, and k2). The Si/Al method (B3) assumes that the ratio of alkaline extractable Si vs. Al is constant, and the alkaline extractable Al is mainly lSi origin, the Si:Al ratio of bSi is higher (> 5) than lSi (< 5) (Koning et al., 2002). The Si: Al vs. time plot shows a decrease of Si:Al ratios to constant value after a complete digestion of bSi. 



The East China seas, which consists of the Bohai Sea (BH), the Yellow Sea (YS), and the East China Sea (ECS), is one of the largest CCMZs in the Northwest Pacific Ocean. The East China seas are characterized by high sedimentation rates (Qiao et al., 2017), low bSiO2% (< 3%) and high lithogenic material content (> 70%) (Liu et al., 2002; Wu et al., 2017; Wu and Liu, 2020). Previous studies demonstrated that the burial of bSi in the East China seas is 924 (± 693) Gmol-SiO2 yr-1 (Liu et al., 2016; Wu et al., 2017; Wu and Liu, 2020), accounting for ~5% of the bSi burial in the global ocean. These estimations were based on the bSiO2% determined using several alkaline digestion techniques, such as using different concentrations of alkaline solution (0.1 M Na2CO3, 2% Na2CO3, 2.0 M Na2CO3), duration of the alkaline digestion (5 h, 8 h) and pre-treatment process (with HCl and H2O2 prior to alkaline extraction) that may underestimate or overestimate the bSi content due to the incomplete digestion of bSi or the interference of lSi in bSi determination (Kamatani and Oku, 2000; Barão et al., 2015) and leaching of authigenic silicates activated by acid treatment (Michalopoulos and Aller, 2004; Rahman et al., 2016; Pickering et al., 2020). Such an under- or overestimate of the bSi content will influence the magnitude of the burial flux of bSi determined for the CCMZs where the sediment load is high and the bSi content is low. In addition, diatoms, radiolarians (Liu et al., 2017; Qu et al., 2020a; Qu et al., 2020b), sponge spicules (Chou et al., 2012) and living siliceous sponges (Zhang et al., 2003) were observed in the sediment of the East China seas. However, the influence of their presence on the determination of bSi content and consequent role in marine Si cycling for this region, is still not defined. The radiolarians and siliceous sponge spicules are more resistant to alkaline attacks than diatoms (DeMaster, 1981; Müller and Schneider, 1993), thus the types of bSi need to be considered when characterizing the bSi content of sediments (DeMaster, 1991).

This study aims to provide an accurate determination of the burial flux of the East China seas CCMZs by conducting a thorough evaluation of the potential methodological biases influencing the determination of bSi. To evaluate these methodological biases, multiple samples of characteristically diverse marine sediment from the East China seas were measured for bSiO2% using different alkaline solution concentrations (0.1 M, 0.2 M, 2.0 M Na2CO3), with and without pretreatment. In addition, the types of marine bio-siliceous structures (diatoms, radiolarian tests, and sponge spicules) and their abundances in the different sediment samples were quantified to select an appropriate wet alkaline method. Further, the bSiO2% determined using the Si/time method (20 h digestion in 0.1 M Na2CO3) and the Si/Al method (1 h digestion in 0.5 M NaOH) were compared for an accurate evaluation of the alkaline extracted Si (bSi and lSi) from sediments of the CCMZs. The detailed evaluation of these methodological biases resulted in the production of a revised evaluation of the burial flux of bSi for the East China seas CCMZ and a discussion on the implementation of a standardized method for the determination of bSiO2% in similar depositional environments.


 2 Materials and methods

 2.1 Study area and sample locations

The East China seas ( Figure 2 ) consists of the BH (surface area: 7.73 × 104 km2), the YS (surface area: 38 × 104 km2), and the ECS (surface area: 77 × 104 km2) (Qiao et al., 2017). The semi-enclosed BH and YS are shallow water bodies with an average water depth of 18 m (maximum 85 m) and 44 m (maximum 140 m) respectively. About 21 large rivers (length of mainstream > 100 km) deliver 782.2 × 109 kg yr-1 of sediment to the BH, with more than 90% delivered by the Yellow River. Roughly 30 rivers discharge 13.0 × 109 kg yr-1 of sediment into the YS (Qiao et al., 2017). However, up to 90% of its total sediment burial flux (414.6 × 109 kg yr-1) is transported from the BH and 5.7% is eroded sediment from the old Yellow River (Qiao et al., 2017). The ECS consists of a broad continental shelf and the Okinawa Trough, with an average water depth of 349 m (maximum 2700 m). About 18 rivers deliver 490.5 × 109 kg yr-1 of sediment into the ECS, of which approximately 80% is delivered from the Yangtze River (Qiao et al., 2017). The bSiO2% in surface sediments of the BH, YS and ECS were 0.92 ± 0.24% (Liu et al., 2002), 2.20 ± 0.79% (Wu et al., 2017) and 1.97 ± 0.53% (Wu and Liu, 2020), respectively, and are considered to be relatively low values (< 3% is considered a threshold value for bSi concentrations) and requires an accurate determination (Koning et al., 2002; Liu et al., 2002; DeMaster, 2019; Tréguer et al., 2021).

 

Figure 2 | Map of the study area indicating the sampling stations. The location of samples are grouped in different colors at the Bohai Sea (black dots •), Yellow Sea (blue dots ), and the East China Sea (red dots ). The surface sediment samples (0 − 2 cm) were obtained during several research cruises during 2008-2013. The distributions of currents are based on Liu et al. (2007) and Qin et al. (1996). White arrows represent the Yellow River and Yangtze River discharge. (YSCC: Yellow Sea Coastal Current; ZFCC: Zhejiang Fujian Coastal Current; TWWC: Taiwan Warm Current; KWC: Kuroshio Warm Current). The map is created using Ocean Data View (ODV) software (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, 2021). 



Field observations were conducted in the East China seas from 2008 to 2013. The sampling sites are shown in  Figure 2 . At each sampling site, surface sediment samples (0 − 2 cm) were collected using a stainless-steel box sampler and subsequently packed in sealed plastic bags at -20°C on board. Frozen samples were then freeze-dried in the laboratory and stored at room temperature (~20°C) until analysis. Two sediment samples for interlaboratory comparison (sample code: Still Pond, R-64) were also measured using the Si/time (0.1 M Na2CO3, 20 h digestion) and the Si/Al (0.5 M NaOH, 1 h digestion) alkaline digestion method. The location of these sampled sediments and their descriptions are given in Conley (1998).


 2.2. Analytical methods.

 2.2.1 The biogenic silica types and abundance

The different types of bSi and their abundance in the sediment of the East China seas were determined using an inverted microscope (Zeiss Axio Observer A1) at 10X magnification. The abundance (numbers per gram: 103 g-1 dry sediments) of different marine bSi organisms in samples A3, C4, C7, C12, and F2 were examined optically (see  Figure 2  for sample locations). The samples were selected based on their water depth and sediment type (A3, F2: silty-clay; C4, C7: sandy; C12: clay-silt). In order to prepare the samples for microscopic observation, ca. 5 − 10 mg of homogenized dry sediment was pretreated using 1.0 M HCl (10 mL) and 10% H2O2 (10 mL) and heated at 60°C for 2 h. The solution was subsequently discarded after centrifugation (4000 rpm, 5 min) and the residual sediment was rinsed three times using Milli-Q water (18.2 MΩ). The decarbonated sediment samples were homogenized in Milli-Q water (1 mL) and the samples were put on a glass microscope slide for optical observation. The abundance of individuals for different types of bSi (i.e., diatom frustules, radiolarian skeletons and siliceous sponge spicules) was counted and normalized as the number of individuals per gram of dry sediment (103 g-1).



 2.2.2 Biogenic silica

The content of bSi found in the sediments in this study is expressed as bSiO2% (molar mass of bSiO2: 60 g mol-1) to avoid potential errors associated with the difference in bond water content of different types of bSi and/or ages of siliceous organisms.

Two wet chemical methods were used to quantify the bSiO2%: the Si/time method (DeMaster, 1981; Conley and Schelske, 1993; Conley and Schelske, 2001; Liu et al., 2002) and the Si/Al method (Koning et al., 2002; Barão et al., 2014; Barão et al., 2015). For the Si/time alkaline digestion, samples were digested using a 0.1 M Na2CO3 solution for 20 h. Before wet-alkaline digestion, freeze-dried marine sediment was gently ground using an agate pestle and mortar. The grinding process aims to homogenize the sediment. Sediment (~100 mg) was then weighed into a 50 mL polypropylene copolymer centrifuge tube (Nalgene no. 3119-0050; Caps no. DS3132-0024) or 50 mL fluorinated ethylene propylene (FEP) centrifuge tube (Nalgene no. 3114-0050; Caps no. DS3131-0024). An alkaline solution (40 mL, 0.1 M Na2CO3) was added to the centrifuge tube using a calibrated 10 mL pipette (10 ± 0.01 mL, Eppendorf). The sample to liquid ratio (S/L) was ca. 2.5 g/L. The tubes were tightly capped after the addition of the alkaline solution and the sediments were well mixed using a Vortex. Samples were immediately placed into a shaking water bath (Julabo SW22) pre-heated to 85 °C with an oscillation frequency of 100 rpm. An aliquot of 200 µL clear centrifugation supernatant was taken from the extraction solution at each time interval and neutralized using 1.0 M HCl solution. Later, the neutralized samples were diluted by Milli-Q water (18.2 MΩ cm-1) to 10 mL, then the dissolved silicic acid (dSi) was measured following the molybdate-blue method (Grasshoff et al., 1983) using a spectrometer as described in Mortlock and Froelich (1989). Determination of the blanks during each extraction experiment showed the Si from both the reagent and tube were negligible. Additionally, alkaline digestion of pre-treated (P; pretreating the sediment using 1.0 M HCl and 10% H2O2) and non-pretreated (NP) sediment were performed using 0.1 M, 0.2 M, 2.0 M Na2CO3 solutions to determine the effect of the concentration of Na2CO3 and pretreatment process (P vs. NP) on bSi determination.

In this study, the bSiO2% was determined following the calculation method described by Liu et al. (2002) where sediments undergo an 8 h digestion. In addition, the bSiO2% was also calculated following the method described in DeMaster (1981); Liu et al. (2002) and Conley and Schelske (1993, 2001) when sediment was digested in a 0.1 M Na2CO3 solution for 20 h. The method described in Conley and Schelske (1993, 2001) was applied for quantifying the diatom bSi, radiolarian and/or sponge bSi ( Figure 1B ). Moreover, the bSiO2% analyzed according to the method described by Mortlock and Froelich (1989) was also performed.

The Si/Al method refers to the continuous analysis of Si and Al concentrations in the alkaline digestion at a high sampling resolution time ( Figure S1 ). In this study, bSiO2% was measured following the continuous analysis method (Koning et al., 2002; Barão et al., 2015) at the University of Antwerp (Belgium). The dSi and dissolved Al (dAl) in alkaline solution (0.5 M NaOH) were measured continuously at 1 second (s) resolution (Müller and Schneider, 1993). Freeze-dried sediment samples (~100 mg) were added into a stainless-steel vessel with an initial 180 mL of 0.5 M NaOH pre-heated to 85 °C. The S/L ratios of all the analyses range from 0.56 to 0.89 g/L. The closed vessel (to avoid evaporation) is directly connected to a continuous analyzer (Skalar®, The Netherlands) and a rotating motor continuously homogenizes the sample in the extraction liquid, maintaining a constant S/L ratio. The dSi concentration is determined according to the molybdate-blue method (Grasshoff et al., 1983), while dAl is determined according to the fluorometric method (Hydes and Liss, 1976). Standard samples of dSi and dAl with concentrations of 1 mg L-1, 2 mg L-1, 4 mg L-1, 6 mg L-1, 8 mg L-1, 10 mg L-1, 20 mg L-1, 30 mg L-1, and 40 mg L-1 were used for calibration, and only the linear regression curves with correlation coefficients ≥ 0.999 were accepted according to previous studies (Barão et al., 2015). Two independent reference solutions (with concentrations of 3 mg L-1, and 9 mg L-1 of dSi and dAl) were tested before and after the continuous alkaline extractions to guarantee an analytical error below 5%. The stock standard solutions for Si and Al were made using Na2SiO3·9H2O (Sigma-Aldrich S4392) and KAl (SO4)2·12H2O (Merck 101047).

 2.2.3 Scanning Electron Microscopy (SEM)

The observed siliceous organisms in the sediment samples were imaged using Scanning Electron Microscopy (SEM; FEI Quanta 200, and Hitachi TM4000). To chemically characterize the bSi and its associated authigenic aluminosilicate ‘coating’, the Scanning Electron Microscopy was coupled with an Energy Dispersive Spectrometer (SEM-EDS) analysis using FEI Quanta 200 and OXFORD X-MAX Silicon Drift Detector (detector size: 80 mm) at Ifremer-LCG (France). Typically, the bio-siliceous structures were handpicked under a stereomicroscope and mounted on an adhesive carbon tab (Leit) using a brush. The carbon tab was pasted on pin stubs and coated with gold (Cheize et al., 2019). The major elements were quantitatively determined under a high vacuum at 20 kV.



 2.3 Analytical procedures for Si/Al data

Each extraction in the continuous analysis procedure provides Si and Al concentrations through time at a one-second resolution ( Figure S1 ), and the unit of parameter t in the models (Eq. 1 − 3) was normalized into minutes (min). Determination of the bSiO2% follows the procedure that assumes the presence of two discrete phases: (1) a linear phase indicating lithogenic silicate (lSi) dissolution and (2) a nonlinear phase indicating bSi and/or non-bSi dissolution (DeMaster, 1981; Koning et al., 2002). The bSiO2% was calculated following the 4 models (Eq.1 = Model 1; Eq.2 = Model 2 and Model 3; Eq.3 = Model 4) described by Koning et al. (2002) using the Origin 2021b software.

Model 1 demonstrates the first-order dissolution of a single Si phase (Siextr ) as shown in Eq.1:

 

Here, Siaq  and Alaq  are the concentrations of silicic acid and aluminum in mg L-1, in the reaction vessel at time t (min). [Siextr ] 0  is the initial extractable silica present in the vessel in mg L-1, equivalent to the final concentration of Siaq  reached when all extractable silica (bSi and lSi) has dissolved, k is the reactivity constant (min-1) and β1  is the atomic ratio of Si and Al released during the dissolution of extractable silica fraction. b (mg L-1 min-1) represents the constant dissolution rate of Si from clay minerals and βlin  is the Si:Al ratio in the lithogenic fraction.

Natural sediment samples may consist of several types of extractable bSi. For natural samples containing two Siextr  fractions (Siextr1 = ExtrSi1 , Siextr2 = ExtrSi2 ; n = 2), the increases of the silicic acid concentration in the reaction vessel with time can be as the sum of two first-order dissolution processes (Model 2, Eq. 2), using the same parameters as described in Eq.1. For natural samples containing three Siextr  fractions (n = 3), the increase in silicic acid concentration with time can be the sum of three first-order dissolution processes (described as Model 3). [Siextr ] 0,i  is the initial extractable silica present in the extractable silica fraction i, ki  is the reactivity constant and βi  is the Si:Al ratio for fraction i.

 

Model 4 demonstrates the reactive continuum dissolution of the infinite number of fractions (i) (Eq. 3) (Koning et al., 1997) and can be described as:

 

Where the parameter α represents the average lifetime of the alkaline extractable components in sediment and v represents a non-dimensional parameter solely related to the shape of the distribution curve. Model 4 allows a continuum of reactivity of bSi and lSi and assumes one Si:Al ratio for all the bSi components, it is not justified by data fitting in this study. The highest number of bSi components justified by model fitting was model 2, in agreement with Barão et al. (2015) and Raimonet et al. (2015).

The alkaline extractable Si (AlkExSi) may contain several non-linear fractions, based on the Si:Al ratio and reactivity constant (k). The origin of different extractable Si fractions (bSi, lSi) can be evaluated (Koning et al., 2002). The lSi fraction ( Figure 1A ) is normally characterized by low reactivity (Koning et al., 2002) and small Si:Al ratios (authigenic silicates: Si:Al< 2, Mackin, 1989; Michalopoulos and Aller, 1995; Kaolinite: Si:Al = 1, Illite: Si:Al = 2, Montmorillonite, Si:Al< 5, Koning et al., 2002), the bSi fraction is characterized by high reactivity (k > 0.1 min-1 and βi > βlin ) and high Si:Al ratios (βi  > 5) (Koning et al., 2002; Barão et al., 2015). Moreover, chemically altered bSi structures were characterized by a nonlinear dissolution with low reactivity (k< 0.1 min-1) and low Si:Al ratio (< 5) (Koning et al., 2002).

For the fitted results from the above-mentioned models, optimization was carried out by maximizing the likelihood statistic log(L) (Armstrong et al., 2002; Moriceau et al., 2009) as described as follows:

 

Where N is the total number of data points, Cj  is the measured concentration (mg L-1) for data point j. and the Ĉj  is the corresponding model prediction. The difference in log(L) (Δ log(L)) between fits of different models to the same data gives the goodness of fit of one model compared to the other ( Figure S1 ). As described in Moriceau et al., 2009, if the log(L) of one model is at least two points higher per added parameter than another, it is considered a better model (Hilborn and Mangel, 1997). In this study, the results from the fitted model were used for methodology comparison. A non-parametric Aligned Ranks Transformation (ART) Analysis of Variance (ANOVA) was performed using R. studio software to test for significant differences between methods.


 2.4 Burial flux of bSiO.2 in the CCMZs of East China seas

The burial flux (Fb ) of bSiO2 in sediment can be expressed as follows (Ingall and Jahnke, 1994):

 

Where C (mol g-1) is the concentration of bSiO2, and is calculated from the bSiO2% determined in dry sediment (in g of SiO2 g-1), and converted to mol g-1 by dividing it by the molecular weight of SiO2 (6 × 10-3 g mol-1), w (g cm-2 yr-1) is the mass accumulation rate. The w used in this study is averaged sediment accumulation rate at BH (0.50 g cm-2 yr-1), YS (0.37 g cm-2 yr-1) and ECS (0.26 g cm-2 yr-1) reported previously (Qiao et al., 2017). Note, a primary objective of this study was to determine the potential influence that methodological biases can have on the bSi burial flux Therefore, an average sedimentation rate of the study area was applied. The Fb  was then multiplied by the respective area of the BH, the YS and the ECS to calculate the burial flux of bSi of each region and the East China seas.



 3 Results

 3.1 Biogenic silica types and their abundances

  Table 1  shows the abundance of the three types of marine bSi in sediment obtained from the East China seas (see  Figure 2  for sample sites). All of the samples used in this study were examined under a microscope to determine the relative composition of different bSi types. Among the three major types of marine bSi (i.e., diatoms, radiolarians, sponge spicules), diatoms and sponge spicules were observed in the sediments of BH, YS, and ECS. Radiolarian skeletons were only observed in the sediment of YS and ECS. The abundance of sponge spicules and their size (length) and the number of radiolarian tests varied between samples from the BH, the YS and the ECS. Microscopic observations indicated that radiolarian skeletons were rare in the sediment of the YS, whereas more radiolarian tests were found in the sediment samples of ECS. Although sponge spicules were found in all sediment samples ( Table 1 ), the size of sponge spicules in the sediment of the BH (length: 10 − 40 μm), and YS (length: 50 − 300 μm) are smaller than that of the ECS (100 − 500 μm). The abundance of sponge spicules in the sediment of BH and YS is less than what was observed for diatoms. In contrast, the abundance of sponge spicules was greater than diatoms in ECS sediment samples ( Table 1 ).

 Table 1 | Different types of marine bSi (diatoms, radiolarians, sponge spicules) and their abundances (103 g-1 dry sediments) in the surface sediment of East China seas. 



We found that radiolarians and sponge spicules were more abundant in the sediment of the ECS than the BH and the YS from the microscopic observations. Therefore, five samples (C4, C7, C12, F2, and A3) were selected from the ECS for determining the abundance of different types of bSi. The radiolarians and sponge spicules are more abundant in the offshore sediment (C7, C12) than in nearshore sediment (A3, F2, C4). The abundance of sponge spicules is greater than that of diatom tests in the 5 samples (C4, C7, C12, F2, A3) from ECS, especially in sample C12 where the abundance of sponge spicules (231.7 × 103 g-1) is ca. 15 times greater than that of diatoms (14.8 × 103 g-1). The abundance of diatoms is similar for the BH, YS and ECS, which is in agreement with previous research (Chen et al., 2014; Wang et al., 2016; Li et al., 2018; Li et al., 2020). However, radiolarians and sponge spicules are more abundant in the ECS, especially in the sediment of the outer shelf of the ECS.


 3.2 Wet alkaline digestions

 3.2.1 Evaluation of reference samples

Two interlaboratory comparison sediment samples (Still Pond, R-64) were measured using Si/time ( Figure S2 ) and Si/Al ( Figure S3 ) alkaline digestion to assess the accuracy of the biogenic silica measurement. Similar results were obtained to previous works ( Table 2 ), but also showed dependence on the extraction method. The bSiO2% applying a 0.5 M NaOH digestion (Still Pond: 2.74%; R-64: 7.23%) and a 0.1 M Na2CO3 digestion (Still Pond: 2.00 ± 0.05%; R-64: 5.50 ± 0.10%) are within the acceptable range of bSiO2% values (Still Pond: 2.82 ± 1.17%; R-64: 6.49 ± 2.09%) reported in Conley (1998) ( Table 2 ). The wide range of data presented in Conley (1998) is likely due to the influence of methodological differences applied (alkaline solution concentration and/or chemical pretreatment), the act of crushing the sediment prior to the alkaline attack, and the existence of sponge spicules in Still Pond and R-64 which was not previously reported in Conley (1998), because siliceous sponge spicules were observed in both reference samples. The coefficient of variability (i.e., relative standard deviation) for five parallel extractions was< 3%, indicating good reproducibility.

 Table 2 | The bSiO2% of interlaboratory comparison sediment samples (Still Pond and R-64). The location of the two samples is described in Conley (1998). 




 3.2.2 Comparation of the extraction methods

The results presented here compare the analysis of bSiO2% determined using different Si/time methods. Triplicate digestion of the pre-treated (P) and non-pretreated (NP) sediment ( Figure 3 ) was performed to determine the influence of the pre-treatment process on bSi determination. As expected, stronger solutions and pretreatment of sediment led to a greater release of silica ( Table 3 ,  Figures 3 ,  4 ). According to the different alkaline digestion and microscopic observation, this is mainly due to the extraction of lSi rather than bSi (e.g., sponge spicules). The pre-treatment of sediment using HCl (1.0 M) and H2O2 (10%) as described by Mortlock and Froelich (1989) will activate the authigenic silicate phases and the clay minerals, thus cause an overestimation of the bSiO2%.

 

Figure 3 | Conventional wet alkaline digestion using Na2CO3 (0.1 M, 0.2 M and 2.0 M; P vs. NP) solution. A subsample was removed at each 1 h with a total extraction of 8 h. The alkaline extracted silica content (SiO2%) was normalized into the dry weight of the sediment. P represents pretreatment of sediment using HCl (1.0 M) and H2O2 (10%) before digestion; NP represents no pretreatment before alkaline digestion. The error bars were averaged from triplicate digestions. The locations of samples C4, C7, C12, F2, F8, and DC are shown in  Figure 1 . 



 Table 3 | The bSiO2% was determined using 0.1 M, 0.2 M and 2.0 M Na2CO3 (P vs. NP). 



 

Figure 4 | The total alkaline extracted silica content (TAlkExSi) of sample C4, C7, C12, F2, F8, DC using 0.1 M, 0.2 M, 2.0 M Na2CO3 solution (P vs. NP). The results presented are the SiO2% extracted after 8 h. More SiO2% was extracted in a high concentration of the alkaline solution and after the pre-treatment process. 



  Figure 3  shows a continuous increase of the SiO2% over time. The alkaline extracted silica (AlkExSi) content is higher for the pretreated sediments than the non-pretreated sediments. Similar result was obtained for the total amount of alkaline extracted silica (TAlkExSi) after the 8 h digestion (0.1 M Na2CO3, P > 0.1 M Na2CO3, NP; 0.2 M Na2CO3, P > 0.2 M Na2CO3, NP; 2.0 M Na2CO3, P > 2.0 M Na2CO3, NP;  Figure 4 ). As shown in  Figure S4  and  Figure S5 , most of the SiO2 was leached from sediments during the first 4 h (AlkExSi(1-4)) and less SiO2 was extracted during the 5 h to 8 h digestion (AlkExSi(5-8)). The quantity of AlkExSi(1-4) and AlkExSi(5-8) correspond to 66% − 86% and 14% − 34% of total amount of silica (TAlkExSi; TAlkExSi = AlkExSi(1-4) + AlkExSi(5-8)) extracted during the 8 h alkaline digestion ( Figure S5 ). In addition, the AlkExSi(1-4) leached from the pre-treated sediment was higher than from the non-pretreated sediment ( Figures S4, S5 ), and the amount of the AlkExSi(5-8) was low (< 0.2%SiO2) and showed small variations when digested under different alkaline solutions (0.1 M, 0.2 M and 2.0 M Na2CO3, P vs. NP). Moreover, more silica (AlkExSi(1-4) and AlkExSi(5-8)) can be leached in stronger alkaline, but the proportion of AlkExSi(1-4) and AlkExSi(5-8) to TAlkExSi does not change much ( Figure S5 ).

  Table 3  and  Figure S6  showed the bSiO2% calculated from the 8 h digestion experiment. Through ART ANOVA analysis, a significant difference between different alkaline digestions was identified ( Table S1 ). ART ANOVA analysis showed the increase of bSiO2% between 0.1 M Na2CO3 (P vs. NP), 0.2 M Na2CO3 (P vs. NP) and 2.0 M Na2CO3 (P vs. NP) were significant (p< 0.0001); Noymer (2008) ( Table S1 ). The yield, expressed as bSiO2%, between the P and the NP alkaline digestions are: 0.1 M Na2CO3 (P) = 194% 0.1 M Na2CO3 (NP), 0.2 M Na2CO3 (P) = 226% 0.2 M Na2CO3 (NP) and 2.0 M Na2CO3 (P) = 185% 2.0 M Na2CO3 (NP) in average (calculated from  Table 3 ). Besides the pre-treatment process, a higher concentration of Na2CO3 can extract more silica significantly (p< 0.0001) than a lower concentration of Na2CO3 (C7, F2, F8 and DC;  Figure S6 ), except for the bSiO2% determined using a 0.2 M Na2CO3 (P) and the 2.0 M Na2CO3 (P) digestion (p = 0.0726). For the non-pretreated (NP) digestion experiment, the average bSiO2% extracted using 2.0 M Na2CO3 solution is 49% and 69% higher than the 0.2 M Na2CO3 and 0.1 M Na2CO3 digestion, respectively. However, the bSiO2% of samples C7 and C12 was approximately the same when the sample was digested using different concentrations of Na2CO3 (0.1, 0.2, 2.0 M), and the bSiO2% of samples C4, F2, F8, and DC was higher when using a higher concentration of Na2CO3 solution ( Figure S6 ). Compared to the alkaline concentration, the pretreatment process has a more important influence on bSi determination. The bSiO2% determined following the single-step alkaline digestion method proposed for abyssal deposits (Mortlock and Froelich, 1989) generated much higher bSiO2% values (p< 0.0001) than all other digestions. Moreover, the bSiO2% determined using 0.1 M Na2CO3 (NP; DeMaster, 1981) was not significantly different (p = 0.0726) compared to the bSiO2% determined using 0.5 M NaOH (NP; Koning et al., 2002) ( Table S1 ). The bSiO2% determined by 2.0 M Na2CO3 (P) is about 2.6 times of the bSiO2% determined by 0.1 M Na2CO3 (NP). The average bSiO2% of samples C4, C7, C12, F2, F8 and DC determined using different methods (0.1 M, 0.2 M, 2.0 M Na2CO3, P vs. NP;  Table 3 ) were 0.49 ± 0.25%, 0.40 ± 0.23%, 1.82 ± 0.56%, 1.00 ± 0.44%, 1.13 ± 0.49% and 1.34 ± 0.57% respectively, showed a large variation (31 − 57%) of the standard deviation. The proportion of standard deviation to the averaged bSiO2% was large for low bSiO2% samples (C4: 51%, C7: 57%) than other samples. After the alkaline digestions, microscopic observations (10X; Zeiss Axio Observer A1) showed complete digestion of diatoms and radiolarians, whereas sponge spicules remain present.


 3.2.3 Separation of bSi from lSi using dissolution rates

A 20 h-alkaline digestion ( Figure S7 ) was performed for separating different bSi (diatom, radiolarian and sponge) from lSi using the Si dissolution rate (Conley and Schelske, 2001). Microscopic observations of the sediment residual indicated that diatoms and radiolarian skeletons were digested completely while sponge spicules were not fully extracted. The time-dependent methods (e.g., 5 h, DeMaster (1981); 8 h, Liu et al. (2002); 20 h, Conley and Schelske (2001)) all showed variations which emphasize that the fixed duration approach (Mortlock and Froelich, 1989) is insufficient in the study area. The time-dependent methods yield different bSiO2% estimates, that accord with the duration of digestion, i.e., the 5 h digestion with the shortest time showed the least bSiO2% (0.22 ± 0.18%), the moderate duration (8 h) of the attack gave an intermediate bSiO2% (0.40 ± 0.29%), and the longest duration of digestion produce the highest bSiO2% (0.52 ± 0.34%) ( Table 4 ). The ART ANOVA analysis indicated a significant (p< 0.0001) difference in the bSiO2% among the three different time intervals.

 Table 4 | The bSiO2% in sediments of the East China seas (BH, YS, ECS) was determined using the Si/time alkaline digestion method (0.1 M Na2CO3; NP). 



According to the method described in Conley and Schelske (2001), the diatom bSiO2%, radiolarian and sponge bSiO2% were calculated at a 5 h and 20 h digestion interval, respectively ( Table 4 ,  Figure S8 ). The diatom bSiO2%, radiolarian and sponge bSiO2% and total bSiO2% in sediment used in this study averaged 0.25 ± 0.22% (0.003 – 0.97%), 0.27 ± 0.15% (0.03 – 0.52%) and 0.52 ± 0.34% (0.04 – 1.49%), respectively ( Table 4 ). The amount of diatom bSiO2% is approximately equal to the amount of radiolarian and sponge bSiO2% ( Figure S8 ). ART ANOVA analysis showed a significant difference (p< 0.0001) between diatom bSiO2%, radiolarian and sponge bSiO2% and the total bSiO2%. Detailed calculations of the averaged bSiO2% of the BH, YS and ECS were also presented ( Table 4 ).


 3.2.4 Separation of bSi form lSi using Si/Al ratios

The Si/Al method is proposed based on the assumption that Si is extracted continuously from bSi and lSi whereas the Al is extracted mainly from lSi (Koning et al., 1997; Kamatani and Oku, 2000; Koning et al., 2002), therefore the quantity of bSi and lSi can be corrected using the Si:Al ratio (Kamatani and Oku, 2000). The purpose of determining the bSiO2% using the Si/Al method is to fully digest bSi and correct the lSi properly. It should be noted that after 1 h digestion using 0.5 M NaOH, diatoms were not observed whereas a few radiolarian skeletons and some sponge spicules were observed within the residual sediment of ECS samples ( Figure S9 ). Therefore, the Si/Al alkaline digestion method determines mostly diatom bSi and radiolarian bSi and partly sponge bSi, instead of the total bSiO2%.

The measured dSi and dAl results and the best fit models were shown in  Figure S3 . After the likelihood statistic (Eq. 4) analysis, we found most samples (27/30 samples including sample Still Pond and R-64) were fitted better with 2 components (Model 2) than 1 component (Model 1), and the time evolution of release rates and Si:Al ratios were never sufficient to justify higher component models (Models 3 or 4). Generally, Si and Al were released non-linearly during the first 20 minutes and followed by a linear dissolution, and the AlkExSi was always higher than the AlkExAl ( Figure S3 ). The bulk Si:Al ratios (2< Si:Al< 20) were high at the beginning of digestion and decreased to a relatively constant value (2< Si:Al< 5 for most samples, except D12 and C12) after 30 min ( Figure 5 ), showing a rapid bSi dissolution during the< 30 min and complete extraction of bSi after > 50 min. The TAlkExSi ranged from 0.65 mg-Si g-1 to 24.0 mg-Si g-1, whereas the total alkaline extracted Al content (TAlkExAl) ranged from 0.14 mg-Si g-1 to 6.0 mg-Si g-1, with a relative constant βlin  (2.71 ± 0.63,  Table 5 ).

 

Figure 5 | The Si:Al ratio during alkaline digestion. Sediments were digested following the method described in Koning et al. (2002) and Barão et al. (2015). The grey area represents the Si:Al below 5, indicating the extraction of lSi. 



 Table 5 | Parameters from the Si and Al continuous dissolution (Si/Al method) with 0.5 M NaOH (1 h digestion). 



The reactivity constant (k) of the first non-linear fraction (average k1  = 1.96 min-1) was greater than the second fraction (average k2  = 0.084 min-1) ( Figure 6 ), and the β1  is higher than the β2  (except for D1,  Table 5 ).  Figure 6  showed a wide range of Si:Al ratios for β1 (2<β1< 25) and k1  (0.5< k1 < 5), and small ranges of β2 (2<β2< 8) and k1  (0< k2 < 0.2). In addition, β2  has similar Si:Al ratios compare to βlin , and β1  is always higher than the βlin  ( Figure 6 ). The ExtrSi1 , ExtrSi2  and the linear lSi fraction account for 19.3 ± 9.9%, 27.4 ± 12.6% and 53.3 ± 10.1% of the TAlkExSi, respectively ( Table S2 ). Based on Si:Al ratio (βi ) and the reactivity (ki ), the calculated bSiO2% (dry weight) and lSiO2% (linear lSi fraction + non-linear lSi fraction) in sediments of East China seas were 1.82 ± 2.28 mg-Si g-1 (0.39 ± 0.49%bSiO2) and 5.95 ± 4.69 mg-Si g-1 (1.28 ± 1.00% bSiO2), respectively (calculated from  Table 5 ). However, the definition of bSi (βi  > 5 or βlin < βi< 5 & k > 0.1 min-1) and lSi (1< Si/Al< 4) (Koning et al., 2002; Barão et al., 2015) based on Si/Al ratios and reactivity may limit our understanding of the different Si fractions. Our results showed that sometimes β2 < βlin  (B01, H32, A3, E6, F2;  Table 5 ), suggest that the ExtrSi2  is lSi origin. However, whether this fraction is authigenic silicate is not clear, because the Si:Al ratio of authigenic silicates (< 2, Mackin (1989); Michalopoulos and Aller (1995)) and clay mineral (1- 4, Koning et al. (2002)) are both below 5. Barão et al. (2015) found the non-linear Si fractions (ExtrSi1 , ExtrSi2 ) obtained using the Si/Al alkaline digestion method is higher than the bSiO2% examined using the Si/time method (0.1 M Na2CO3). However, the ExtrSi1  is approximately equal to diatom bSiO2% (Barão et al., 2015). Implies the reactive non-linear fraction originates from the diatom bSi and the less reactive non-linear fraction originates from less soluble Si fractions (implicating resistant bSi, such as radiolarians, sponge spicules and/or altered diatoms, or lSi). So far, we cannot differentiate the less soluble Si fractions. A future study looking at the alkaline digestion of diatoms, radiolarian skeletons, sponge spicules and synthesized sediment using both Si/Al method and Si/time method would improve our understanding of the definition of different Si fractions.

 

Figure 6 | The plots show parameters (βi , βlin , ki ) from the modeling results. (A) shows the relationship between the Si:Al ratio (βi ) and the reactivity (ki ) of the nonlinear dissolution Si fractions, the reactivity of the first nonlinear fraction (k1 ) is higher than the second nonlinear fraction (k2 ). The range of β1  (1 < β1 < 25) is bigger than β2  (2 < β2 < 10). (B) shows the relationship of the Si:Al ratio between the two non-linear dissolving fractions (β1 , β2 ) and lSi (βlin ). β1  is bigger than β2  and βlin  and β2  is approximately equal to βlin . 





 3.3 SEM and SEM-EDS analysis

The existence of a clay mineral “coating” on the surface of the siliceous organism was observed by SEM ( Figure 7 ,  Figure S10 ) in samples before alkaline digestion. Generally, the diatoms and radiolarian tests were coated with more clay minerals than the siliceous sponge spicules. Diatom frustules in sample A1 were pre-treated using HCl (1.0 M) and H2O2 (10%), showing the partial removal of the coated clay minerals after the pre-treatment process. Additionally, Si, Al, K, Mg, Ca, Fe, Ti, S and As were detected from the diatom tests in sample A1 ( Figure S10 ), indicating incomplete removal of clay materials (authigenic and/or allogenic clays) after pre-treatment. Besides Si and O, the major metal elements from reaction products of the reverse weathering process, such as Al, Mg, K and Fe (Michalopoulos and Aller, 2004), were commonly detected through EDS-SEM analysis ( Figure S10 ).

 

Figure 7 | SEM images show different siliceous organisms found in sediment samples (A1, C4, C7, and C12) before alkaline digestion. (A) diatom frustule in sample A1, (B) diatom frustule and sponge spicule in sample C4, (C) diatom frustule and sponge spicule in sample C7, (D-F) diatom frustules and radiolarian skeletons in sample C12. Sample A1 was pretreated using HCl (1.0 M) and H2O2 (10%) for 1 h, sample C4, C7, and C12 were not pretreated. 



In addition, diatoms and radiolarian tests were not observed in sediment residuals after the alkaline digestions (0.1 M, 0.2 M, 2.0 M Na2CO3, 8 h digestion, P vs. NP; 0.5 M NaOH, 1 h digestion, NP), whereas sponge spicules were found in the sediment residuals (post-digestion), especially in sediment from the outer shelf and slope of ECS. The digestion and destruction of the sponge spicule structures by the alkaline solution are visible from the SEM image ( Figure 8 ). Different types of sponge spicules (i.e., strongyle, acanthostyle, tignule) were observed and picked from sediment residuals of sample C12, which was previously extracted in a 2.0 M Na2CO3 (P, 85°C) solution for 8 h. Nevertheless, the degree of destruction of the different shapes/types of sponge spicules by alkaline solution is variable. For example, the strongyle sponge spicules ( Figures 8G–I ) are more heavily digested than the acanthostyle sponge spicules ( Figures 8A–C ) and the tignule sponge spicules ( Figures 8D–F ).

 

Figure 8 | SEM images of three types of siliceous sponge spicule structures observed in the residual sediment of sample C12 after 8 h digestion using 2.0 M Na2CO3 (P). (A-C) acanthostyle sponge spicule, (D-F) tignule sponge spicule, (G-I): strongyle sponge spicule. (B, C, E) and (F, G, I) are zoom-in views of images (A, D, G), respectively. 





 4 Discussion

This study determined the bSiO2% in sediment from the CCMZs of the East China seas using both the Si/time and the Si/Al methods and estimated the abundance of different types of bSi in sediment. The results show that the commonly used pretreatment step and different alkaline digestion methods inherently bias the accurate determination of bSiO2%. For example, this study found that strong alkaline digestion can overestimate bSi content and does not completely digest sponge bSi, in agreement with Maldonado et al. (2019), which are important factors to consider when evaluating total bSi fluxes in the marine environment. These technical biases are important to understand since pretreatment procedures (e.g., HCl and H2O2) can overestimate the burial flux of bSi in CCMZs. To emphasize the influence of these methodological differences, we present a revised bSi burial flux for the East China seas. The causes of the methodological biases are discussed below (section 5.1) and the importance of resistant bSi in the East China seas is presented (section 5.2). Finally, a general procedure (section 5.3) is proposed to ensure that determination of bSi burial flux is supported by an accurate quantification of bSiO2% in coastal sediments.

 4.1 Re-evaluated burial flux of bSi in the CCMZs of East China seas

Considering the complex bSi types (diatoms, radiolarians and sponge spicules) ( Table 1 ) and high AlkExSi from lSi from East China seas sediments ( Table 5 ), an accurate determination of the bSi content is challenging due to the technical problems highlighted by Maldonado et al. (2019) and Koning et al. (2002) for coastal sediments. In this study, we assessed the Si/time and Si/Al methods in order to define the optimal method for the determination of the bSi content. This information is necessary to accurately evaluate bSi burial in the CCMZs of East China seas.

This study found two major limitations for the Si/time method: 1) insufficient correction of the lSi phase and 2) inadequate digestion of the resistant bSi (mainly sponge spicules). Applying a weak alkaline digestion completely digests the diatoms but cannot fully digest sponge spicules ( Figure 8 ), whereas a strong alkaline digestion extracts more lSi from the sediment and resulting in an overestimation of the bSi content. In addition, the AlkExSi concentration continues to increase during an alkaline extraction ( Figure 3 ,  Figure S7, Figure S11 ) and a flat “plateau” as shown in  Figure S2  is never reached, suggesting a continuous dissolution of resistant bSi (e.g., sponge spicules) and lSi. Therefore, a complete digestion of the bSi using the Si/time method cannot be defined for the sediment of East China seas, and the use of a simple tangent line to calculate bSi content (DeMaster, 1981) is insufficient.

Furthermore, authigenic silicates precipitate on the structure of bSi ( Figure 7 ,  Figure S10 ) can decrease the reactive surface area of bSi and decrease its solubility (Williams et al., 1985; Varkouhi and Wells, 2020). Applying an acid and peroxide pretreatment procedure can remove the authigenic silicates and enhance the reactivity of bSi (Mortlock and Froelich, 1989; Saad et al., 2020). However, our results showed the bSiO2% increased by more than 100% after the pretreatment ( Table 3 ,  Figure S6 ), a significant (p< 0.0001) statistical increase ( Table S1 ), which is not in agreement with our microscopic observations ( Table 1 ,  Figure 8 ). Ohlendorf and Sturm (2008) and Dai et al. (2017) found that using a pretreatment step increased the bSi yield and they suggested that more bSi was being digested after the removal of the mineral coating. We argue that this observed increase bSi yield is mainly due to an enlarged amount of Si extracted from authigenic silicate and clay minerals. This argument is supported by observations made by Michalopoulos and Aller (2004), who concluded that a mild acid pretreatment step (0.1 M HCl) can activate the authigenic silicate in the Amazon delta sediment. They also suggested that the mild acid pre-treatment can activate the neo-formed reverse weathering product (authigenic silicates) without changing the structure of crystallized clay minerals. However, applying a stronger acid (1.0 M HCl) and peroxide (10% H2O2) pretreatment can weaken the structure of clay minerals (Komadel and Madejová, 2006; Hu et al., 2022), therefore, enhancing the solubility of the clay mineral. The chemical composition differences between bSi and authigenic silicates suggest that they are two different marine Si pools (Michalopoulos and Aller, 2004; Rahman et al., 2016; Pickering et al., 2020). Applying pre-treatment can cause an overestimation of the bSi pool, therefore, further studies on disentangling the different Si pools are required (DeMaster, 1991; Michalopoulos and Aller, 2004; Frings et al., 2014; Ehlert et al., 2016; Rahman et al., 2016; Pickering et al., 2020; Frings et al., 2021a; Frings et al., 2021b).

Although the Si/time method determines the bSi content based on a simple Si vs. time tangent line, the mineral interference still needs to be corrected. This is typically done with the Si/Al method for CCMZs sediment (Koning et al., 2002; Barão et al., 2015). However, the quantification of the bSi content by Si/Al method is underestimated since the sponge bSi is not completely digested ( Figure S9 ). Previous studies concluded that all sponge spicules and most (> 70%) of radiolarians were digested after 1 h continuous alkaline digestion using 0.5 M NaOH (Müller and Schneider, 1993). Maldonado et al. (2019) found that only 10% to 20% of fresh sponge spicules were dissolved after 1.5 h of alkaline digestion using 0.5 M NaOH. The sponge spicules used by Müller and Schneider (1993) were treated in acid solution and 10% H2O2 for removing the organic matter and then ground, thus can be digested completely. However, the sponge spicules used by Maldonado et al. (2019) were not crushed, and were therefore harder to be digested completely. Thus, 30 to 90% of the sponge spicules may not be determined by the Si/Al method. Moreover, crushing the sediment or pre-treating the samples would enhance the digestion efficiency of the sponge bSi, but inevitably increase the surface area of lSi and bring out an overestimation of the bSi content. Therefore, pretreatment of sediment should be applied with caution, and we suggest applying a Si/Al method with an extension of extraction time to > 12 h (Maldonado et al., 2019). Unfortunately, this is not currently possible for the Si/Al method proposed by Koning et al. (2002).

The burial flux of bSi (Fb  = C * w) in the CCMZs of the East China seas was re-evaluated, considering the sediment mass accumulation rate (w) from previously published studies and the concentration of bSiO2 in sediments (C). The variations of the estimated bSi burial flux are dependent on the determination of the bSi content of the study area. The total bSi burial flux of the East China seas thus re-evaluated varied from 132 (± 112) Gmol-SiO2 yr-1, 249 (± 158) Gmol-SiO2 yr-1 and 329 (± 209) Gmol-SiO2 yr-1 using the bSiO2% determined at 5 h, 8 h and 20 h digestion interval, respectively. And the estimated bSi burial flux is 253 (± 286) Gmol-SiO2 yr-1 based on the Si/Al method ( Table 6 ). Given the presence of high lSi content in the sediment samples of the East China seas, a well-known opal-depleted CCMZs influenced by the terrestrial input delivered from the Yellow River and the Yangtze River, we opted for the Si/Al (1 h digestion in 0.5 M NaOH) method as the optimal method for the determination of the bSi content in the East China seas. Our best estimate of the burial flux of bSiO2 (253 ± 286 Gmol-SiO2 yr-1) in the East China seas is about one third of the previous studies (924 ± 693 Gmol-SiO2 yr-1; Wu et al., 2017; Wu and Liu, 2020). This is mainly due to the methodological bias, because the previous studies determined the bSiO2% with a pre-treatment (with HCl and H2O2) process (Wu et al., 2017; Wu and Liu, 2020) that overestimate the bSiO2%, subsequently, the bSi burial flux is over-estimated. The Si/Al method can correct the lSi properly, but still digest the sponge spicules insufficiently. Therefore, our estimation of the bSi burial flux is an underestimate.

 Table 6 | Burial flux of bSiO2 (Gmol-SiO2 yr-1) of the BH, the YS, and the ECS. 



Notably, the difference in bSi burial flux is also influenced by the sampling technique (sampling at different locations and seasons) and the calculation of sediment mass accumulation rate. We adopted an average mass accumulation rate for the BH, YS and ECS (see section 3.4) and the potential factors (such as riverine sediment input, resuspension of sediment by currents and primary production) that influence the sediment mass accumulation rate were not discussed in this study but are necessary for future works. The substantial decrease in the estimation of Si burial flux in the East China seas raises the question of whether it can have an impact on the global scale and on the balance of the silica cycle in the ocean.


 4.2 Contribution of radiolarian and sponge in bSi burial of the East China seas

Our findings emphasize that radiolarian and sponge bSi are important sinks of marine Si for the East China seas, especially the ECS. Microscopic observations indicate the sediment of BH is composed principally of diatoms (Li et al., 2020), YS is composed of diatoms (Wang et al., 2016), and the ECS is composed of diatoms (Chen et al., 2014; Li et al., 2018), radiolarians (Liu et al., 2017; Qu et al., 2020b) and sponge spicules ( Table 1 ). No significant differences were observed in the average abundance of diatoms in the surface sediment of BH, YS and ECS. However, the abundance of sponge spicules is of the same magnitude as diatoms in the sediment of ECS ( Table 1 ), and the abundance of radiolarians is of the same magnitude as diatoms in the outer shelf and slope of ECS (Qu et al., 2020a). Besides the observational data, our alkaline digestion results confirm the quantity of the less soluble bSi fraction (i.e., sponge spicules and radiolarians) is approximately equivalent to diatom bSiO2% ( Table 4 ). Our data showed the abundance of radiolarians and sponge spicules was not as important as diatoms in the BH and YS ( Table 1 ), thus the origin of the less soluble bSi in BH and YS may be partly due to phytolith discharged from rivers. Since phytoliths are less soluble than diatoms (Meunier et al., 2014) and can contribute 14% − 64% of bSi in estuaries and coastal sediment (Ran et al., 2017).

Although little is known about the quantity of radiolarian and sponge bSi in the East China seas (Zhang et al., 2003; Liang et al., 2021), the current results imply that the burial of “dark bSi” (radiolarian skeleton and sponge spicules, as defined by Maldonado et al. (2019)) is possibly as important as diatoms in East China seas. The burial of silicon associated with siliceous sponges was mainly found on continental slopes/margins (Maldonado et al., 2019), as one of the largest CCMZs in the Northwest Pacific, the Si burial through siliceous sponges would be more important than previously expected (Chou et al., 2012; Ran et al., 2017).


 4.3 General protocol for the determination of bSi in coastal sediments

Our findings emphasize that besides diatoms, the less soluble types of bSi (i.e., radiolarians and sponge spicules) also act as an important marine Si sink in the CCMZs of the East China seas. However, the accurate determination of the magnitude of these marine Si sinks is complicated by different types of methods to determine the bSi content in sediments. The following is a brief summary of the different wet alkaline methods employed in this study and their technical limitations:

 	 (1) The Si/time alkaline method (0.1 M Na2CO3, NP, 5 h digestion) (DeMaster, 1981), which is commonly used to quantitatively determine bSiO2% in the sediment of CCMZs, incompletely digests the skeletal structures of radiolarians and sponge spicules and partly digests lSi, similar to the findings from Maldonado et al. (2019). A 20 h extraction in 0.1 M Na2CO3 solution can digest the diatom and radiolarian bSi and ca. 80% of sponge bSi. The determination of the bSiO2% using a 2.0 M Na2CO3 solution overestimates the bSiO2% because silica is digested from clay minerals, which biases the accuracy of the method. 

	 (2) The one-hour Si/Al method (0.5 M NaOH, NP) (Koning et al., 2002) underestimate the bSiO2% due to incomplete digestion of radiolarian skeleton and sponge spicules. Therefore, an extension of the digestion time is necessary. 

	 (3) The pre-treatment of sediment using HCl (1.0 M) and H2O2 (10%) prior to alkaline digestion can cause an overestimation of the bSiO2% due to the digestion of authigenic silicates and/or clay minerals. Thus, a pre-treatment procedure should be avoided. 



To resolve these technical problems, we propose the following general wet alkaline digestion procedure for the appropriate determination of bSi content in the sediments of CCMZs:

 	 (1) Determine the types of bSi in sediment using a microscope. 

	 (2) Selecting an appropriate alkaline solution according to the type of sediments. 

	   - For sediment samples containing mainly diatoms, a 5 h alkaline digestion using 0.1 M Na2CO3 solution is capable of extracting bSi. 

	   - For sediment samples containing diatoms, sponge spicules and/or radiolarian skeletons, alkaline digestion > 2 h in 0.5 M − 1.0 M NaOH (Si/Al method) solution is suggested. 

	 (3) Checking the residue sediment (post-digestion) using a microscope to observe if there are no more radiolarian tests and/or sponge spicules. 





 5 Conclusion

Our results showed that alkaline extractions of CCMZs sediments using 2.0 M Na2CO3 solution resulted in an overestimation of the bSiO2% owing to silica being digested from clay minerals. Applying a 0.1 M Na2CO3 digestion (20 h) can minimize the lSi interference on bSi determination, but can cause at least 20% of underestimation of the bSiO2% owing to incomplete digestion of sponge spicules. Our results also show that alkaline extractions that apply a pretreatment procedure overestimate the determined bSiO2% due to the digestion of the authigenic silicate phases and clays and subsequently overestimate the bSi burial flux. Consequently, we propose the general alkaline digestion protocol to accurately determine bSiO2% in marine sediments of CCMZs using the Si/Al method by either applying the continuous analysis method (Koning et al., 2002) or the time-series digestion method (Kamatani and Oku, 2000). Based on these new results and the application of the Si/Al method in order to produce accurate bSiO2% results, we revised the current estimate of bSi burial flux to 253 ± 286 Gmol-SiO2 yr-1, which is one third of the previously reported (924 ± 693 Gmol-SiO2 yr-1). Our estimate still underestimates the bSi burial flux of the East China seas, and further work on examining the resistant bSi (i.e., phytolith, radiolarian and sponge spicule) content is still required. We argue that the pre-treatment process (with HCl and H2O2) applied in previous estimates is the main reason that bSi burial flux was previously over-estimated. In order to ensure the accurate determination of bSi from different depositional settings in the future, we strongly suggest the development of an international intercalibration exercise.
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Dissolved silicate (H4SiO4) is essential for the formation of the opaline skeletal structures of diatoms and other siliceous plankton. A fraction of particulate biogenic silica (bSi) formed in surface waters sinks to the seabed, where it either dissolves and returns to the water column or is permanently buried. Global silica budgets are still poorly constrained since data on benthic bSi cycling are lacking, especially on continental margins. This study describes benthic bSi cycling in the Skagerrak, a sedimentary depocenter for particles from the North Sea. Biogenic silica burial fluxes, benthic H4SiO4 fluxes to the water column and bSi burial efficiencies are reported for nine stations by evaluating data from in-situ benthic landers and sediment cores with a diagenetic reaction-transport model. The model simulates bSi contents and H4SiO4 concentrations at all sites using a novel power law to describe bSi dissolution kinetics with a small number of adjustable parameters. Our results show that, on average, 1100 mmol m-2 yr-1 of bSi rains down to the Skagerrak basin seafloor, of which 50% is released back to overlying waters, with the remainder being buried. Biogenic silica cycling in the Skagerrak is generally consistent with previously reported global trends, showing higher Si fluxes and burial efficiencies than deep-sea sites and similar values compared to other continental margins. A significant finding of this work is a molar bSi-to-organic carbon burial ratio of 0.22 in Skagerrak sediments, which is distinctively lower compared to other continental margins. We suggest that the continuous dissolution of bSi in suspended sediments transported over long distances from the North Sea leads to the apparent decoupling between bSi and organic carbon in Skagerrak sediments.
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1 Introduction

Global marine biogeochemical cycling of dissolved silicate (H4SiO4) and biogenic silica (bSi) is mainly controlled by riverine inputs and by outputs by burial at the seafloor (Wollast, 1974; DeMaster, 1981; Nelson et al., 1995; Tréguer et al., 1995; Ragueneau et al., 2000; DeMaster, 2002; Tréguer and de la Rocha, 2013; Rahman et al., 2017; DeMaster, 2019). Silicon (Si) is an essential nutrient in the ocean for a number of siliceous organisms such as diatoms, silicoflagellates, siliceous sponges and radiolaria (DeMaster, 2002). The bSi and carbon (C) cycles are coupled via biomineralization in the surface ocean and subsequent dissolution of detritus in the water column and burial in sediments. The tightness of this coupling is thus important for the sequestration of atmospheric CO2 (Dugdale et al., 1995; Ragueneau et al., 2006; Tréguer and de la Rocha, 2013; Tréguer et al., 2018; Tréguer et al., 2021).

The global ocean is undersaturated with respect to bSi (Hurd, 1973; Nelson et al., 1995; Ragueneau et al., 2000; Tréguer and de la Rocha, 2013). Biogenic siliceous material dissolves as it sinks through the water column and only a fraction of the bSi exported from the surface ocean reaches the seafloor (Nelson and Gordon, 1982; Wollast and Mackenzie, 1981; Nelson et al., 1991; Nelson et al., 1995; Tréguer et al., 1995). Upon sedimentation, bSi is subject to further dissolution, although the regenerated dissolved H4SiO4 can reprecipitate into authigenic minerals (Mackenzie et al., 1981; Mackenzie and Kump, 1995; Michalopoulos and Aller, 1995; Loucaides et al., 2010; Ehlert et al., 2016) or adsorb to mineral surfaces (Huang, 1975; Sigg and Stumm, 1981; Swedlund, 1999; Davis et al., 2001; Davis et al., 2002). The competition between these processes determines the proportion of bSi that is reintroduced to the water column as a benthic flux of H4SiO4 and the proportion that is permanently buried. Tréguer and de la Rocha (2013) underlined the importance of the benthic bSi cycle by showing that most of the marine bSi dissolves at the sediment-water interface rather than during the sinking of silica particles.

Based on molar bSi:C ratios and particulate organic carbon (POC) burial rates, DeMaster (2002) updated global estimates of bSi burial on continental margins and demonstrated that the contribution of these regions to the global Si budget is more important than previously thought. Since then, more studies have focused on the margins, e.g. in the North Atlantic (Schlüter and Sauter, 2000; Schmidt et al., 2001; Oehler et al., 2015b). Yet, current global Si budgets still lack sufficient data, especially with regard to benthic fluxes and burial efficiencies, to accurately constrain bSi burial and dissolution on continental margins.

To our knowledge, no comprehensive study on bSi cycling has been published for the Skagerrak; a continental margin representing the largest depocenter for sediments transported from the North Sea (Eisma and Kalf, 1987; Van Weering et al., 1987; Van Weering et al., 1993). Here, we present a dataset on bSi cycling for the Skagerrak and quantify benthic fluxes of H4SiO4, bSi rain rates to the seafloor, burial fluxes and burial efficiencies using a combination of geochemical observations and modelling. We propose a novel model for bSi cycling in Skagerrak sediments with potential broader applicability. We compare our results with other regions to highlight bSi cycling in the Skagerrak in a global context.




2 Study area

The Skagerrak strait is located between Denmark, Norway and Sweden and links the North Sea and the Kattegat with maximum water depths of approximately 700 m (Figure 1). Surface waters in the Skagerrak circulate anticlockwise. Water from the North Sea enters the Skagerrak through the Jutland Current from the south, which, together with the Baltic Current, results in the outflowing Norwegian Coastal Current leaving the Skagerrak to the north (Van Weering et al., 1987; Otto et al., 1990). Annual total sediment deposition in the Skagerrak is 46 · 106 tons yr-1 (De Haas and Van Weering, 1997). Sediment composition varies between sand (<40% clay), mainly along the Danish coast, and fine-grained silt and clay sediments in the deeper parts (Stevens et al., 1996). Substantial animal burrows are present in the upper 10 - 20 cm in the fine-grained areas (Canfield et al., 1993a; Kristensen et al., 2018). Skagerrak sediments are characterized by a large lateral input of mostly lithogenic material from the North Sea (Van Weering et al., 1993; De Haas and Van Weering, 1997). Nutrient supply from external waters and local rivers support an annual primary productivity of 130 g Corg m-2 yr-1 (Beckmann and Liebezeit, 1988). Both siliceous (diatoms) and carbonaceous (haptophytes) frustule-building phytoplankton are present in the Skagerrak, with diatoms being dominant during the early bloom in February-March and a second bloom in May-June (Gran‐Stadniczeñko et al., 2019).




Figure 1 | Study area and sampling sites of MUCs and BIGOs within the Skagerrak. Black arrows indicate the surface water circulation.






3 Materials and methods

Data are presented from nine stations (65 to 677 m water depth) visited over two sampling campaigns, AL557 and AL561, with R/V Alkor in June and August 2021, respectively (Schmidt, 2021, Thomas et al., 2022). Only data from St. 65 are from June 2021 (Figure 1; Table 1). At each station, a short sediment core was recovered (<50cm) using a multiple-corer (MUC). Sediments at these sites were dominated by fine-grained material except MUC6, which was taken from a more sandy area (Table 1). At three stations during AL561, autonomous benthic landers (Biogeochemical Observatories, BIGO) were deployed to determine benthic H4SiO4 fluxes.


Table 1 | Summary of sampling sites and general information on multicorer (MUC) and biogeochemical observatory (BIGO) stations.





3.1 Sampling

Sediment samples for porosity and solid phase analyses from the MUC were taken every centimetre and subsequently stored refrigerated at 4°C. An additional core from each station was subsampled at the same resolution for 210Pb radionuclide and grain size analyses. From a third core, sediment for porewater analysis was sampled in an argon-filled glove bag in a refrigerated laboratory adjusted to bottom water temperatures (ca. 7°C). The samples were centrifuged at 4000 rpm at 8°C for 20 min to separate porewater from the solid phase. Subsequently, the supernatant water was filtered through a 0.2 µm cellulose-acetate syringe filter inside the glove bag. Porewater from St. 65 (AL557) was sampled with syringes and rhizones (0.15 µm pore size).




3.2 In-situ flux measurements

For the measurement of total solute fluxes, the GEOMAR BIGO type lander (Biogeochemical Observatory) was deployed as described in detail by (Sommer et al. (2009). BIGO-2 contained two circular flux chambers (internal diameter 28.8 cm area 651.4 cm2). A TV-guided launching system allowed smooth placement of the observatory on the sea floor. Approximately 2 hours (BIGO-2-1) or 4 hours (BIGO-2-2 & -3) after the observatories were placed on the seabed, the chambers were slowly driven into the sediment (~30 cm h-1). During this initial period, where the bottom of the chambers was not closed by the sediment, the water inside the flux chamber was periodically replaced with ambient bottom water. The water body inside the chamber was replaced once more with ambient bottom water after the chamber had been driven into the sediment to flush out solutes that might have been released from the sediment during chamber insertion. To determine fluxes of H4SiO4, eight sequential water samples were removed with glass syringes (volume ~ 47 ml) using syringe water samplers. The syringes were connected to the chamber using 1 m long Vygon tubes with a dead volume of 5.2 ml. Prior to deployment, these tubes were filled with distilled water.




3.3 Analytical methods

Porewater H4SiO4 analysis was done onboard immediately after filtering using standard methods (Grasshoff et al., 1999) with a Hitachi U-2001 spectrophotometer. The analytical precision of the analysis was better than 2 μmol L-1. The porewater samples from St. 65 (AL557) were stored frozen until they were analyzed for H4SiO4 six months after sampling with a TECAN infinite 200 plate reader at 810 nm according to the method by Ringuet et al. (2011). Porewater sub-samples for total dissolved iron (Fe), potassium (K) and lithium (Li) were acidified with 10 μL of suprapure concentrated HNO3 per mL of sample and stored refrigerated at 4°C in the dark for later analyses at GEOMAR by inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian ICP 720-ES). A seawater standard (IAPSO) was used for quality control. The analytical accuracy was better than 2%.

Porosity was determined from the loss of water after freeze-drying. Biogenic silica contents were analyzed on freeze-dried and homogenized sediment by a wet-leaching procedure based on the method of Müller and Schneider (1993) using 1 M NaOH as the leaching solution. An internal sediment standard was used for quality control and the analytical accuracy was better than 7%. The presented bSi contents are given as wt% SiO2. This method may underestimate bSi content if particles are coated with metal oxides that protect bSi from dissolution or if bSi is incorporated into authigenic clay minerals (Michalopoulos and Aller, 2004; Rahman et al., 2017). Biogenic silica may also be overestimated if coexisting non-biogenic compounds are extracted by the alkaline leach (DeMaster, 1991; Kamatani and Oku, 2000). In particular, for sediments with high contents of lithogenic silica, alkaline leaching of lithogenic silica can interfere with the measured bSi content (Ragueneau and Tréguer, 1994; Zhu et al., 2023). Total carbon (TC) and total organic carbon (TOC) were analyzed on freeze-dried and homogenized sediment using a EuroEA 3000 element analyzer. For TOC analysis, sediments were first decarbonized with 0.25 N HCl on a hotplate at ~70°C. Total inorganic carbon (TIC) was calculated by subtracting TOC from TC. TIC values are reported as weight percent CaCO3 assuming that all TIC occurs as calcium carbonate. The analytical accuracy was better than 5% for TOC and TC based on repeated analyses of certified reference material BSTD1 (soil standard).

Analysis of 210Pb was carried out at stations MUC1, MUC3, MUC5, MUC9 and St.65. Freeze-dried and homogenized sediment was embedded into containers sealed with a two-component epoxy resin. Samples were left standing for two weeks to ensure steady state equilibration between 226Ra and 214Bi. Activities of total 210Pb were measured via its peak intensity at 46.5 keV by gamma spectrometry on n-type planar or coaxial Canberra Ge-detectors at GEOMAR (MUC5), Göttingen (St.65) and IAF Dresden (MUC1, MUC3, MUC9). Total 210Pb activities were corrected for the natural background decay of 226Ra at 295 keV in marine sediments to obtain excess 210Pb (210Pbex) values.




3.4 Grain size determination

Bulk grain size distributions were determined for each station except St. 65. Samples were treated with 10% - 30% hydrogen peroxide and 60% acetic acid to dissolve organic and carbonate compounds. Subsequently, samples were dispersed in water using tetra-sodium diphosphate decahydrate. Grain size distributions were determined at the CEN, University of Hamburg, with a laser-diffraction particle-sizer (Sympatec HELOS/KF Magic; range 0.5/18 to 3500 μm). Accuracy of measurements and absence of a long-term instrumental drift was ensured by regular analysis of an in-house standard (standard deviation for mean grain size and D50 over the analysis period was < 1.1 µm). Statistical evaluation of the grain size distribution was based on the graphical method (Folk and Ward, 1957), calculated using GRADISTAT software (Blott and Pye, 2001).




3.5 Steady-state calculations

Biogenic silica burial fluxes (bSibur) were calculated as follows:

 

Where ds is the density of dry solids, ϕ is the mean porosity of the whole sediment core, bSi is the mean bSi content of each sediment core in wt% SiO2 and SR is the sediment accumulation or sedimentation rate in compacted sediments. Mean bSi contents were used due to scattering of bSi and an absence of clear trends with sediment depth. SR was either determined from 210Pbex data (Eq. 7) or taken from literature values close to the station (Table 2).


Table 2 | Measured and modelled results for bSi cycling.



At BIGO stations, benthic fluxes of H4SiO4 (JSi) were calculated from least-square linear regression fits of concentration versus time plots of the data obtained by benthic chamber in-situ measurements and the height of overlying water in the benthic chamber (Dale et al., 2021). The H4SiO4 benthic fluxes represent the mean flux of both benthic chambers at each station. At non-BIGO stations, porewater gradients of H4SiO4 were used to calculate H4SiO4 benthic fluxes by applying Fick’s First Law. This approach only considers diffusive transport and does not account for additional non-local transport by bioirrigation, in contrast to in-situ BIGO measurements that provide the total flux. The enhancement of solute transport by bioturbation and bioirrigation was obtained by calculating a correction factor, α (Ståhl et al., 2004). The factor (mean α = 2.2) was calculated as the ratio between benthic fluxes determined from in-situ measurements and porewater gradients at the three BIGO stations. The correction factor was then applied to the diffusive flux at non-BIGO stations to obtain total H4SiO4 benthic fluxes:

 

Where JSi is the H4SiO4 benthic flux, ϕ is porosity, d[C]/dx is the concentration gradient between porewater (taken at 0.5cm) and bottom water (taken from overlying water of the MUCs), and Dsed is the molecular diffusion coefficient of H4SiO4 corrected for tortuosity (0.58 · 10-5 cm2 s-1) and bottom water temperatures (7°C) taken from Rebreanu et al. (2008). H4SiO4 fluxes were always directed out of the sediment. In this study, they are reported as positive numbers.

Rain rates of bSi (bSirr) were then calculated as the sum of bSi burial fluxes and H4SiO4 benthic fluxes:

 

The percent bSi burial efficiency (bSibe) was then calculated as follows:

 




3.6 Model description

To simulate bSi turnover, we used a steady-state numerical transport-reaction model for dissolved H4SiO4 and particulate bSi and 210Pbex. The following one-dimensional partial differential equations (Berner, 1980) were applied to solve for the concentration profiles of H4SiO4 and bSi:





where x is sediment depth, t is time, ds is the density of dry solids (= 2.5 g cm-3), ϕ is porosity, Ds is the tortuosity-corrected molecular diffusion coefficient, DB is the bioturbation coefficient, DI is the bioirrigation coefficient, BW denotes the concentration of H4SiO4 in ambient bottom water, us and upw are burial velocities for solids and porewater, respectively, and RbSi is the rate of bSi dissolution.

The following equation was used to simulate particle-bound 210Pbex and derive burial velocities and bioturbation rates:



where Pbex is the excess activity of 210Pb in sediments and λ is the 210Pb decay constant (0.031 yr-1).

Sediment compaction was considered in the model by fitting the following function to the porosity data at each station:

 

where ϕ0 is the porosity at the sediment surface, ϕc is the porosity in compacted sediment and px is the attenuation coefficient. Burial velocities of solids and solutes were then described as:

 

 

The distribution of 210Pbex in surface sediments was used to constrain bioturbation rates:

 

where DB0 is the bioturbation coefficient at the sediment-water interface and xB controls the bioturbation mixing depth.

Flushing of animal burrows by bioirrigation was mathematically described as:

 

where DI0 is the bioirrigation coefficient at the sediment-water interface and xI controls the bioirrigation depth. Bioirrigation rates were constrained from porewater H4SiO4 concentrations.

Most models that simulate bSi dissolution use a rate that decreases rapidly with sediment depth to simulate porewater H4SiO4 concentrations (e.g. McManus et al., 1995; Rabouille et al., 1997; Khalil et al., 2007). Three different explanations have been put forward to explain the decrease in bSi dissolution; (i) saturation control by high porewater H4SiO4 levels (McManus et al., 1995; Rabouille et al., 1997), (ii) different phases of bSi undergoing dissolution, each with its own reactivity (Boudreau, 1990, Archer et al., 1993, McManus et al., 1995), and (iii) retardance of dissolution due to progressive coating of particle surfaces by Al-containing minerals (Kamatani et al., 1988; McManus et al., 1995). Since the underlying mechanisms are unknown in Skagerrak sediments, we made no attempt to resolve the different factors controlling the rate decline with depth. Instead, we applied an empirical power law model to simulate the combined effect of these processes, which implicitly includes dissolution, reprecipitation and adsorption, and which we refer to as the depth-dependent net bSi dissolution rate (RbSi). Thus, true bSi dissolution rates may be higher if large amounts of H4SiO4 are removed from porewaters by adsorption or reprecipitation.

Based on previous modelling work (Middelburg, 1989; Boudreau and Ruddick, 1991; Boudreau et al., 2008), Stolpovsky et al. (2015) proposed a depth-dependent power function to simulate POC degradation in bioturbated sediments:

 

where RPOC is the rate of POC degradation with sediment depth (mmol cm-3 yr-1) and B0 (mmol cm-3-B2 yr-1), B1 (cm) and B2 (dimensionless) are parameters defining the decrease in POC degradation rate. Given that the rates of both bSi dissolution and POC degradation decrease with sediment depth, we assumed that the power law from Stolpovsky et al. (2015) is applicable to describe bSi dissolution kinetics:

 

where RbSi is the depth-dependent net rate of bSi dissolution (mmol cm-3 yr-1). The values of B0, B1 and B2 for bSi dissolution are expected to be different to those for POC degradation that were constrained from a global database of benthic oxygen and nitrate fluxes (Stolpovsky et al., 2015). Following Stolpovsky et al. (2015), we assume that the rain rate of bSi to the seafloor provides an upper limit of the total amount of bSi available for dissolution and that its burial efficiency describes the limit of bSi preservation. Consequently, bSi rain rates and burial efficiencies are model input parameters. If bSirr and bSibe are known, the value of one of the parameters B0, B1 or B2 can be determined from the other two, i.e. for B0:



where L is the depth at which bSi no longer dissolves. Since the depth profiles of bSi and H4SiO4 indicate that bSi dissolution stops near the bottom of the sediment core, we assumed L to be 50 cm.

Two adjustable parameters, B1 and B2, are required to simulate net bSi dissolution. These were constrained from the measured bSi and H4SiO4 data. In total, 10 parameters (B1, B2, SR, ϕ0, ϕc, px, DI0, xI, DB0, xB) were adjusted to fit the porosity, 210Pbex, H4SiO4 and bSi data. The parameters SR, DB0 and xB were evaluated by a Monte Carlo procedure (2000 runs) after Dale et al. (2021). For each model run, the parameters were randomly varied from 0.05 to 4 cm yr-1 for SR, 1 to 30 cm2 yr-1 for DB0 and 1 to 3 cm for xB. These ranges were chosen based on literature values and visual identification of the bioturbation layer in the 210Pbex data. At stations MUC1 and MUC3, no clear bioturbation layer was observed. Here, ranges of DB0 and xB for the Monte Carlo runs were extended to 1 - 150 cm2 yr-1 and 1 - 30 cm, respectively.

Upper boundary conditions were set as constant concentrations for H4SiO4 and constant particulate fluxes to the seafloor for bSi. For 210Pbex, a constant rate of supply was set at the upper boundary from the measured integrated 210Pbex activity in the sediment and the decay constant λ:



where FPbex is the flux of 210Pbex to the seafloor. At the lower boundary at 50 cm, a zero gradient condition was imposed for all model variables.

Model input data for each station are summarized in Table 2. The model was run to steady-state using the partial differential equation solver implemented in Mathematica 12.2. Mass conservation > 99% was achieved in all model runs. Mean deviations between the model and measured H4SiO4, bSi and 210Pbex data, expressed as root mean square errors, were 27 μmol L-1, 0.4 wt% and 0.6 dpm g-1, respectively.





4 Results



4.1 210Pbex activities, sedimentation rates and mixing

At stations MUC5, MUC9 and St.65, 210Pbex activities decreased exponentially below the upper centimetres where 210Pbex activities tended to be more constant (Figure 2). In contrast, stations MUC1 and MUC3 showed an almost linear 210Pbex decrease throughout the whole core. Sedimentation rates determined by the model ranged from 0.14 to 0.32 cm yr-1 (Table 2) and varied with water depth, but no clear trend was observed.




Figure 2 | Measured data (symbols) and model simulations (curves) of 210Pbex.



Sediment mixing by bioturbation was limited to the upper 5 - 10 cm at most sites (Figure 3C, Eq. 11) with bioturbation coefficients (DB0) and mixing coefficients (xB) of 5 - 26 cm2 yr-1 and 1.5 - 4.0 cm, respectively (Table 2). In contrast, bioturbation was predicted to proceed throughout the whole sediment core at stations MUC1 and MUC3. At these sites, extreme DB0 and xB values in the range of 50 cm2 yr-1 and 20 cm, respectively, were required to simulate the measured 210Pbex data. Bioirrigation was most intense in the upper layers and extended up to 5 - 20 cm depth, with deeper bioirrigation observed with increasing water depth (Figure 3C).




Figure 3 | Measured data (symbols) and model simulations (curves) of (A) H4SiO4 concentration, (B) bSi content and (C) net bSi dissolution rates (black), bioirrigation coefficient (orange) and bioturbation (green). Note different depth scale in (C).






4.2 Dissolved and solid phase geochemistry

Sediments were generally fine-grained with mean D50 values ranging from 7 to 14 μm (Table 1). MUC6 contained a higher proportion of sand with a D50 of 94 μm. Solid phase bSi contents varied between 1 and 5 wt%, except for the sandy station MUC6, where lower values of 0.4 - 0.9 wt% were observed (Figure 3A). Biogenic silica showed no clear trend with sediment depth. CaCO3 varied from ca. 6 – 13% and lithogenic material from 77 - 91% (Table 1).

H4SiO4 concentrations in the Skagerrak generally increased with sediment depth up to asymptotic concentrations of 300 - 660 μmol L-1 (Figure 3B). Although asymptotic values were not reached at every station, the data indicate that the maximum asymptotic concentrations decreased with water depth. Furthermore, concentration plateaus, or local minima, were observed between 2 - 15 cm and were most pronounced at the deeper stations (>400 m). Total dissolved Fe concentrations were below the detection limit in the upper 5 - 10 cm, followed by an increase up to a maximum concentration of 40 - 135 μmol L-1 (Figure 4A). Thereafter, dissolved Fe concentrations tended to decrease. The zone of increasing dissolved Fe concentrations coincided with the concentration plateaus of H4SiO4 at the deeper sites. Dissolved K and Li concentrations showed near-constant concentrations with sediment depth, ranging between 10 and 12 mmol L-1 and 24 and 36 μmol L-1, respectively, across the different sites (Figure 4B).




Figure 4 | (A) Porewater concentrations of H4SiO4, total dissolved Fe and model simulations of bioirrigation (orange curves). Dashed arrows indicate the gradient used to calculate diffusive Fe fluxes; and (B) Porewater concentrations of H4SiO4, K and Li at deep-water stations with distinct H4SiO4-minima. Note different scales in Li and K concentrations.






4.3 Si fluxes and burial efficiencies

Burial fluxes varied between 150 and 850 mmol m-2 yr-1. (Table 2). H4SiO4 fluxes at the three BIGO stations ranged between 420 and 660 mmol m-2 yr-1, which is similar to reported in-situ flux measurements of 360 - 609 mmol m-2 yr-1 in the Skagerrak basin between 411 - 682 m water depth (Hall et al., 1996). Benthic fluxes at stations that were calculated based on porewater gradients and the correction factor α for non-diffusive transport (Eq. 2) were between 450 - 670 mmol m-2 yr-1, except for the sandy station MUC6 that showed a lower rate of 30 mmol m-2 yr-1. Bioirrigation accounted for 33 - 49% of the total benthic H4SiO4 flux. Biogenic silica rain rates varied between 180 and 1290 mmol m-2 yr-1 with burial efficiencies of 36 - 83%. Fluxes and burial efficiencies varied between the different stations, but no clear trend was observed with water depth (Figure 5).




Figure 5 | (A) Sedimentation rate, (B) H4SiO4 benthic flux, (C) bSi burial flux, (D) bSi rain rate and (E) burial efficiency plotted against water depth. Data at 185 m water depths correspond to the sandy station MUC6 (indicated by the arrow).






4.4 Modelled bSi dissolution

The model predicted that most of the net bSi dissolution takes place within the top sediment layer (Figure 3C). The adjustable parameters B1 and B2 that describe bSi dissolution varied between 2.3 and 2.5 cm, and -2.3 and -2.6 (dimensionless), respectively, excluding sandy station MUC6 (Table 2). At this station, B1 and B2 were 2.7 and -1.5, respectively. There were no clear trends in B0, B1 and B2 across different sites.





5 Discussion



5.1 Biogenic silica cycling

The major fluxes of bSi in Skagerrak sediments are investigated in this study through numerical interpretation of the geochemical data. In our approach, the down-core decrease in net bSi dissolution, bioirrigation and bioturbation can be quantified with our novel kinetic bSi dissolution model with reasonable confidence. The two adjustable parameters needed to describe bSi dissolution, B1 and B2, show consistent values across the stations with fine-grained material, demonstrating the potential to apply the model elsewhere in comparable environments. Our kinetic description of bSi dissolution represents an alternative to previous approaches. It is especially applicable for regions where bSi dissolution rates and underlying mechanisms that control dissolution rates are unknown but where data for bSi rain rate and burial are available.

Biogenic silica burial fluxes were calculated based on 210Pb derived sedimentation rates that are in the range of reported values from nearby locations (Erlenkeuser and Pederstad, 1984; Van Weering et al., 1993; Deng et al., 2020). A mean bSi burial efficiency of 50% in fine-grained sediments in the Skagerrak basin indicates that about half of the annual bSi raining onto the seafloor, on average ca. 1100 mmol m-2 yr-1, is buried in the sediment. The other half dissolves and is subsequently returned to the water column. This calculation excludes the sandy station MUC6 and shallow stations MUC1 and MUC3, where non-exponential 210Pbex profiles indicate substantial sediment mixing and more uncertainty in calculated bSi rain rates. The unusually intense and deep mixing rates required to simulate the data at MUC1 and MUC3 compared to other sites could be attributed to bottom trawling, which is frequent in the MUC1 region at water depths<200 m (Sköld et al., 2018). Piles of sediment alongside furrows created by dragging trawl doors through the sediment can reach 1 to 2 dm in height (Bradshaw et al., 2021) and it may be that sediment cores taken at stations MUC1 and MUC3 penetrated such sediment piles during sampling. We find this explanation more convincing than deep bioturbation since no visual evidence of macrofauna was observed below ca. 10 cm depth during the slicing of the sediment cores. Furthermore, if the bioturbation parameters were set to values similar to those predicted for the undisturbed sites, sedimentation rates of 1 to 2 cm yr-1 would be required to fit the 210Pbex data (results not shown); a magnitude that seems unlikely for the Skagerrak. For a seafloor surface area of the Skagerrak basin below 200 m of about 10700 km2, and assuming a mean bSi burial flux of 550 mmol m-2 yr-1, we calculated a mean annual bSi burial flux of 6 · 109 mol yr-1.

Ongoing dissolution of bSi leads to the accumulation of H4SiO4 in porewaters and drives H4SiO4 fluxes to the bottom water. Scanning electron micrographs have revealed evidence of chemical erosion of bSi in Skagerrak sediments (Meyenburg and Liebezeit, 1993). According to our model, the bulk of net bSi dissolution occurs in the upper 5 centimetres (Figure 3C). A steep down-core decline in the dissolution rate is mirrored by the steep increase in H4SiO4 concentrations below the sediment-water interface. This is not evident in the bSi profiles that show high variability, possibly due to interannual changes in bulk sediment supply and/or bSi rain rate. Our bSi contents are lower than ca. 6 wt% measured in a single sediment sample from the top 50 cm at 325 m water depth in the Skagerrak (Bohrmann, 1986). Meyenburg and Liebezeit (1993) and Fengler et al. (1994) reported 0.1 - 0.6 wt% bSi at water depths of 80 and 183 m, which is similar to the sandy station MUC6, although the sediment type in their data was not reported.

No obvious trends between Si fluxes and individual environmental factors were observed at our stations, despite sizeable differences in water depth. Aside from H4SiO4 concentration and temperature in the water column, water depth typically controls the amount of bSi that reaches the seafloor (Nelson et al., 1995; Ragueneau et al., 2000; Tréguer and de la Rocha, 2013), with lower fluxes expected at deeper stations. However, apart from the sandy station MUC6, our data reveal relatively little variability in Si fluxes across stations (Figure 5; Table 2). Additional input of bSi to the deeper sites from the North Sea may partly explain this observation (see section 5.3). We observed a higher bSi burial efficiency at MUC6 where the sediment was coarser, which could point toward an additional control by grain size (Table 1; Figure 5E). Similar trends of burial efficiency and grain size were reported in sediments of the Helgoland mud area (Oehler et al., 2015b); a sedimentary depocenter in the southern North Sea.

To frame bSi cycling in the Skagerrak in a global context, we compared our bulk fluxes to sites compiled by Dale et al. (2021), most of which are from the deep-sea (>3000 m water depth). In general, the Skagerrak bSi burial data aligns well with the global trend (Figure 6) and extends the existing database towards continental margin sites of higher burial efficiencies and burial fluxes. The Skagerrak data is in the range of other continental margins, such as the Peru shelf (Froelich et al., 1988), the Helgoland mud area (Oehler et al., 2015b) and the Guaymas Basin (Geilert et al., 2020). Variations in bSi cycling among continental margins likely stem from a combination of different regional settings, i.e. water depth, surface productivity, sedimentation rates and sediment composition.




Figure 6 | Log-log plot of regional mean bSi data adapted from the compiled dataset presented by Dale et al. (2021). Biogenic silica burial rates are plotted against bSi burial efficiencies. Individual Skagerrak stations (black) and a Skagerrak mean value of stations > 400 m water depth (yellow) are compared to deep-sea regions at >3000 m water depth (blue), the Peru shelf (green) by Froelich et al. (1988), the Helgoland mud area (red) by Oehler et al. (2015b) and the Guaymas Basin (orange) by Geilert et al. (2020). Data indicated by the arrow corresponds to sandy station MUC6.






5.2 Controls on H4SiO4 porewater concentrations

The rapid downcore increase in H4SiO4 to a constant asymptotic concentration observed in the Skagerrak is typical for fine-grained marine sediments (Hurd, 1973; Schink et al., 1974; McManus et al., 1995; Rabouille et al., 1997; Khalil et al., 2007; Oehler et al., 2015b; Ehlert et al., 2016). The tendency for a decrease in the maximum concentration with increasing water depth has been attributed to the proportion of lithogenic material present in the sediment, whereby the release of dissolved aluminium from clay minerals and subsequent adsorption or incorporation into the particulate silica phase lowers bSi solubility (Van Beusekom et al., 1997; Van Cappellen and Qiu, 1997; Dixit et al., 2001; Dixit and Van Cappellen, 2003). At our sites, lithogenic material changed only slightly with water depth (Table 1). Consequently, inhibition of bSi dissolution by aluminium may not be a major control on H4SiO4 distributions in our sediment cores, although this conclusion would be strengthened with data on dissolved aluminium concentrations.

Especially at the deeper stations (>400 m), H4SiO4 porewater profiles were characterized by decreases or local minima of H4SiO4 concentrations between 2 - 15 cm (Figure 3B). The model predicts that the H4SiO4 minima are caused by more intense removal of H4SiO4 in discrete sediment layers by bioirrigation versus H4SiO4 added by bSi dissolution. It further predicts more intense bioirrigation at the deeper stations where the minima are more pronounced (Figure 3C). This is supported by reports that deep-water Skagerrak sediments are preferably colonized by deeply penetrating deposit feeders, whereas suspension and interface feeders are more abundant at shallower depths (Rosenberg et al., 1996; Dauwe et al., 1998). However, our results differ from Kristensen et al. (2018), who observed decreasing bioirrigation intensity with water depth. In addition, our modelled bioirrigation extends deeper than the zone where dissolved Fe is below the detection limit (Figure 4A). Given that bioirrigation enhances the transport of oxidants into the sediment, and that dissolved Fe is rapidly oxidized, this may indicate that our model overestimates the depth of bioirrigation. Hence, it might be possible that the H4SiO4 minima observed at deeper sites are not caused by deep-reaching bioirrigation. Instead, high rates of H4SiO4 removal by adsorption or precipitation might lower H4SiO4 concentrations in distinct sediment layers.

High sedimentary manganese and iron oxide contents have been reported for the Skagerrak, especially in deep waters (Canfield et al., 1993a; Thamdrup et al., 1994). Experimental studies have demonstrated that H4SiO4 can adsorb to iron oxides (Huang, 1975; Sigg and Stumm, 1981; Swedlund, 1999; Davis et al., 2001; Davis et al., 2002), suggesting that this process is a potential sink for H4SiO4 in Skagerrak sediments. Since the depths of local H4SiO4 minima and dissolved iron removal coincide (Figure 4A), this sink may be relevant for the formation of observed H4SiO4 minima. In order to estimate the significance of this process, potential H4SiO4 adsorption fluxes were calculated from the diffusive flux of Fe and then compared to H4SiO4 removal by bioirrigation integrated over the depth interval centred on the H4SiO4 minima, typically spanning 5 cm (Figure 4A). Under the assumption that all dissolved Fe is consumed by iron oxide formation, the diffusive flux of Fe (Eq. 2) was calculated at the depth where Fe increases. With a diffusion coefficient (Dsed) of 121 cm2 yr-1 (Schulz and Zabel, 2006), dissolved Fe removal fluxes of 6 - 14 mmol m-2 yr-1 were calculated for the stations shown in Figure 4. Given mean H4SiO4 concentrations at the depth of H4SiO4 minima of ca. 150 μmol L-1 and assuming a pH value of 8, a molar Si/Fe sorption density on iron oxides of 0.2 is expected (Davis et al., 2002). Multiplying the Fe flux by the molar Si/Fe ratio yields potential H4SiO4 adsorption fluxes of 1 - 3 mmol m-2 yr-1. This corresponds to only 2 - 6% of bioirrigation fluxes integrated over the depth of H4SiO4 minima. It illustrates that H4SiO4 adsorption to iron oxides may be a feasible but probably not a dominant pathway of local H4SiO4 removal in Skagerrak sediments.

During authigenic clay formation, H4SiO4 is consumed in the presence of dissolved cations (e.g. K and Li) and weathered clay minerals, a process referred to as reverse weathering (Mackenzie et al., 1981; Mackenzie and Kump, 1995; Loucaides et al., 2010; Ehlert et al., 2016). Reverse weathering occurs in anoxic marine sediments rich in biogenic opal and metal hydroxides (Michalopoulos and Aller, 1995; Michalopoulos et al., 2000) but has not been investigated in the Skagerrak. Previous studies have demonstrated reverse weathering to be a dominant process altering H4SiO4 porewater profiles on continental margins (Michalopoulos and Aller, 1995; Michalopoulos and Aller, 2004; Wallmann et al., 2008; Ehlert et al., 2016; Spiegel et al., 2021). Furthermore, the competition between bSi dissolution and reprecipitation during reverse weathering can create features similar to the H4SiO4 minima in our dataset (Spiegel et al., 2021). Since dissolved cations are consumed during reverse weathering, we compared the porewater distribution of H4SiO4 to dissolved K and Li concentrations (Figure 4B). The concentration profiles of K and Li are near-constant with sediment depth and, thus, do not show obvious indications for reverse weathering, i.e. uptake in the same horizon as H4SiO4 minima. However, we note that the effect of reverse weathering on dissolved cation concentrations, especially for K (~10 mM), might be too low relative to bulk porewater concentrations to result in distinct porewater signatures.

Since our model describes a continuous decline in net bSi dissolution with sediment depth, we are currently unable to resolve processes that operate in narrow depth intervals where the H4SiO4 porewater plateaus are observed. Hence, explicitly describing adsorption, precipitation and aluminium inhibition could lead to a better fit to the data and consequently to a more detailed description of the benthic bSi cycle in the Skagerrak. A model that includes these additional sinks may also be able to reproduce the data using shallower penetration depths of bioirrigation that are more consistent with those that have been previously reported by Kristensen et al. (2018). Further empirical data on these processes in Skagerrak sediments and elsewhere would benefit future bSi model descriptions. Since their parameterization is uncertain on the basis of our dataset and yet to be investigated in the Skagerrak, we reiterate that our simple model currently only provides net bSi dissolution rates.




5.3 Effect of lateral sediment supply on bSi/TOC ratios

DeMaster (2002) calculated global bSi burial on continental margins of 1.8 - 2.8 · 1012 mol yr-1 based on organic carbon burial and a mean molar bSi/TOC burial ratio of 0.6. However, DeMaster (2002) and subsequent budgets (Tréguer and de la Rocha, 2013; DeMaster, 2019) excluded continental margins dominated by high lithogenic loads, such as the Skagerrak, in their calculations. Rahman et al. (2016) and Rahman et al. (2017) reported bSi burial fluxes based on 32Si isotopes in tropical and subtropical deltaic regions dominated by significant lithogenic inputs. Their results, when incorporated into more recent global Si budgets, point toward a greater significance of margins in total bSi burial (Tréguer et al., 2021). Since we have no 32Si data, we compared our findings to previous approaches utilizing sedimentary bSi/TOC molar ratios. Based on our field data (Table 1), we calculated a mean bSi/TOC molar ratio of 0.22 in Skagerrak sediments, which is distinctively lower than the mean ratio of 0.6 applied by DeMaster (2002). Other continental margin settings with high lithogenic inputs and where bSi was determined by the same method (Müller and Schneider, 1993) showed molar ratios of 1.0 for the Guaymas basin (Geilert et al., 2020), 0.52 for the Helgoland mud area (Oehler et al., 2015a; Oehler et al., 2015b) and 0.55 for the Amazon shelf (Spiegel et al., 2021). Dale et al. (2021) reported much lower ratios of 0.14 for the Peruvian oxygen minimum zone, which was attributed to a lack of bioturbation and enhanced bSi dissolution in undersaturated surface sediment layers. Tréguer et al. (2021) reported ratios between 2.4 and 11 in tropical and subtropical deltaic systems. The wide range in molar bSi/TOC ratios, presumably related to the differing diagenetic regimes, emphasizes the need to further study continental margins to better constrain global bSi burial.

Low bSi/TOC ratios in the Skagerrak may be confounded by the long transit time of sediments on the order of several months from the central North Sea and 1 - 2 years from the southern North Sea to the Skagerrak (Hainbucher et al., 1987; Dahlgaard et al., 1995; Salomon et al., 1995). Since seawater is undersaturated with respect to bSi, we hypothesize repeated resuspension and deposition during particle transport leads to more extensive bSi dissolution relative to POC. This may set the Skagerrak apart from most other continental margins with regard to the coupling between bSi and TOC. Similar regions need to be investigated in order to determine whether the Skagerrak is a unique environment with regards to bSi cycling or is emblematic of continental margins exhibiting protracted transport pathways.





6 Conclusions

In this study, we present bSi cycling in Skagerrak sediments based on geochemical data and modelling. Approximately 1100 mmol m-2 yr-1 of bSi annually rains onto the seafloor at the sites investigated, of which half dissolves in sediments and is reintroduced into the water column and half is permanently buried. Biogenic silica cycling shows some spatial variability across stations, which can probably be explained by differences in water depth, sedimentation rate and sediment grain size. At deep-water sites, we observed distinct minima or plateaus in the porewater profiles of H4SiO4 that are likely caused by deep-reaching bioirrigation rather than H4SiO4 removal by adsorption to iron oxide minerals. The contribution of reverse weathering to these minima remains uncertain. Biogenic silica cycling in the Skagerrak generally aligns with the global trends and shows comparable burial fluxes and burial efficiencies to other margins. However, Skagerrak sediments are characterized by distinctively lower molar bSi/TOC ratios compared to most other continental margins, which we suggest is due to decoupling between bSi and organic carbon during the long travel time of suspended matter transported from the North Sea. It is currently unclear whether Si cycling in the Skagerrak behaves similarly to other depocenters where sediment is first transported over large distances before it finally accumulates on the seafloor. The model presented here simulates bSi cycling and quantifies net bSi dissolution, bioirrigation and bioturbation in Skagerrak sediments with few adjustable parameters but does not yet fully resolve the mechanisms behind H4SiO4 release and removal that operate in distinct and narrow depth intervals. Further work on the parameterization of bSi adsorption, reprecipitation and inhibition of bSi dissolution by aluminium would improve the predicted bSi kinetics. Our results contribute to the global dataset on bSi cycling and demonstrate the importance of continuing investigations in different regions, especially on continental margins, to better understand regional variability in bSi cycling and to constrain global Si budgets.
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The dissolution efficiency of sedssimentary biogenic silica (bSiO2) dramatically affects the regeneration of dissolved silicic acid (dSi) at the sediment-water interface, which is a crucial pathway to maintain Si balance and silicic productivity growth in marine environments. We conducted wet alkaline leach and flow-through experiments to explore the dissolution behaviors of sedimentary bSiO2 in the northern South China Sea (NSCS), one of the largest marginal sea continental shelves. The bSiO2 contents of surface sediments were 0.64 - 2.06%, with an average of 1.04 ± 0.35%, varying with isobath water depth. The solubility of bSiO2 in surface sediments ranged from 227 μmol L-1 to 519 μmol L-1, and the dissolution rate constants varied from 0.67 to 1.53 yr-1 under specific conditions in lab incubation. The correlation between the biogenic materials (bSiO2, OC, and TN) revealed a different preservation pattern of bSiO2 in finer (Φ > ~ 5.5) and coarser (Φ< ~ 5.5) sediments. The high concentration of Al in sea water and “Al – detrital – bSiO2” interactions in sediments significantly interfered with the apparent solubility and dissolution dynamics of bSiO2. We combined the regional characteristics (primary production, bottom current, and resuspension-deposition) and the reconstructed dissolution kinetics of bSiO2 explained the mismatch between the surface (diatom biomass)/(total phytoplankton biomass) ratio and the sedimentary bSiO2/OC ratio, and the mismatch between the surface bSiO2 primary productivity and the bSiO2 sediment records in the NSCS. The resuspension-deposition, the higher reconstructed rate constants (0.94 ± 0.13 yr-1), and the dissolution rate (0.20 ± 0.01 yr-1) were responsible for the lower bSiO2/OC ratio (0.45 ± 0.28) at the inner shelf, and the winnowing process at the outer shelf with the lower reconstructed reactivity (0.30 yr-1) and dissolution rate (0.001 yr-1) led to the good preservation of bSiO2 in the upper slope. Furthermore, through the comparison with other sea areas, the relatively lower reactivity (1.12 ± 0.3 yr-1) of bSiO2 in sediments supported the notion that the NSCS sediments may serve as an important silica sink in the world ocean silica cycle.
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1 Introduction

Biogenic silica (bSiO2) is one of the most important components in marine sediments and believed to be a potentially powerful proxy to reconstruct paleoproductivity (Mortlock et al., 1991; Ragueneau et al., 2000). Diatoms are the dominant siliceous producers and responsible for nearly half of the oceanic uptake of CO2 from the atmosphere (Nelson et al., 1995). Thus, the intimate coupling between the Si and C cycles have driven substantial studies in the last few decades in order to better understand the biogeochemical cycle of Si in marine systems (DeMaster et al., 1996; Nelson et al., 1996; Sayles et al., 2001; Ragueneau et al., 2006; Krause et al., 2011).

The idealized “silica pump”, put forward by Dugdale et al. (1995), described a less efficient recycling of bSiO2 than particulate organic matter in the euphotic zone, leading to more efficient export of bSiO2 from upper to deep oceans and the potential limitation of dSi in a diatom-dominated system. Diatom frustules are readily dissolved in strongly undersaturated seawater when organisms die, and the “silica pump” efficiency largely depends on dissolution of bSiO2 before it can be exported to the upper mixed layer in variable marine settings (Brzezinski and Nelson, 1989; Brzezinski and Nelson, 1995; Nelson et al., 1995; Nelson and Dortch, 1996; Bidle et al., 2003). Therefore, the dissolution of bSiO2 is a vital process controlling the marine Si biogeochemical cycle. Particularly in sediments, ~ 89% of deposited bSiO2 is regenerated back through dissolution and other processes (i.e., diffusion, advection, bioturbation, or bioirrigation) on a global ocean scale, which is an important channel to maintain silicic acid (dSi) in a relative steady state in surface oceans by diffusion and/or upwellings for silicic productivity growth (DeMaster, 2002; Tréguer et al., 2021). A considerable number of researches have been inspired to not only explore the temporal and spatial variability of sedimentary bSiO2 dissolution kinetics in variable settings in open oceans (Hurd, 1973; Kamatani et al., 1988; Van Cappellen, 1996; Van Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b; Dixit et al., 2001; Ragueneau et al., 2001; Gallinari et al., 2002; Van Cappellen et al., 2002; Khalil et al., 2007; Gallinari et al., 2008; Cheng et al., 2009) and marginal seas (Van Bennekom et al., 1991; Rickert, 2000; Rickert et al., 2002; Gallinari et al., 2008; Wu et al., 2017; Wu and Liu, 2020), but also the factors ultimately controlling the fate of sedimentary Si, including ambient physical factors such as temperature (Lawson et al., 1978; Kamatani and Riley, 1979; Van Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b), pressure (Willey, 1974; Loucaides et al., 2012), pH (Van Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b; Loucaides et al., 2008), salinity (Loucaides et al., 2008), ionic composition (Loucaides et al., 2008), and its intrinsic nature such as surface chemical properties (Dixit and Van Cappellen, 2002; Fraysse et al., 2006; Loucaides et al., 2012), silicious organism species, and silicification degree (Loucaides et al., 2012). In addition, Rickert et al. (2002) addressed the removal of organic or inorganic coatings (that protect diatom frustules from dissolution by avoiding direct contact with seawater) will enhance the reactivity by at least an order of magnitude. Thus, the roles of aggregation, fecal pellets, or grazing must be considered (Moriceau et al., 2007). Bacterial ectoprotease action on marine diatom detritus strongly accelerates silica dissolution rates by removing the organic coating (Bidle and Azam, 1999; Bidle and Azam, 2001; Bidle et al., 2003), which also plays a significant role in regulating the “silica pump” and sedimentary bSiO2. In addition, the interaction between Al (or K, Li, Na, Mg, Fe, and other reactive elements in porewater) and bSiO2 during early diagenesis have been proposed as a special pathway to form authigenic clay, and have a profound impact on the burial of marine bSiO2 (Rahman et al., 2017; Tréguer et al., 2021), especially in marginal seas with large estuaries (Michalopoulos and Aller, 2004).

The northern South China Sea (NSCS) is a semi-closed marginal sea with a broad shallow water shelf in the Western Pacific Ocean, and features relatively strong biological activity induced by river discharge, seasonal coastal upwelling, and monsoon winds (Chen et al., 2006; Hung et al., 2007). Accordingly, significant seasonal and spatial changes of primary production (Ning et al., 2004; Chen, 2005), particulate organic matter (Ho et al., 2010; Cai et al., 2015), and phytoplankton community structure (Cai et al., 2015) occurs in the NSCS. The second largest river in China, the Pearl River, empties an average freshwater discharge of 482 km3 yr-1 and sediment load of 96 Mt yr-1 carrying ~ 53 Gmol-Si yr-1 into the NSCS (Liu et al., 2009; Ma et al., 2022), which results in relatively eutrophic conditions. These are benefits for the growth of micro-phytoplankton (> 20 μM in size), such as diatoms, which account for > 75% of the Chl-a concentration in NSCS coastal waters (Xiao et al., 2018). Large terrigenous input and oceanic current system lead to a complex sediments composition and transportation process. (Liu et al., 2016). All of these factors have a significant consequence on the “silica pump” and sedimentary bSiO2. However, prior research on sedimentary bSiO2 in the South China Sea has mainly focused on distribution features (Zhou et al., 2010; Liu et al., 2012; Zhang et al., 2015) or burial fluxes (Ma et al., 2022). The dissolution and preservation mechanisms of sedimentary bSiO2 is missing in this region. Here, we report the results of flow-through experiments using samples with different sediment components to study the characters influencing factors of the bSiO2 dissolution and the implications for bSiO2 preservation in the NSCS.




2 Materials and methods



2.1 Sample collection

Sampling expeditions were executed in the NSCS onboard the R/V “Shi Yan 3” during March and April 2014. In total, 40 surface sediment samples (0 – 2 cm) were collected using a stainless-steel box sampler. The sampling locations are indicated in Figure 1A. The collected sediments were sealed in polyethylene Ziploc bags, and the air removed at the same time. Then, they were immediately frozen at - 20 °C until further processing in the laboratory. Note that our sampling sites were mainly located in the northern continental shelf area of the South China Sea, and a few stations (i.e., 7, 8, 21, 34, and 88) were located in the NSCS shelf-break area (Figure 1A). A conductivity temperature depth (CTD) system was used to measure the bottom water temperature, salinity, and depth.




Figure 1 | Sampling sites and patterns of surface coastal currents in (B) summer and (C) winter [modified from Wei et al. (2020)]. The khaki-shaded area represents the distribution of the Pearl River-derived mud belt based on Ge et al. (2014). The sediment samples were collected in April 2014. The red dots (*) and black circles (○) in (A) represent the grid stations and sediment locations for the flow-through experiments.






2.2 Flow-through experiments

Apparent solubility and dissolution kinetics of bSiO2 of eight surface sediments with different sediment components (Figure 1A; Table 1) in the NSCS were measured using stirred flow-through reactors (Figure 2) (Van Cappellen and Qiu, 1997a; Gallinari et al., 2002; Rickert et al., 2002; Gallinari et al., 2008). Each reactor consisted of a cell with a suspended Teflon-coated magnetic stirring bar at the bottom, with a volume of 50 cm3. Both cell ends were closed by nylon filters with a pore size of 0.45 μm, and the filters were supported by PTFE grids. The filters and grids were held in place by screw-on caps. The flowing solution could be pumped in or out of the headspaces without a barrier through narrow channels of the caps. The well-closed flow-through reactors sat on top of a multipoint magnetic stirrer, which were put into an accurately temperature-controlled incubator. All parts of the system were interconnected with PTFE pipes. In the experiments, up to 2 g of homogenized sediment sample with no pretreatment were added to the reactor (25°C) and an input solution of a well-characterized composition (0.7 M NaCl, buffered at pH 8.0 ± 0.1 using bicarbonate, with known different dSi concentrations) was pumped through the reactor at a constant flow rate until the dSi concentration in the reactor outflow stabilized. Because of the relatively low contents of bSiO2 in the NSCS, the flow rates were maintained between 0.8 - 3.1 ml/h to ensure a measurable difference of dSi concentration between the inflow and outflow due to dissolution or precipitation. Lower flow rates were under higher degrees of undersaturation. The dSi concentration in the input solution was progressively decreased to produce a transition from a precipitation to a dissolution regime. In general, a group of experiments lasted 10 - 18 days according to flow rate and time to reach the steady-state. The dSi concentration and pH in the input solution were monitored throughout the whole course to ensure no influential fluctuations. All of the experiments were carried out under ambient atmospheric pressure and sustained for about 80 days. It is worth noting that the homogeneous process perhaps enhances the reactivity of bSiO2 by crushing the silicate minerals in the flow-through experiment like in wet alkaline digestion (DeMaster et al., 1983; Ward et al., 2021). Van Cappellen and Qiu (1997a) were the first to introduce flow-through experiments into the study of bSiO2 dissolution in the Southern Ocean, however, the numerously subsequent studies followed the homogeneous process and not well quantified this influencing factor yet (Gallinari et al., 2002; Loucaides et al., 2008; Wu et al., 2017). Regardless, the sediment homogeneous process remains a commonly used method of sample preparation and we followed this procedure.


Table 1 | Characterization of the sediment samples used for flow-through experiments.






Figure 2 | Schematic illustration of continuous flow-through experiments. Inflow solution with different dSi concentrations and given conditions were added to the reactor by a flow rate controlled peristaltic pump. PTFE pipes were used for interconnecting all parts of the system.





2.2.1 Solubility measurements

The reaction rate of bSiO2 in various inflow solutions were calculated from the difference between each input dSi concentration and the corresponding steady-state output dSi concentration (Rickert et al., 2002):

 

where R (μmol g-1 h-1) represents the reaction rate of bSiO2; V (ml h-1) donates the volume of flow rate; Δ[Si] (μmol L-1) is the difference between outflow and inflow solution of concentration of dSi (Δ[Si] = [Siout] – [Siin]);  . (represents the mass of extractable bSiO2 within the reactor. A positive rate indicates the dSi is undersaturated (dissolution) in the reactor, and a negative rate reflects oversaturation (precipitation). The solubility was estimated by linearly interpolating the two closest points from the equilibrium to obtain the value at which there was neither dissolution nor precipitation ([Siout] = [Siin], or R = 0).




2.2.2 Dissolution rate constant and reaction order measurements

The flow-through reactor technique is particularly suitable for studying reaction kinetics as a function of the departure from equilibrium, which can provide important information concerning the reactivity of the bSiO2 (Van Cappellen, 1996; Gallinari et al., 2008). The non-linear dissolution kinetics law was proposed by several studies to model the experimental data (Van Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b; Rickert et al., 2002; Gallinari et al., 2008):

 

Here, R (μmol g-1 h-1) is the reaction rate of bSiO2; kdiss (μmol g-1 h-1) donates the dissolution rate constant of bSiO2, which reflect the apparent reactivity of the bSiO2 particles; [Si] (μM) is the dSi concentration; [Si]eq (μM) represents the apparent solubility of bSiO2, and m is the reaction order that indicates the extent of deviation from the linear dissolution dynamics of bSiO2.





2.3 Measurements of sedimentary bSiO2, organic carbon, total nitrogen, and calcium carbonate

Sediment samples were freeze-dried in the laboratory. It is noteworthy that the grinding effect on the measurement of bSiO2 by wet alkaline digestion could enhance the calculated bSiO2 concentrations up to ~50% (DeMaster et al., 1983; Ward et al., 2021). Therefore, to improve the measurement reproducibility (< 2%) in low bSiO2 content samples from marginal seas, the sediments were as gently as possible ground using an agate pestle and mortar (trying to avoid crushing the silicious structures and silicate minerals) for homogenization. The sedimentary bSiO2 contents were analyzed using a modified alkaline leaching method (Liu et al., 2002) which combined the methods described in DeMaster (1981) and Mortlock and Froelich (1989). In detail, ~ 100 mg sediment samples were placed in 50 ml polypropylene centrifuge tubes after removing organics and carbonates with H2O2 and HCl. Exactly 40 ml of 2% Na2CO3 solution was added to the samples. The tubes were covered tightly and mixed homogenously using a vortex rotating machine, then incubated in a water bath preheated to 85 °C. After 1 h, the tubes were removed and centrifuged. Then, 125 μl of clear centrifugation supernatant was pipetted from each extraction solution for dSi analysis. This procedure was repeated for 1 – 8 h. Note that after each sampling, the tubes were stirred vigorously to resuspend the sediment then placed again in the water bath. All sampling steps were completed quickly to minimize dSi loss on solid surfaces. The concentrations of dSi in the leaching solution were determined using the molybdate blue spectrophotometric method (Mortlock and Froelich, 1989). The bSiO2 content was calculated by a first order kinetic model, that is, the dSi we measured was a function of time t (Koning et al., 1997; Rickert et al., 2002):

 

where [bSiO2%]0 represents the content of bSiO2 (wt.%) in the sediment sample; [dSi%] t donates extracted content of SiO2 at time t;  . d  . e apparent rate constants in Na2CO3 solution that summarize the influence of biogenic and detrital matrix on the dSi concentration, respectively (Koning et al., 1997; Rickert et al., 2002). The coefficient of variation (i.e., relative stand deviation) for five parallel extractions was< 2.00%, indicating good reproducibility. The result of inter-laboratory comparison through this method demonstrates good accuracy of bSiO2 measurement (Liu et al., 2002; Wu et al., 2015).

The OC and TN contents were measured using a CHNOS Elemental Analyzer (Vario EL-III; Elementar Analysensysteme GmbH, Germany) after inorganic carbon was removed via acidification with 1 M HCl. The analytical precision of OC and TN was< 6% based on duplicate measurements (Liu et al., 2010). The data of OC contents have been published in Yang et al. (2018). The content of CaCO3 was measured using acid-base titration (Müller, 1966), and the coefficient of variation was 1.0% for five parallel extractions. To calculate the detrital material contents, the OC was converted to organic matter contents assuming a multiplier of 2.8 g of organic matter per g of carbon (Redfield composition) (Sayles et al., 2001). Therefore, detritus % = 100 – (bSiO2% + CaCO3% + OC% × 2.8).




2.4 Specific surface area and grain size (Φ)

The specific surface area (SSA, m2 g-1) of the sediments were determined by the conventional N2-BET method using an ASAP2460 full-automatic surface area analyzer (ASAP2460, Micromeritics, USA). Samples were heated overnight at 90 °C and for one hour at 150 °C prior to analysis. The multi-point BET surface area was calculated from the N2 absorption isotherm. The sediment grain size was analyzed using a laser particle size analyzer (Mastersizer 2000; Malvern Instruments Ltd., Malvern, Worcestershire, UK) capable of analyzing grain sizes from 0.02 to 2000 μm. Three sediment size categories were distinguished: (1) clay: D< 4 μm; (2) silt: 4< D< 63 μm; and (3) sand: D > 63 μm. The samples were analyzed in duplicate, and the analytical precision was< 2%. The mean grain size was reported as Φ, where Φ = -log2 D (D unit: mm) (Krumbein, 1934). The data of grain size have been published in Yang et al. (2018).





3 Results



3.1 Distribution of biogenic (bSiO2, OC, CaCO3) matters and abiogenic detrital

The contents of bSiO2 in surface sediments of the NSCS varied from 0.64% to 2.06%, with an average of 1.04% ± 0.35% (Figure 3A). As a whole, the bSiO2 contents presented a strong zonal distribution tendency and varied with the water depth isobath, which decreased from the inner shelf (< 50 m) to the outer shelf (50 - 200 m), and then increased to the upper slope (> 200 m). Furthermore, higher levels were predominantly observed in the region with fine-grained (D< 63 μm) sediments and lower bSiO2 concentrated in the sandy (D > 63 μm) sediments. The horizontal distribution of the OC contents showed similar patterns with that of bSiO2, which were 0.1% to 1.03%, with an average of 0.49% ± 0.27% (Figure 3B). The bSiO2/OC mole ratios varied from 0.24 to 1.06, with lower values at the inner shelf (0.45 ± 0.28) and upper slope (0.42 ± 0.11) and higher values at the outer shelf (0.51 ± 0.14). The CaCO3 and detrital contents were 16.6% ± 12.4% (3.4% - 54.8%) and 80.9% ± 12.4% (42.7% - 92.8%), respectively. The distribution trends of these two components were opposite, increasing gradually from the inner shelf to the upper slope for CaCO3 and decreasing gradually for detritus (Figures 3C, D).




Figure 3 | Distribution of (A) bSiO2 (%), (B) OC (%), (C) CaCO3 (%), and (D) detrital mineral (%) contents in surface sediments of the NSCS.






3.2 Apparent solubility and dissolution kinetics of bSiO2

The dissolution rates of sedimentary bSiO2 were plotted as a function of the outflow steady-state dSi concentrations (Figure 4). The uncertainties of the solubilities were calculated by the narrow fluctuation of [Siout] after steady state conditions were reached. The apparent solubility of bSiO2 in surface sediments of the NSCS ranged from 227 to 519 μM with a mean value of 298 ± 94 µM, which is much lower than the solubility of the fresh diatom frustules (~ 1100, 0 – 4 °C) (Hurd, 1973). In general, the solubility of the inner shelf and upper slope are higher than that of the outer shelf (except station 10). The highest solubility value was observed at station seven on the upper slope, where the bSiO2 content was highest. The lowest value was recorded at station two on the outer shelf. The dissolution rate constant of the inner shelf and upper slope was higher than that of the outer shelf, which was from 0.67 to 1.53 yr-1, with an average of 1.12 ± 0.3 yr-1 (Table 2). The east side (station 13) of the Pearl River estuary is evidently higher than the west side (station 79). Station one and 79 recorded the highest and lowest values, respectively. In addition, the reaction order (m >1) ranged from 1.1 to 3.42. A relative higher value was observed at station seven.




Figure 4 | Steady state bSiO2 dissolution-precipitation rates [μmol (gSiO2)-1 h-1] are plotted as a function of dSi outflow concentrations (T = 25 °C, pH = 8.0 ± 0.1) in surface sediments of the NSCS. Positive rates indicate net dissolution, and negative rates indicate net precipitation. The legends and numbers in the upper right corner indicate different stations conducted flow-through experiments. The uncertainties are shown by error bars.




Table 2 | Flow-through experimental results.






3.3 Grain size (Φ) and specific surface area character

The surface sediments in the NSCS were mainly composed of silt (4 - 63 μm) and sand (> 63 μm). Fine-grained sediments were found primarily in the Pearl River estuary and adjacent coastal region, and secondarily in the upper-slope area (station 7, 8, 21, and 34), whereas coarser sediments occurred mainly in the outer-shelf area (50 – 200 m), especially in the northeast (Figure 5). The highest values of specific surface area (SSA) were recorded at station one and seven, and the lowest values at station two, four, and five (Table 1).





4 Discussion



4.1 The distribution character of sedimentary bSiO2

The distribution of bSiO2 (Figure 3A) and bSiO2/OC ratio (Figure 6) revealed a mismatch between the (diatom biomass)/(total phytoplankton biomass) ratio and the sedimentary bSiO2/OC ratio at the inner shelf and outer shelf, and also a mismatch between the bSiO2 primary productivity and the bSiO2 sediment records at the upper slope of the NSCS. The sedimentary bSiO2 record is believed to a good indicator for the surface bSiO2 primary production (Schrader and Sorknes, 1991). The wide shelf of the NSCS receives a large discharge of terrigenous nutrients and results in overall enhanced biological productivity (Han et al., 2012). But the primary production presented distinct regional characteristics at the inner shelf (< 50 m), outer shelf (50 – 200 m), and upper slope (> 200 m). The satellite remote-sensed spatial distribution of Chl-a showed a gradient decrease from nearshore to offshore, and changes roughly along the 50 m isobath with concentrations of ~ 1 mg m-3 in all seasons. In addition, the total biomass of phytoplankton and the proportion of diatoms in the mixed layer also showed a gradient decrease from the nearshore to the offshore throughout the year (Xiao et al., 2018), which is consistent with the variation of surface primary productivity (< 40 m: 1.73 ± 0.12 g-C m-2 d-1; 40 – 120 m: 0.67 ± 0.35 g-C m-2 d-1; > 120 m: 0.43 ± 0.02 g-C m-2 d-1) (Pan et al., 2015). This evidence indicated that even though there is no report of primary production of bSiO2 in the NSCS at present, it can be speculated that the distribution of bSiO2 primary production should be in a decreasing trend from nearshore to offshore. Therefore, the high sedimentary contents of bSiO2 accumulated in the inner-shelf region (1.27% ± 0.39%) (Figure 3A) is mainly attributed to the enhanced bSiO2 primary production by the large discharge of terrigenous nutrients, especially in the area affected by the perennial westward plume of the Pearl River (station 13). However, a mismatch between the bSiO2 primary productivity and the bSiO2 sediment records at the upper slope of the NSCS was observed. High contents of bSiO2 (1.43% ± 0.42%) were recorded in the upper-slope region (0.71% ± 0.24%) (Figure 3A). It is obvious this was not related to the euphotic bSiO2 primary production. Our flow-through experimental results showed a dissolution kinetics-controlled preservation of bSiO2 in this area (discussed in section 4.4).

In addition to primary production, sediment grain size plays a role in the distribution of bSiO2. As Figure 5 shows, the distribution of mean grain size (Φ) was similar with the distribution of bSiO2 (%), and fine-grained sediments were mainly distributed in the inner-shelf and the upper-slope regions. The strong correlation between “Φ” values of mean grain size and bSiO2 contents (r = 0.71, p< 0.01) indicated fine-textured particles (silt and clay) have greater physical protection for bSiO2. Compared with different biogenic material (OC and TN) in different sediment types, we found a different preservation patterns of bSiO2 in the sediments of the NSCS. As a part of organic matter, a great linear regression of TN versus OC in sediments with an intercept of zero demonstrates the two components are preserved in a well coupled manner, whether in finer or coarser sediments (Figure 7A). However, the positive linear relationship between OC (%) and bSiO2 (%) has a higher slope (3.0) in fine-grained (Φ > ~ 5.5) sediments than in coarser (Φ< ~ 5.5) sediments (0.78) (Figure 7B), which suggests not only that fine-grained particles have better preservation performance for biogenic material, but also with each equal additional amount of OC stored, the fine-grained sediments will retain 2.8 times more bSiO2 than coarser sediments in the NSCS. Furthermore, the average molar ratio of bSiO2/OC in finer sediments (0.34 ± 0.07) (mainly at the inner shelf and upper slope) is lower than in coarser sediments (0.57 ± 0.17) (mainly at the outer shelf) (Figure 6). Therefore, there is a mismatch between the (diatom biomass)/(total phytoplankton biomass) ratio and the sedimentary bSiO2/OC ratio in the inner shelf and outer shelf. The outer-shelf region with coarser sediments has been described as a sandy swath, and the sandy swath is the product of glacial sea level low stand and exposition to winnowing by strong bottom current recently (Wang and Li, 2009). The higher SiO2/OC ratio, relative to the inner shelf and upper slope, could potentially be due to the higher energy level of this area. High-energy conditions could lead to more resuspension of sediments than low-energy environments and prompt longer oxygen exposure time, which in turn leads to lower OC contents through selective degradation of labile young fractions and reduced TOC content (Van der Voort et al., 2018). Compared with the silicic acid degree of unsaturation, the demand of oxygen is much smaller for the dissolution of bSiO2. The mismatch at the inner shelf is discussed in section 4.3.




Figure 5 | Distribution of bSiO2/OC molar ratio in surface sediments of the NSCS.






Figure 6 | Distribution of mean grain size (Φ) in surface sediments of the NSCS.






Figure 7 | Correlations between (A) OC (%) and TN (%), and (B) OC (%) and bSiO2 (%) contents in sediments with Pearson correlation coefficients (r) and regression curves. Solid and dashed lines denote the regression trends with OC > 0.5 and Φ< 5.5, and OC<0.5 and Φ > 5.5, respectively.






4.2 The influence of aluminum and detrital material

The solubilities of bSiO2 in the NSCS sediments (298 ± 94 µM) is seriously inhibited, which exhibits a low level compared with some marginal seas and open oceans (Figure 8). It has been proven that aluminum is probably the most significant factor affecting spatial variations in measured bSiO2 solubility (Dixit et al., 2001). Field data and laboratory experiments reveal that the structural incorporation of Al into the silica framework by substituting Si atoms in the silica lattice reduces the solubility whether during the living diatom biomineralization process, settling after death, or deposited on the seafloor (Van Bennekom et al., 1991; Van Beueskom et al., 1997; Gehlen et al., 2002; Van Cappellen et al., 2002; Koning et al., 2007). The Pearl River delivers a high concentration of Al (360 – 690 nmol L-1) to the NSCS and observes a shelf–to-slope transportation pattern (Zhang et al., 2020). Due to this severe terrigenous effect, the dissolved Al concentrations of seawater in the NSCS was reported to be at a high level (8 – 59 nmol L-1, with an average of 30 ± 11 nmol L-1) with a seaward decline (Guo, 2016), which is higher than some marginal seas, such as the Arabian Sea (3 – 15 nmol L-1) and the Weddell-Scotia Seas (1 – 3 nmol L-1) (Van Bennekom et al., 1991; Schüßler et al., 2005), and is much higher than some open oceans, such as the Pacific Ocean (0.3 – 5 nmol L-1), the North Atlantic (6 – 25 nmol L-1), and the Southern Ocean (0.33 – 0.8 nmol L-1) (Orians and Bruland, 1986; Kramer et al., 2004; Middag et al., 2011). The scavenging proportion of the dissolved Al by phytoplankton was reported as up to 9.4 – 25.7% in summer (Zhang et al., 2020). Culture diatoms in Al-enriched solution exhibit a 20% lower solubility than in Al-depleted solution at 3 °C (Gallinari et al., 2002). The “primary uptake” of Al in the water column probably explains part of the reason why the solubility of the NSCS sediment is lower than some other sea areas. More important is the “Al – detrital – bSiO2” interactions during early diagenesis of bSiO2 in sediments. On one hand, the concentration of Al in pore water generally is several or tens of times (100 – 500 nmol L-1) higher than seawater (Koning et al., 2007), which drives the “secondary uptake” of bSiO2 debris. The well correlation between the dissolved Al concentration in pore water with the detrital/opal ratio in sediments confirms the detrital materials as an important source of Al (Dixit et al., 2001). The increase in Al levels often happens at the sediment-water interface (Van Cappellen and Qiu, 1997b). The high detrital matter content (80.9% ± 12.4%) in the NSCS sediments, which is higher than the Arabian Sea (30% – 50%), the Peru-Basin (66% ± 1%), and the Scotia Sea (36% - 66%) (Rickert, 2000), provides an abundance of Al to restrain the bSiO2 dissolution and solubility. On the other hand, as the bSiO2 deposited at the sediment-water interface, the continuously releasing Al (also including other ions, i.e., Mg2+, K+, and F-) from detrital-rich sediments can induce reprecipitation with dSi and bSiO2 to form authigenic silicates or adsorb onto the surfaces of bSiO2 to further reduce the solubility (Van Cappellen and Qiu, 1997b; Dixit et al., 2001; Michalopoulos and Aller, 2004; Loucaides et al., 2010), which is called reverse weathering. It has been proven a crucial pathway that can remove large amounts of silica from ocean within a short time (months to years) (Michalopoulos and Aller, 2004; Rahman et al., 2017; Tréguer et al., 2021). Rickert et al. (2002) used sediment samples pretreated with 10% HCl and H2O2 in the Scotia Sea and found that the solubility increased by 104% and the dissolution rate constant increased by 590% compared to unpretreated samples. The specific surface areas also increased by a factor of two to three times due to the pretreatment procedure (removing the organic coating and partially authigenic minerals). These results were attributed to the detrital minerals or authigenic aluminosilicates forming on the bSiO2 surface, some of which could readily dissolve in mild HCl solution. Loucaides et al. (2010) reinforced the view by long-term incubation experiments (fresh diatom frustules were separated from the terrigenous sediments by a dialysis membrane, only allowing the exchange of dissolved species), and demonstrated the interaction between bSiO2, seawater, and lithogenic minerals dramatically inhibits the solubility of bSiO2 by forming new mineral precipitates on bSiO2 surface. Our results showed that a strong correlation between solubility and detrital or detrital to bSiO2 ratio (Figure 9). Gallinari et al. (2002) used different diatom species mixed with variable amounts of silicate minerals in a batch experiment, which presented a similar correlation between solubility and detrital to bSiO2 ratios. This evidence supported our conclusion that the “Al – detrital – bSiO2” interactions play important retarding roles in solubility space variation of bSiO2 in the sediments of the NSCS.




Figure 8 | The solubilities and dissolution rate constants determined in this study for the NSCS sediments compared with other marginal seas or open oceans, including: the Southern Ocean (Van Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b), the Equatorial Pacific (Gallinari et al., 2002), the Northern Atlantic [averaged data from Gallinari et al. (2002); Gallinari et al. (2008) and Ragueneau et al. (2001)], the West Antarctic Peninsula Shelf (Gallinari et al., 2008), the Norweigian Sea (Rickert, 2000), the Arabian Sea (Rickert, 2000), the Juan de Fuca Ridge (Rickert, 2000), the Peru-Basin (Rickert, 2000), the Scotia Sea (Rickert, 2000), the Congo margin (Ragueneau et al., 2009), and east China seas (containing the Yellow Sea and the East China Sea) (Wu et al., 2017; Wu and Liu, 2020). Note that all the dissolution rate constants have been recalculated at 25°C using Eq. (4) for the purpose of comparison.






Figure 9 | Correlations between (A) bSiO2 apparent solubility (μmol/L) and detrital material content (%), and (B) bSiO2 apparent solubility (μmol/L) and detrital material (%)/bSiO2 (%) in sediments of the NSCS. The Pearson correlation coefficients (r) and regression curves are shown.






4.3 The influence of specific surface area and particle size

Variations of specific surface area (SSA) must be considered when comparing the dissolution properties of sedimentary bSiO2 and siliceous plankton in marine surface waters (Van Cappellen et al., 2002). It is generally believed that the SSA can provide a reliable proxy to represent the availability of solid surface area for solution reaction (Hurd, 1973). The dissolution rate constant of freshly exposed diatom frustules measured in labs can be as high as ~16 yr-1, and the SSA of diatom frustules varied from 16 to 260 m2 g-1 (Van Cappellen et al., 2002), which are much higher than that in the NSCS sediments (~ 1.12 yr-1 and ~ 7.1 m2 g-1) (Table 1). In this regard, the lower rate constants and SSA values in sediments reflects that the preferential dissolution of the part with higher SSA in heterogeneous siliceous components, or the highly reactive part of bSiO2 was regenerated during the settling process in the water column.

The reaction rate constants measured under the same conditions should reflect the relative differences of reactive surface areas (or reactive surface sites) (Rickert et al., 2002). However, it seems that sediment bulk SSA can be used as a proxy for the reactivity of bSiO2 in the NSCS at some stations, such as station one and seven, which exhibit the highest dissolution rate constants corresponding to the highest SSA values. An abnormal phenomenon occurred at station four, which presented a relatively higher dissolution rate constant but very low SSA value. Our data overall presented a weak correlation between the dissolution rate constants and the sediment SSA, particle sizes, or bSiO2 loadings (Tables 1, 2). Rickert et al. (2002) reported that the correlation of reaction rate constants and sediment SSA were only found in almost pure bSiO2 samples (cultured phytoplankton or acid-cleaned samples from the water column), excluding pure siliceous oozes (bSiO2 contents > 49%), whereas the adsorption capacity of the bSiO2 for cobalt ions well corresponded to the reactivity changes (Van Cappellen and Qiu, 1997b). The BET surface area of siliceous ooze cores in the Southern Ocean basically remains unchanged with increasing depth, whereas the reaction rate constants still decrease by three times when the depth reaches 30 cm (Van Cappellen, 1996). However, elemental and microscopic analyses showed no changes in mineral composition or any diagenetic alterations throughout the sediment cores. This evidence implies that the reactivity of the bSiO2 surface has altered but not the geometric surface area determined by nitrogen BET, which has been called a progressive “aging” process of the bSiO2 surface (loss of reactive surface sites) (Van Cappellen, 1996). This “aging” process may be related to surface charge density (Dixit and Van Cappellen, 2002; Loucaides et al., 2010). It is worth noting that all of the FTIR (Fourier-transform infrared) spectroscopic evidence (Schmidt et al., 2001), the apparent reactivity rate constants obtained from leaching alkaline solution (Koning et al., 1997), and from flow-through experiment (Rickert et al., 2002) manifest that the loss of reactive surface sites has already begun as the bSiO2 settles down in the water column. The sediment flux of the Pearl River is transported to the NSCS in the form of a plume, which presents distinct seasonal variations influenced by the East Asian monsoon: during summer, under the effect of weak southwest winds (~ 6 m s-1), the water mass at the inner-shelf moves eastward, but the suspended particles of the Pearl River plume are still predominantly transported to the west due to the prevalent coastal current (Figure 1B); during winter, the coastal current is strengthened by the strong northeasterly winds (~ 9 m s-1), which can resuspend sediments and keep them transporting westward (Figure 1C) (Liu et al., 2014). The dissolution rate constants of bSiO2 on the east side of the Pearl River estuary (0.67 yr-1, station 79) are distinctly lower than those on the west side (1.22 yr-1, station 13). Furthermore, the sedimentation rate on the west (~ 1cm yr-1) side of the Pearl River estuary is much higher than on the east side (~ 0.5 cm yr-1). We suggest that resuspension-deposition and higher sedimentation rate maintain the fresh bSiO2 in the surface sediment on the west side of the Pearl River estuary and result in the high reactive of bSiO2 in the surface sediments. It is completely different for the degradation of OC. Wei et al. (2020) reported older terrigenous OC on the west (1950 yr BP) side of the Pearl River estuary than on the east (1510 yr BP) due to resuspension-deposition. Repeated resuspension-deposition cycles could promote oxygen exposure time and accelerate the remineralization of fresh OC, and leave the refractory older OC, whereas redox oscillations have little impact on the dissolution of bSiO2. This is probably also the reason why the highest (diatom biomass)/(total phytoplankton biomass) ratio in surface water but the lowest bSiO2/OC ratio was recorded in the sediments of the west inner-shelf region (Figure 6). Besides the “aging” process, the vertical transport of bSiO2 through the fast settling of aggregates or fecal pellets also play a role (Shi et al., 2019), trying to maintain the initial reactivity of bSiO2 of the surface ocean, such as at station one with lower water depth and higher reactivity. In this case, the most important parameter could be the degree of coupling between surface waters and the seabed. For example, the formation of blooms and the rapid sedimentation of diatoms, either in the form of large aggregates or embedded within fecal pellets of large euphausiids (Nelson et al., 1995), could lead to the deposition of fresh diatoms with dissolution properties similar to those encountered in surface waters. Our sediment samples are located in a wide range of water depths (40 – 773 m), and subjected to intense turbulence by active water dynamics or sediment resuspension due to the buoyancy of river plumes, wind force, or terrigenous impact (Cao et al., 2020). The partly unsatisfactory agent of SSA for the reactivity surface of our samples presumably reflected the different “aging” or other water column processes (i.e., forming diatom aggregation or fecal pellets) of bSiO2 particles when sinking in the water column.




4.4 Implications for the preservation of bSiO2 in the NSCS sediments

The dissolution of bSiO2 is very sensitive to temperature changes, and preservation status largely depends on the difference of in situ temperature (Kamatani and Riley, 1979; Van Cappellen and Qiu, 1997b). To further discuss the in situ preservation mechanism of bSiO2 in the NSCS sediments, the measured reaction rates were reconstructed under in situ conditions. We applied an average activation energy (Eapp) of 60 kJ/mol to obtain the rate constants at in situ temperature using the equation (Rickert et al., 2002):

 

where R = 8.314 J K-1 mol-1 and T (K) donates the temperature, k refers to the rate constant (yr-1). The pressure was not considered because it has little influence within water depths of 800 m (Loucaides et al., 2012). The dissolution rate constants of bSiO2 in the NSCS sediments at in situ temperature were 0.94 ± 0.13 yr-1, 0.61 ± 0.13 yr-1, and 0.30 yr-1 at the inner shelf, outer shelf, and upper slope, respectively (Table 2). The upper depth (2 cm) interval corresponds to the zone of net silica dissolution. Then, the net dissolution rate of bSiO2 at the eight stations of the 2 cm surface sediments were reconstruct by combining the experimental derived non-linear dissolution law (Eq. (2), Figure 10) with the in situ pore water dSi concentration (averaged of 0 - 2 cm), which were 0.20 ± 0.01 yr-1, 0.18 ± 0.11 yr-1, and 0.001 yr-1 at the inner shelf, outer shelf, and upper slope, respectively (Table 2). The reconstructed in situ dissolution rate in the upper slope (station seven) is orders lower than that at the shelf. This suggests that the differences of bSiO2 preservation between the inner shelf, outer shelf, and upper slope were the results of a wide range of in situ temperature-induced differences of dissolution rates constants and the departure from equilibrium-induced differences of in situ dissolution rates. These results showed dissolution kinetics-controlled evidence that explains the mismatch between the (diatom biomass)/(total phytoplankton biomass) ratio and the sedimentary bSiO2/OC ratio in the inner shelf and outer shelf, and also a mismatch between the bSiO2 primary productivity and the bSiO2 sediment records in the upper slope of the NSCS. The mismatch of bSiO2/OC ratio at the outer shelf is due to high-energy conditions and the mismatch at the inner shelf is attributed to the resuspension-deposition, which have been discussed in section 4.1 and section 4.3. The high reconstructed in situ rate constants (0.94 ± 0.13 yr-1) and dissolution rate (0.20 ± 0.01 yr-1) strengthened the fact of the lower bSiO2/OC ratio observed at the inner shelf. Wei et al. (2020) suggested that surface sediments at the slope displayed a relatively higher terrigenous OC content and older terrigenous OC than that at the outer shelf, likely due to cross-shelf transport from the Pearl River and sediment winnowing on the outer shelf. Our results suggest that the lower in situ reactivity (0.30 yr-1) and dissolution rate (0.001 yr-1) allowed sedimentary bSiO2 to be well preserved in this area.




Figure 10 | Experimental dissolution rates [μmol (gSiO2)-1 h-1] plotted versus the departure from equilibrium. The dashed line is the curve fitted by the experimental data using Eq. (2). The legends ansssd numbers in the upper right corner indicate different stations conducted flow-through experiments. The uncertainties are shown by error bars.



The degree of undersaturation of the pore fluid represents the thermodynamic driving force for the dissolution process and is directly dependent on the solubility of the bSiO2 (Van Cappellen and Qiu, 1997a). The dissolution rates were plotted against the departure from saturation state (Figure 10), which exhibits a non-linear dissolution kinetic, which was also observed in different deposition settings (Van Cappellen and Qiu, 1997a; Van Cappellen and Qiu, 1997b; Rickert et al., 2002; Ragueneau et al., 2009). The non-linear dissolution kinetics implied a higher dissolution rate in a highly unsaturated silicic solution, that is, more efficient recycling of bSiO2 in dSi-depleted upper sediments compared with deep sediments, which is meaningful for benthic Si regeneration. However, the non-linear dissolution kinetics must be severely inhibited by the high contents of detritus in the NSCS sediments. The overall dissolution rate constants of bSiO2 in the NSCS sediments was 1.12 ± 0.3 yr-1 at 25°C, which is lower than some marginal seas, such as the West Antarctic Peninsula Shelf [2.5 yr-1, Gallinari et al. (2008)], the Arabian Sea [1.48 ± 1.4 yr-1, Rickert (2000)], the Scotia Sea [1.81 ± 1.4 yr-1, Rickert (2000)], and the east China seas (containing the Yellow Sea and the East China Sea, 1.53 ± 1.39 yr-1 [Wu et al. (2017); Wu and Liu (2020)]; it is also lower than some open oceans, such as the Southern Ocean [2.39 ± 0.2 yr-1, Van Cappellen and Qiu (1997b)], the equatorial Pacific [1.59 yr-1, Gallinari et al. (2002)], and especially the North Atlantic [7.39 yr-1, Ragueneau et al. (2001)] (Figure 8). The extremely high reaction rate constants of the bSiO2 in sediments or the sediment trap of the North Atlantic Ocean are believed to be an important reason for the very low bSiO2 contents (~1%) and poor preservation efficiency (12%) in the sediments compared with the Southern Ocean (Rickert, 2000; Ragueneau et al., 2001). Inversely, the relatively low reaction rate constants in the NSCS may be responsible for the well preservation efficiency of the bSiO2 (27%) (Ma et al., 2022). Therefore, our results support the view that continental margin sediments play significant roles as silica sinks in the marine silica budget (DeMaster, 2002).





5 Conclusion

The bSiO2 content in surface sediments of the NSCS ranged from 0.64% to 2.06%, with an average of 1.04% ± 0.35%. A strong zonal distribution tendency of the bSiO2 distribution was observed, decreasing first and then increasing from the inner shelf to the upper slope. The excellent coupling accumulation of bSiO2 and OC exhibits different preservation patterns in finer and coarser sediments compared with TN and OC. The solubility and dissolution kinetics in the NSCS sediments were at a relative low level (solubility: 298 ± 94 µM; dissolution rate constant: 1.12 ± 0.3 yr-1) compared with other marginal seas and open oceans, likely due to the high Al concentration in the water column and the high content of lithogenic material in sediments. In addition, the distribution of satellite remote-sensed Chl-a, the proportion of diatoms in total biomass of phytoplankton, and the variation of surface primary productivity all point to a mismatch between the (diatom biomass)/(total phytoplankton biomass) ratio and the sedimentary bSiO2/OC ratio at the inner shelf and outer shelf, and also a mismatch between the bSiO2 primary productivity and the bSiO2 sediment records at the upper slope of the NSCS. The resuspension-deposition and the higher reconstructed in situ rate constants (0.94 ± 0.13 yr-1) and dissolution rate (0.20 ± 0.01 yr-1) were responsible for the lower bSiO2/OC ratio (0.45 ± 0.28) at the inner shelf, and the winnowing process at the outer shelf with a lower reconstructed in situ reactivity (0.30 yr-1) and dissolution rate (0.001 yr-1) led to the good preservation of bSiO2 at the upper slope. The NSCS sediments may serve as an important silica sink in the global silicon cycle due to lower reactivity in comparison with other ocean areas.
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In the northern Gulf of Mexico (nGoM), the Louisiana Shelf (LS) and Mississippi Bight (MB) subregions are influenced by eutrophication to varying degrees. Despite recognition that dissolved silicon may regulate diatom productivity in the nGoM, there is only one published data set reporting biogenic silica (bSiO2) production rates for each subregion. We report that bSiO2 production rates on the LS and MB are high and appear to be controlled by different nutrients among seasons. Despite exceptional upper trophic level biomass regionally, which suggests significant primary production by diatoms (as in other systems), gross euphotic-zone integrated bSiO2 production rates are lower than major bSiO2 producing regions (e.g. upwelling systems). However, when normalizing to the depth of the euphotic zone, the bSiO2 production rates on the LS are like normalized rates in upwelling systems. We suggest local river-plume influenced hydrography concentrates diatom productivity within shallow euphotic zones, making production more accessible to higher trophic organisms. Comparison of rates between the LS and MB suggest that the fluvial nitrate within the LS stimulates bSiO2 production above that in the MB, which has a smaller watershed and is less eutrophic (relatively). Beyond understanding the factors controlling regional bSiO2 production, these data offer the most comprehensive Si-cycle baseline to date as the LS and MB will likely exchange freely in the mid to late century due to land subsidence of the Mississippi River delta and/or sea-level rise.
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Introduction

Diatoms play important roles in coastal biogeochemistry and often dominate the phytoplankton biomass and bloom productivity in these environments. Diatoms are unique in their obligate requirement for silicon, which is required in near unity to nitrogen under the many growth conditions among low- to high-latitude ecosystems (Brzezinski, 1985; Lomas et al., 2019). Widespread use of agricultural fertilizer has increased fluvial nitrogen loading in many watersheds and in some cases has resulted in a doubling of riverine nitrogen input to the coastal ocean (Cloern, 2001). In many eutrophied rivers for nitrogen, dissolved silicon (Si(OH)4) has declined or remained stable, thereby lowering the Si:N ratio below diatoms’ optimum (i.e. <1.0) potentially favoring diatoms blooms to deplete Si(OH)4 before NO3. The decline in Si(OH)4 availability relative to nitrate and phosphate has been linked to shifts from diatom-dominated to flagellate-dominated ecosystems; this so called ‘Si(OH)4 Paradigm’ (Ragueneau et al., 2006) was first proposed for coastal systems by Officer and Ryther (1980) and has been evoked as a potential mechanism for changes in many systems (reviewed by Cloern (2001)). However, the linkage among significant Si:N perturbations and the changing role of diatoms is built largely on standing stock data (e.g. nutrients, phytoplankton abundance), rather than physiological rate data, as the latter data are absent in many systems. Furthermore, testing for an Si:N effect in these systems is challenging given the lack of baseline information prior to the nutrient perturbation.

In the Mississippi River (MR), which discharges onto the Louisiana Shelf (LS) in the northern Gulf of Mexico (nGoM), the annual average Si:N ratio declined from >3 in 1960 to ~1 in 1980. The change was driven by both increasing nitrate and decreasing Si(OH)4 concentrations and has remained around the latter Si:N value to present day (Figure 1). The MR now exhibits strong seasonal oscillations between favorable (>1.0, late summer/autumn) and unfavorable (<1.0, spring) Si:N conditions for diatoms (Figure 1C). This unfavorable period corresponds to the annual peak in MR discharge and elevated primary production rates on the LS from nitrate loading (Lohrenz et al., 1997). The changes in the MR-derived nutrients in the late 20th century coincided with major ecosystem-wide changes in the nGoM, e.g. frequent and intense hypoxia events (Rabalais et al., 2007). On the LS, multiple species from the pennate diatom genera Pseudo-nitzschia numerically dominate the diatom assemblage during periods of high MR flow (Bargu et al., 2016). These results, combined with increasing Pseudo-nitzschia preserved in regional sediments during the late 20th century (Parsons et al., 2002) and the rise of more flagellate harmful algal species on the LS (Dortch et al., 1999), have led to the hypothesis that the Si:N changes in the MR watershed may have reduced the diatom contribution to food web processes in this system (Turner et al., 1998).




Figure 1 | (A) Time series of Mississippi River silicate and nitrate at the United States Geological Survey Station 07373420 in St. Francisville, Louisiana, United States, from August 1954 through December 2021. (B, C) Comparison of the monthly average ( ± standard error) for each nutrient (left scale) and the silicate:nitrate (Si:N) molar ratio (right scale) among 10-year subsets (blue highlights in A) separated by 50 years: 1958 through 1967 (B) and 2008 through 2017 (C).



Biogenic silica (bSiO2) production rates can serve as a proxy for diatom growth as silicon is used to produce their bSiO2 shell. While recent reports have shown the importance of cyanobacteria and Rhizaria in bSiO2 cycling, e.g. (Baines et al., 2012; Biard et al., 2018), diatom biomass is significantly higher on the LS than these other groups. The only published bSiO2 production data in this area was acquired on the LS in the early 1990s (Nelson and Dortch, 1996), approximately a decade after the major MR watershed shift in nutrients stabilized, and this prior work only examined processes (e.g. kinetics of Si(OH)4 uptake by diatoms) at a single depth. There are currently no available euphotic-zone profile data to determine whether diatom Si(OH)4 consumption on the shelf may exceed the delivery of Si(OH)4 from the MR or benthic flux sources, which (if found) would support the hypothesis that Si may exert a strong control over regional diatom productivity, e.g. Dale et al. (2007).

The Mississippi Bight (MB) is located to the east of the LS shelf and MR delta extending to Perdido Bay, Florida (Figure 2). The MB is a river-dominated system fed from the combined rivers of Mobile Bay (Alabama). Analysis of water oxygen isotopic signatures show that MR water did not dominate the freshwater loading to the MB during multiple years in mid 2010s, instead this was driven largely by the combined rivers from the northern domain, especially those discharging through Mobile Bay (Sanial et al., 2019). Mobile Bay has the fourth highest freshwater discharge rate in the United States (Stumpf et al., 1993) but nitrate concentrations rarely exceed 20 µM (Pennock et al., 1999). The MB is also highly productive, being the central habitat range for a variety of economically important fish and invertebrate fauna and is the eastern extension of the so called ‘Fertile Fisheries Crescent’ where, historically, ~70-80% of fisheries landings in the entire GoM occur (Gunter, 1963). Comparison of diatom processes within the water column of the LS and MB allows an assessment of similarities, i.e. both are river plume systems where the main distributaries are separated by ~200 km, and differences occurring due to the watershed sizes and the degree of nutrient loading and/or eutrophication.




Figure 2 | Station map for four cruises in the Louisiana Shelf (LS) and Mississippi Bight (MB). LS cruises were part of the Coastal Louisiana Silicon Cycling (CLASiC) project in August-September 2016 and May 2017 (Pickering et al., 2020, Ghaisas et al., 2021); MB cruises were part of the Consortium for Oil Spill Exposure Pathways in Coastal River-Dominated Ecosystems (CONCORDE) project in October-November 2015 and March-April 2016 (Dzwonkowski et al., 2017; Sanial et al., 2019). Map made using Ocean Data View (Schlitzer, 2016).



Hydrographic processes in both the MB and LS have significantly changed in the last century. Since the 1950s, the river discharge increased 31% and 15% in the MR and Mobile Bay river system, respectively (Milliman et al., 2008), and this trend is expected to increase in the 21st century (Tao et al., 2014). Land subsidence rates in southeastern Louisiana are rapid (Kolker et al., 2011) and there will be pelagic connectivity between the MB and LS domains as the MR delta becomes submerged. Thus, baseline data on diatom biogeochemical processes are required to ground truth models attempting to predict how the MB and LS pelagic ecosystems will alter as their connectivity increases.

The overarching goal of this study was to evaluate whether bSiO2 cycling rates in the LS have significantly changed in the last 30 years and test the hypothesis that Si(OH)4 availability controls diatom productivity. Here, we evaluated seasonal variability between systems and establish baseline rates and stocks. The nGoM is a model region for river-dominated systems which have undergone significant anthropogenic perturbations. The bSiO2 cycling processes in this region may be relevant to many low-latitude river-dominated regions that have undergone, or are presently experiencing, similar stressors.





Methods

Four cruises in the LS and MB were completed as part of the Coastal Louisiana Silicon Cycle (CLASiC) and Consortium for Coastal River-Dominated Ecosystems (CONCORDE) projects, respectively. These programs were independent and had different goals (Greer et al., 2018; Pickering et al., 2020), but similar silicon-cycling rate and ancillary measurements were obtained. The CLASiC cruises were conducted aboard the R/V Pelican during summer (27 August – 6 September 2016) and spring (4 – 13 May 2017), corresponding to the low and high-flow periods of the MR discharge onto the LS, respectively. The two CONCORDE cruises were conducted aboard the R/V Point Sur during autumn (28 October – 7 November 2015) and spring (29 March – 11 April 2016), where the spring cruise corresponded to the annual maximum discharge onto the MB from the Mobile Bay riverine complex and other local rivers.

Water column stations were sampled in salinity zones (CLASiC) and geographic corridors (CONCORDE). Given the dominance of the MR in surface hydrography on the LS, CLASiC cruise stations were targeted to river-influence zones operationally defined by a strong (salinity <25), moderate (salinity 25 – 30), or low riverine signal (salinity >30) in surface salinity. CONCORDE stations were aligned primarily among meridional transects in the west, middle, and east of the MB, with the autumn cruise sampling also in the southern zone near the eastward distributary of the MR and the spring cruise had some stations parallel to the barrier island coast of Alabama in the northern domain. All water column sampling was done using a 12-bottle rosette sampler equipped with 12 L Niskin bottles and a SeaBird SBE911 CTD with a Biospherical photosynthetically active radiation sensor and WET Labs C-Star transmissometer (instruments on both vessels). For CLASiC stations, CTD sampling was conducted ~1 hour after sunrise or in the late afternoon/early evening <2 hours prior to sunset. Samples were either selected at pre-determined depths (standing stocks) or specified light levels (for incubations) normalized to the irradiance available just below the surface (i.e. I0). Specific light levels included 100% (just below surface), 50%, 20%, 5%, and 1% I0. During most CONCORDE stations, sampling was done throughout the night and only surface samples were taken for incubation (i.e. no light depths). Select vertical profiles were conducted, and these hydrocasts were taken in the morning to target the defined light depths as during CLASiC. As in prior studies, e.g. (Lomas et al., 2009; Krause et al., 2021), Niskin samples were pooled into 10 L carboys (covered with opaque bags) and then subsampled for various measurements; the carboy was gently mixed during sampling to keep the contents in suspension.

Subsamples were collected for nutrients and particulate matter. 50 mL of seawater was immediately filtered using a 0.2 µm polycarbonate filter (CLASiC) or ~0.6 µm glass-fiber filter (CONCORDE) for nutrient analyses. Analyses were done as described previously (Dzwonkowski et al., 2017; Pickering et al., 2020) but are briefly discussed here. For Si(OH)4, samples were analyzed using a manual colorimetric method at sea (CLASiC) or on frozen samples (CONCORDE), which were thawed at room temperature for sufficient time to allow Si polymers to break down prior to colorimetric analysis. Filtrate for all other nutrients was immediately frozen. Dissolved inorganic nitrogen (nitrate + nitrite, NO3+NO2; ammonium, NH4) and dissolved soluble reactive phosphorus (SRP) were analyzed using a Skalar autoanalyzer. During CONCORDE, ~500 mL samples were filtered onto 1.2 µm polycarbonate filters for bSiO2 and frozen. In the laboratory, samples were dried and run using a sodium hydroxide digestion (Krause et al., 2009). Samples were collected and stored similarly during CLASiC. However, given the quantity of lithogenic silica in the waters, time-course digestions in sodium carbonate were used. This method is like those used for quantifying bSiO2 in sediments, e.g. Pickering et al. (2020), and can better constrain uncertainty among individual bSiO2 and lithogenic sample pools. Although it is less sensitive, there is sufficient bSiO2 in this system such that detection and quantitation are not issues. Other studies in coastal systems with high and variable lithogenic silica have used modified sodium hydroxide digestions, e.g. Ragueneau et al. (2005), however, we chose the time course to avoid using empirical ratio-based corrections for the lithogenic material.

Additional subsamples were collected to determine rates of bSiO2 production (denoted as ρ). 125 mL or 250 mL polycarbonate bottles (depending on the station biomass) were filled to the brim and received 333 Bq of 32Si(OH)4 (>20 kBq µg Si-1). Bottles were immediately capped, gently inverted to mix the tracer, and placed into mesh bags made of neutral density screening to simulate the percent of incident irradiance (%I0) at the depth of sample collection. The bottles were then incubated for 24 hours in a deck-board incubator cooled by continuously flowing surface seawater. Following incubations, samples were filtered onto 25 mm diameter and 1.2 µm pore size polycarbonate filters, which were then placed onto nylon disc planchettes to dry and covered with a mylar film (secured using a nylon ring). 32Si activity was quantified using gas-flow proportional counting with a GM-25 multicounter (Risø National Laboratory, Technical University of Denmark) after aging the daughter isotope of 32Si, 32P, for seven half-lives (~4 months) to achieve secular equilibrium (Krause et al., 2011). Although some data from the middle MB corridor during autumn 2015 CONCORDE has been published (Dzwonkowski et al., 2017), the remaining data for this cruise, the spring 2016 CONCORDE cruise, and the two CLASiC cruises are original. Blanks were run on filtered seawater samples in which 32Si was added, incubated, and filtered again. Due to the cost of 32Si, only single replicates were done per sample point. Recent observations in the Bering and Chukchi Seas, both high diatom biomass systems like the nGoM, indicated that the coefficient of variation for replicate 32Si data from the averaged 12% and did not change significantly between diatom bloom and non-bloom stations (Krause et al., 2021). Statistical analysis of trends in biomass-normalized bSiO2 production among cruises were done using backward stepwise regression models in SigmaPlot software. Non-parametric comparisons of medians (Mann Whitney U Test) were used to evaluate differences in rates among prior studies and this one.





Results




Physical conditions

In the nGoM, atmospheric forcing (e.g. wind, precipitation) drives physical and biogeochemical variability in shelf waters. Dzwonkowski et al. (2017) observed that the induced storm surge following the passage of post-Hurricane Patricia (fall 2015) over the MB resulted in higher-than-normal and less variable salinity waters (ranging 32.1 to 35.6) drained from the regional estuaries. While most of the MB stations were surface-only, for two rate profiles at shallow stations (bottom depth 18 – 21 m), the irradiance rapidly attenuated and the euphotic zone depths ranged between 7 – 12 m. During the spring MB cruise, temperatures were similarly constrained and ranged from 19.3 to 21.2°C. Due to the high discharge, as expected, surface salinity ranged from 17.9 to 33.5 and laterally increased away from Mobile Bay (Figure 3). The depth of the euphotic zone ranged from 4 – 27 m among five vertical profiles. The two shallowest euphotic zones were associated with the shallowest sites (8 and 12 m) and the euphotic zones were 16 – 27 m (27 – 36 m bottom depth) among the three other sites.




Figure 3 | Surface properties for the spring cruises: LS during May 2017 and MB during March-April 2016. Properties include salinity (A), CTD-fluorescence based chlorophyll (B), nitrate+nitrite (C), ammonium (D), silicate (E), biogenic silica standing stock (F), production rate (G) and stock-normalized production rate (H). Units are listed on the plot. Map made using Ocean Data View (Schlitzer, 2016).



The LS physical conditions were similar to MB. Summertime LS surface temperatures were warmest among the four cruises, ranging from 29.0 to 30.3°C. Surface salinities during this cruise ranged from 16.7 to 33.9. All summer stations sampled were between the 20 and 50 m isobaths, and the euphotic zone depths ranged from 5 – 48 m; like the MB, the shallower euphotic zones on the LS were associated with the shallower stations. During the spring LS cruise, the surface temperatures were elevated compared to the spring MB cruise, ranging from 20.9 to 26.0, likely due to the May period LS cruise being later in spring (vs. late March – April for the MB cruise). The surface salinity range sampled was comparable but slightly narrower than the summer cruise, 19.6 to 31.6, although one station was sampled in Mississippi Canyon (~1000 m bottom depth, hereafter referred to as the “deep-water” site) and surface salinity was 36.3 —typical of deeper regional waters outside the direct freshwater influence. The spring-period LS euphotic zones were largely shallower than observed in summer, ranging from 7 – 19 m, and there was no clear relationship with bottom depth.





Dissolved nutrients

During autumn on the MB, dissolved nutrients showed typical ranges as observed in prior studies. NO3+NO2 and NH4 concentrations in the surface averaged 0.46 µM (range: detection limit – 2.1) and 0.33 µM (range: detection limit – 1.3), respectively (Figure 4). SRP was lower and less variable, averaging 0.28 µM (range 0.15 – 0.42). Si(OH)4 concentrations were an order of magnitude higher, averaging 3.51 µM (range: 1.31 – 10.2). The highest concentrations corresponded to surface stations on the southern MB shelf just offshore and eastward of the MR delta. Vertically, there were few differences among stations, unsurprising given the storm passage which thoroughly mixed the water column. During the spring, nutrients in the MB surface concentrations were higher and more variable (Figure 3). NO3+NO2 and NH4 concentrations averaged 2.78 µM (range: detection limit – 13.1) and 0.95 µM (range: detection limit – 3.78), respectively (Figure 4). The average SRP concentration 0.39 µM (range: 0.03 – 3.1) was not as high as inorganic nitrogen forms; however, the dissolved N:P ratios were still below the canonical Redfield-Ketchum-Richards ratio (16:1). Si(OH)4 was also higher than in autumn, averaging 9.33 µM (range 0.42 – 45.3, Figure 4). The highest concentrations for all nutrients were typically observed in the northern domain and a high station in the mid-shelf western domain (except for NH4) just offshore of the Chandeleur Islands (barrier island chain that forms a western boundary for the MB, Figure 3).




Figure 4 | Surface box plots for nitrate+nitrite (A), ammonium (B), silicate (C), biogenic silica standing stock (D), production rate (E) and stock-normalized production rate (F) among all cruises. Box shows median (solid line) and average (dashed line), the box upper/lower boundaries denote the 25 and 75th percentiles with the whiskers denote the 10 and 90th percentiles.



While clear seasonal differences were observed on the LS, there was also a strong difference between nutrient magnitude in the MB and LS. During the LS summer, surface NO3+NO2 and NH4 concentrations averaged 7.40 µM (range: 0.30 – 29.3) and 4.12 µM (range: 1.94 – 7.47), respectively (Figure 4). The average surface SRP was 0.64 µM (range: 0.25 – 2.25). Si(OH)4 concentrations were higher than other nutrients, averaging 18.6 µM (range: 2.40 – 64.7). There was clear spatial variability among nutrients, with the highest concentrations in proximity to the MR outflow (see Dzwonkowski et al. (2018)). During spring, surface NO3+NO2 and NH4 concentrations averaged 5.20 µM (range: 0.17 – 14.9) and 5.59 µM (range: 0.20 – 15.8), respectively (Figures 3, 4). The surface SRP also was lower and less variable, averaging 0.14 µM (range: 0.12 – 0.17). At the deep-water station, surface nutrients were significantly lower than inshore with NO3+NO2, NH4, and SRP concentrations of 0.33, 0.34 and 0.18 µM, in that order (Figures 3, 4). Surface Si(OH)4 concentrations during the spring averaged 4.51 µM (range: 0.17 – 10.4) for the inshore stations, while the surface concentration at the deep-water station was 1.78 µM (Figures 3, 4). There were strong spatial gradients associated with the river proximity, i.e. the highest concentrations observed near the river, except for NH4 where the highest concentration observed in the surface was to the west and inshore (Figure 3).





Biogenic silica stock and production rates

bSiO2 standing stocks in the MB and LS were high but variable. During the autumn MB cruise, surface bSiO2 averaged 5.42 µmol Si L-1 (range: 0.16 – 40.3), while average bSiO2 in the surface was ~20% higher in spring, 6.18 µmol Si L-1 with a lower range (0.55 – 30.7, Figure 4). On the LS, surface bSiO2 were lower, averaging 2.53 µmol Si L-1 (range: 0.06 – 9.14) during the summer cruise. Surface bSiO2 at the shelf stations were elevated during LS spring and averaged 4.42 µmol Si L-1 (range: 1.37 – 9.59, Figures 3, 4). At the deep-water station, surface bSiO2 was lower (0.35 µmol Si L-1), consistent with the lower observed nutrients (Figure 3). At the stations where Si(OH)4 <1 µM, bSiO2 was 2.6 – 7.9 times higher than Si(OH)4, suggesting significant accumulation of diatom biomass. Vertically, bSiO2 in the euphotic zone declined with depth on the MB, although there was considerable variation in the average for the base of the euphotic zone, consistent with the shallow water column depth sampled and therefore the proximity to the sediment/water interface and nepheloid layer (Figure 5). On the LS, bSiO2 increased to a subsurface maximum in the mid-euphotic zone, with surface and deep average concentrations being similar (Figure 5). Between both regions, the average bSiO2 among euphotic zone depths varied by less than a factor of two, much less than variability in rates of production (discussed below).




Figure 5 | Average ( ± standard error) for silicate (A), biogenic silica standing stock (B), production rate (C), and stock-normalized production rate (D) per irradiance depth (LS and MB) or surface-only stations (MB).



Despite the apparent difference in surface bSiO2 between regions, there was less variation in the euphotic zone integrated stock. ∫bSiO2 in the two autumn MB profile stations were 6.17 and 29.0 mmol Si m-2, this was lower than the ∫bSiO2 among the four spring MB profile stations which averaged 57.1 mmol Si m-2 (range: 46.7 – 70.1, Table 1). On the LS, ∫bSiO2 in the summer was similar to MB in the autumn, averaging 21.9 mmol Si m-2 (range: 3.85 – 48.9, Table 1). However, ∫bSiO2 on the LS during spring was nearly three-fold higher, averaging 64.1 mmol Si m-2 (range: 31.8 – 108.8). At the deep-water station, ∫bSiO2 was 18.7 mmol Si m-2 (Table 1).


Table 1 | Station locations and surface salinity, euphotic zone depth, and integrated Si(OH)4, bSiO2 and ρ among cruises.



The minor disparities in surface bSiO2 between regions were not apparent in the rate of biogenic silica production, ρ, in the surface. During autumn (MB), ρ averaged 0.28 µmol Si L-1 d-1 (range: below detection – 0.89). In the MB spring, surface ρ increased by an order of magnitude compared to the autumn, averaging 2.41 µmol Si L-1 d-1 (range: 0.11 – 8.11, Figure 3). On the LS during summer, the average ρ in the surface, 2.34 µmol Si L-1 d-1, and the range of ρ spanned over four orders of magnitude (range: below detection – 17.4, Figure 4). During spring, surface rates were similar, averaging 2.73 µmol Si L-1 d-1 (range: 0.06 – 8.26, Figure 3) on the shelf, with a low rate in the deep-water station (<0.01 µmol Si L-1 d-1, Figure 3). Vertically, ρ declined with depth in the euphotic zone for both regions (Figure 5); however, there was a disparity at depth, as ρ in the mid euphotic zone on the LS was ~twice the rate at the same light depth on the MB. ∫ρ during the autumn MB cruise stations were 6.17 and 29.0 mmol Si m-2 d-1, this was elevated in the MB during the spring where the average was 9.39 mmol Si m-2 d-1 (range: 4.86 – 15.3, Table 1). On the LS, ∫ρ in the summer and spring averaged 9.54 mmol Si m-2 d-1 (range: 0.27 – 30.8) and 27.0 mmol Si m-2 d-1 (range: 2.63 – 65.7), respectively. In the deep-water station, ∫ρ was 0.36 mmol Si m-2 d-1.

bSiO2 normalized ρ, Vb, suggest many zones had active diatom assemblages (Figure 5). During autumn on the MB, surface Vb averaged 0.36 d-1 (range: below detection to 1.27 d-1), while in the spring, the average Vb was similar 0.40 d-1 (range: 0.05 to 1.27 d-1). These average specific rates imply doubling times approximately 1.5 – 1.9 days. On the LS during summer, surface Vb exceeded the spring values in the MB, averaging 0.50 d-1 (range: <0.05 to 1.56 d-1). The summer surface rate was also higher than the average Vb during the spring for the shelf stations, 0.33 d-1 (range: 0.02 to 0.84 d-1). These LS rates imply doubling times between 1.4 – 2.1 days. At the deep-water station, Vb was low (0.03 d-1) and suggests a doubling time of ~23 days. The similarity in Vb between regions also manifested in vertical trends, as Vb declined precipitously in the lower euphotic zone (Figure 5).

Statistical analysis on the drivers of Vb (to account for biomass differences) were done using surface data. During the autumn on the MB, backward stepwise regression model retained Si(OH)4 and salinity as the best predictors of Vb (Table 2); however, in the spring, the NO3+NO2 alone was retained (Table 2). On the LS (excluding the deep-water site), the model retained Si(OH)4 in both seasons, but in summer and spring, SRP and NO3+NO2 were also retained, respectively, along with salinity in the spring (Table 2).


Table 2 | Backwards stepwise regression analysis to explore drivers of Vb in the surface waters among stations and cruises.








Discussion




High silica production in the northern Gulf of Mexico: physics and allochthonous factors

River plumes are among the most highly productive ecosystems in the ocean. The nGoM shelf waters have been dubbed the ‘Fertile Fisheries Crescent’ (Gunter, 1963) due to the exceptional productivity of upper trophic level biomass. In many productive fisheries environments (e.g. Monterey Bay, Bering Sea), diatom production can be exceptional (Brzezinski et al., 2003; Krause et al., 2021). To our knowledge, this study reports the first ∫ρ rates within the euphotic zone for the nGoM. Despite the backdrop of a highly productive pelagic ecosystem, the measured ρ on the LS and MB are not among the highest in systems studied to date. Among a survey of 24 studies within many high and low productivity regions, the average ∫ρ rate on the LS shelf was among the upper 33% whereas MB is closer to the median (Figure 6A). ∫ρ in the highest productivity systems (e.g. coastal upwelling zones, Southern Ocean sectors) exceed averages of 50 mmol Si m-2 d-1, whereas the average for the LS during spring was 25 mmol Si m-2 d-1 (Table 1) and for MB was 10 mmol Si m-2 d-1 (Table 1). While the spring cruises were in different years (2016, MB; 2017, LS), the spread of the ∫ρ and the consistently higher values quantified on the LS suggests this may be a consistent difference; we discuss the potential reason(s) for this below (final discussion section). However, the magnitude of diatom production, while enhanced relative to many other systems, is not so exceptionally high as to be a clear factor leading to the stimulation of fisheries production in this region. Therefore, we propose that the unique hydrographic factors working in this system, help to physically concentrate diatom biomass to make it more assessable to higher trophic organisms. Some potential mechanisms are explored below:




Figure 6 | Survey of integrated euphotic zone biogenic silica production rate ranged from highest to lowest (A) among 24 studies and the euphotic-zone depth normalized production (B), termed euphotic zone density (mathematically equivalent single-depth units) for the same studies arranged from high to low. Average values per study are reported from the literature including the following systems: coastal/upwelling (C/U), river plume (RP), open ocean (Open), Southern Ocean (SO), and the Arctic region (RU); studies from mid-ocean gyres (e.g. Hawaii Ocean Time-series, Bermuda Atlantic Time Series study) were omitted due to very low absolute and depth-normalized rates. The average LS and MB value are denoted by the arrows in each plot. Data and original studies are listed in Supplementary Table S1.



Given the river plume forcing, we posit that the high system productivity in the LS and MB can be partially explained by diatom productivity being highly accessible to higher trophic organisms. When normalizing the ∫ρ depth to the depth of the euphotic zone (i.e. mathematically equivalent to volumetric rates, e.g. µmol L-1 d-1 or mmol m-3 d-1), the LS is the 5th highest, and the MB is in the upper 50% for ∫ρ among our survey (Figure 6B). The local river plume forcing facilitates water-column stability (stratification) and thereby allows phytoplankton to consume nutrients and avoid light limitation due to deep mixing. The degree of stratification in this system is extreme, as density differences between the surface and main pycnocline due to salinity are typically much higher (>>1 kg m-3) than open ocean metrics used define mixed layers (e.g. >0.1 kg m-3 differences from the surface). Thus, residence in this stable water column facilitates phytoplankton consumption of nutrients to exhaustion —if other ecological or physical factors are favorable. Indeed, the lowest surface Si(OH)4 observed during the LS spring bloom was 0.17 µM. This concentration is multiple factors lower than Si(OH)4 observed (i.e. ~0.6 – 0.8 µM) in the low-diatom-biomass oligotrophic gyres (Brzezinski et al., 2011; Krause et al., 2017) and is similar to intense diatom blooms observed on the LS (Nelson and Dortch, 1996) or in productive upwelling systems (Nelson et al., 1981; Krause et al., 2015; Closset et al., 2021). We suggest that the LS and MB physics allow for diatom production to be more accessible to higher trophic organisms compared to other systems where the integrated productivity may be higher, but more diffusely distributed within the water column. This is consistent with ideas concerning the importance of spatial aggregations as predictors of higher trophic level variation, e.g. Benoit-Bird and McManus (2012), opposed to typical volumetric abundances. Specifically, the ideas that have emerged in the last decade are not that volume-based rates or standing stock matter for ecological productivity, but instead how aggregated and concentrated production is (or can be at times), as highly concentrated production can be more easily accessed by higher trophic levels.

Beyond basic river-plume stratification dynamics (discussed above), there is regional evidence that small scale and/or ephemeral physical mechanisms in the nGoM may also help efficiently funnel diatom productivity to higher trophic levels. Using an in situ imaging system, Greer et al. (2020) observed a ~2.3 km (lateral extent) thin layer, dominated by the diatom Odontella sp., during July 2016 in the southwestern domain of the MB. Odontella species typically have large cell sizes compared to other diatom genera, especially slender pennate species which are abundant regionally (MacIntyre et al., 2011; Bargu et al., 2016). Greer et al. (2020) suggested the growth and grazing decoupling and motility (i.e. Odontella sp. is not a swimmer) in the thin layer were not major factors contributing to its formation. Specifically, Odontella sp. abundances outside of the thin layer were so low the disparity in abundances within and outside of the layer could not be solely from increased growth rates within the layer; therefore, these authors concluded diatom cells were concentrated by physical processes. Leveraging a high-resolution physical model, Greer et al. (2020) suggested the thin-layer feature was driven by surface convergence and vertical shear. Furthermore, their model outputs suggested that similar convergences occur frequently in the MB region and may contribute to efficient trophic transfer of phytoplankton organic matter to higher trophic levels. Such an idea is consistent with other studies in warm-water regions where standing stocks of phytoplankton may be relatively low but can be enhanced by similar physical mechanisms and fuel efficient passage of producer organic matter to higher trophic level organisms, e.g. Hawaii (McManus et al., 2012).

Despite the potential importance for thin layers regionally, it is unlikely that such dynamics were resolved in our study. Our vertical sampling was limited to four or five depths, which were predetermined based on the irradiance levels required for our deck board incubator. Consequently, it is unlikely that such thin-layer biomass would have been accurately captured in our rates. Specifically, the vertical orientation of the Niskin bottle would likely have sampled a component of such a layer (if any at all). However, this may not matter when trying to quantify the regional ρ. Our bottle incubations clearly captured the vertical extent of euphotic-zone productivity (Figure 5). Such short-duration physical dynamics acting to concentrate (opposed to stimulate) diatom production within a vertical layer would not radically alter the total euphotic zone integrated production, but redistribute (i.e. concentrate) the biomass. Thus, these features may not affect total ρ or annual productivity but could be important to facilitate more efficient transfer of this material up the foodweb.

Comparison of ∫ρ rates with riverine Si(OH)4 delivery show differences in the river effect between systems. Given our vertical sampling was confined to the euphotic zone, we consider stocks and rates in a euphotic-zone integrated context (e.g. one euphotic-zone box opposed to a two-box water column). In the MB, the delivery of riverine Si(OH)4 to the CONCORDE sampling domain (area of the three corridors) would support ~33-40% of the ∫ρ (Table 3); the proportional importance decreases if the entire MB shelf area is considered (i.e. Si in discharged water would be spread over a larger area). This implies that other Si(OH)4 sources are necessary to sustain the production rates of diatoms in the water column. Water-column recycling of bSiO2 can be quantitatively important. Brzezinski et al. (2003) reported that even during blooms in productive systems (e.g. Monterey Bay), 10-20% of ∫ρ was supported by euphotic-zone bSiO2 remineralization. Furthermore, the proportional support of ∫ρ from dissolution increases during non-bloom periods (e.g. 60-70% of ρ) or in regions with warmer water temperatures (e.g. ~30% in a Gulf Stream Warm Core Ring). Given surface temperatures in the MB were ~20°C and 24°C for the spring and autumn cruises, respectively, and the specific dissolution rate for bSiO2 in slightly cooler (~15-20°C) subtropical waters was reported to be ~0.15 d-1 (Brzezinski and Nelson, 1989), such a dissolution rate applied to our measured ∫bSiO2 standing stock would be sufficient to meet 65-100% of the ∫ρ during the MB cruises (Table 1). Note, this would be an upper estimate if most of the bSiO2 standing stock dissolves below the euphotic zone. Furthermore, benthic flux, while not reported for Si(OH)4 in the MB is likely similar to that observed on the LS given the similarity in bSiO2 content in sediments between these regions (Pickering et al., 2020; Kemp et al., 2021). Lehrter et al. (2012) reported benthic Si flux rates ranging from 0.3 – 4.4 mmol Si m-2 d-1 on the LS in spring and summer. This represents a major pool of usable Si but given the shallow euphotic zones and surface layers, such a pool may not be accessible to diatoms until tropical cyclones (e.g. summer) or cold fronts (e.g. autumn) break down this stratification and mix the water column. Taken together, the MB data suggest that over the entirety of the shelf, riverine Si and internal recycling may meet the Si demand for diatoms; however, within this broad area, there are ephemeral conditions where diatoms can exhaust Si faster than replenishment, as has been observed offshore of coastal Alabama in the northern domain of the MB, e.g. MacIntyre et al. (2011).


Table 3 | Comparison of riverine Si(OH)4 flux relative to ∫ρ (e.g. Table 1) on the MB and LS during each cruise (error is standard deviation).



Unlike the delivery of Si(OH)4 to the MB, the MR delivers an order of magnitude more Si to the LS where it is used in an area less than twice that considered for the MB (Table 3). During the summer and spring, the riverine flux averaged 62% and 92% of the measured ∫ρ. Thus, over the entirety of the shelf, the river flux combined with internal recycling of bSiO2 (discussed above) should have been sufficient to meet the Si demand for diatoms. Furthermore, consistent with calculations by Lehrter et al. (2012), benthic flux of Si could also have been a significant source of Si to help diatom avoid limitation, especially for any diatom production occurring deeper than the main pycnocline. While many studies have suggested that Si limitation may be more prevalent now than before eutrophication (Turner et al., 1998), when considering bulk rates of delivery and shelf-wide production, any limitation by Si is not due to a lack of Si within the integrated system (i.e. upper water column over the shelf area) but must be due to the balance between diatom growth and the Si(OH)4 supply to the euphotic zone. While the Turner et al. (1998) study (among others), inferred diatom Si limitation by nutrient ratios (i.e. Si depleted before N), there is more direct evidence showing that diatoms can be limited by Si(OH)4 on the LS. Nelson and Dortch (1996) reported many instances where Si(OH)4 in the upper water column was <1.5 µM in the summer and <0.4 µM in the spring. We did not observe such low concentrations during the summer, but during the spring on the LS six (of 14) stations had surface Si(OH)4 <1 µM with the lowest concentration of 0.17 µM (Figure 3). Thus, both our study and Nelson and Dortch (1996) demonstrate diatoms can effectively exhaust Si(OH)4 faster than local physical delivery (e.g. mixing) or remineralization scales in the euphotic zone, despite considerable pools of Si which are separated by relatively short vertical scales (e.g. <5 m) —especially compared to gradients in deep-water systems. In the absence of exceptionally concentrated diatom production, which can deplete Si(OH)4 to levels that likely limit diatom growth, e.g. Nelson and Dortch (1996) (and this study), it appears that most of the Si production on the shelf can be met by external Si delivered by the MR with the rest being met by internal recycling or benthic flux (after the exceptional water column stratification is broken down).





Biogenic silica production drivers

While many factors potentially affect the rate of biogenic silica production (i.e. Vb), our analysis focused on a common subset of parameters available for all cruises. The models all explain at least a majority of the variance (i.e. R2 = 0.50 to 0.97), but only one explains nearly all the variance (i.e. LS Spring). Thus, for the other three cruises (LS Summer, MB cruises), there is a quantitatively significant portion of variance which cannot be explained by the variables considered. Despite this, the model results provide an empirical approach to evaluate the factors which best correlated to Vb during these cruises.

A significant number of studies reporting ρ are from systems with relatively invariant salinity. Even in coastal systems with such data, e.g. Bay of Brest (Beucher et al., 2004), salinity ranges are relatively minor (e.g. 32 – 36) compared to the nGoM. During our study, we observed considerable variability in surface salinity during spring (both regions, Figure 3) and summer (LS). For the MB, the effect of the estuarine condition differed between autumn and spring. The autumn cruise occurred after the passage of the remnants from Hurricane Patricia (Dzwonkowski et al., 2017); note, given the lack of historical data, we cannot disentangle the effect of any prior anthropogenic changes that may alter the response following the storm. The storm surge flooded the nGoM estuaries, and as the waters flowed back into the Gulf, the post-storm stratification led to increased rates of primary production, especially among larger cells (e.g. Trichodesmium, diatoms) within 15 km of the Mobile Bay outflow (Dzwonkowski et al., 2017). The regression model for these autumn 2015 data shows that the strongest predictors for Vb were salinity and Si(OH)4 (Table 2). Both parameters had negative coefficients, which means they scaled in the same direction. Si(OH)4 in the waters feeding MB (e.g. Mobile Bay) behaves semi-conservatively, especially compared to other dissolved nutrients, e.g. NO3+NO2, NH4, SRP (Sutton et al., 2023), and thus we would expect Si(OH)4 and salinity to be negatively correlated (i.e. higher Si(OH)4 at lower salinities). Our model instead showed these parameters trended the same direction and Vb was highest when Si(OH)4 and salinity were lower. Such a trend was likely driven by the receding storm surge. Thus, the importance of the salinity effect in this specific season was the ability for the low salinity water to stabilize the water column (which had been well mixed) post storm thereby allowing phytoplankton (e.g. diatoms) to grow; this is consistent with interpretations by Dzwonkowski et al. (2017). During spring in the MB, salinity was not a significant predictor, as Vb was positively associated with NO3+NO2 (Table 2). Such a result is consistent with the differences in the Si:N ratio of waters feeding the MB and LS, where Si:N in the MB is high (>1) and optimal for diatoms compared to the LS (Figure 1, discussed below). In this case, the quantity of NO3+NO2 to the MB was the best predictor of the quantified diatom silica production rate, suggesting a potential stimulatory effect near the plume edge where nutrients are still elevated relative to the offshore waters.

Drivers on the LS differed from those on the MB. The loading of nutrients in the MR watershed increased both N and P in the river over time (Figure 1 for nitrate). Determining what nutrient may limit primary production for the community has important regional implications for management actions in the watershed. For instance, much of the regional regulatory effort to combat hypoxia on the LS focuses on the reduction of N in the river. But while N can limit primary productivity on the LS, e.g. Rabalais et al. (2002) and references therein, there are times when P can be limiting, e.g. Sylvan et al. (2006). The LS cruise effort was more focused on benthic-pelagic coupled processes vs. the cruises in the MB with more fine-scale spatial sampling; therefore, in the LS we have only ~25% of the spatial stations compared to the MB: although unlike the MB, we have full vertical profiles for each occupied station.

The backward stepwise regression model analysis identified that the strongest nutrient predictors for Vb during the summer and spring cruises were NO3+NO2 (spring, negative coefficient), SRP (summer, negative coefficient), silicate (both seasons, positive coefficient), and salinity (spring, positive coefficient). Thus, our data analysis suggests that diatom productivity (Vb) was responding more to NO3+NO2 in the spring and SRP in the summer, while there is a persistent underlying response to Si(OH)4 in both seasons. The latter is expected as Si(OH)4 affects both diatom growth rates and their rate of Si uptake (e.g. nutrient kinetics). The positive correlation between Si(OH)4 and Vb in our statistical analysis infers some degree of kinetic limitation, i.e. Si(OH)4 is suboptimal for uptake (Vb at ambient Si(OH)4 < Vb at non-limiting Si(OH)4) and under these conditions diatoms alter physiology to compensate (McNair et al., 2018). Such kinetic limitation is also consistent with previous LS data from the early 1990s (Nelson and Dortch, 1996).

Model results indicate that the sign of the model coefficients for NO3+NO2 in the spring and SRP in summer are negative. These data infer that Vb, a proxy for diatom growth, is stimulated at lower NO3+NO2 and SRP concentrations than the high-nutrient riverine endmember (if this were the case, then the model coefficient for both would be positive). This is consistent with both remote data and shipboard incubation work showing that primary production and phytoplankton biomass accumulation rates are not highest in the main part of the river discharge zone but downstream, likely due to improved light conditions (reduced turbidity) and stratification which facilitates growth (Lohrenz et al., 1997; Lehrter et al., 2009). Our project results highlight that Si(OH)4 always plays a role in diatom Si uptake (and potentially becomes a growth-limiting factor when concentrations are very low, e.g. <1 µM), but typically diatom activity switches from being more correlated to NO3+NO2 in the spring and SRP in the summer. Such empirical connection of diatom activity to three different nutrients suggests modeling diatom growth in this region over time may be challenging. Identifying the underlying factors affecting these trends (e.g. changes in diatom assemblage, direct evidence of nutrient limitation) should be a priority given diatoms critical role in system productivity.





Has diatom silica production changed due to eutrophication?

As discussed, there have been significant changes to Si(OH)4 and NO3 concentrations in the MR (Figure 1) which feeds the nGoM (Turner and Rabalais, 1991; Turner and Rabalais, 1994a; Turner and Rabalais, 1994b; Turner et al., 2008). These results compelled a United States Environmental Protection Agency Science Advisory Board (Dale et al., 2007) to recommend that:

“. the potential for silicate limitation and its effects on phytoplankton production and composition on the Louisiana-Texas continental shelf should be explored when carrying out experiments on the importance of N and P as limiting factors and when considering nutrient management scenarios.”

The relationship between eutrophication and diatom production could be evaluated by understanding how diatom production rates respond to eutrophied conditions. However, the lack of diatom-specific rate information, facilitated by using isotope-addition methods (e.g. 30Si, 32Si), has hindered understanding the quantity of production attributed to diatoms in this system. While our production rate data set lacks a robust baseline, i.e. one study reporting data on ρ during the early 1990s (Nelson and Dortch, 1996), the comparison between the LS and MB offers potential insight regarding how the system operates now and we can speculate whether this may have changed in the last half century.

Compared to a past study in the nGoM (Nelson and Dortch, 1996), we find no evidence that diatom growth (i.e. Vb is proxy) in the upper depths is significantly different. Working in the same region of the LS during the early 1990s, rates reported by Nelson and Dortch (1996) during the summer and spring fell within the range for our study on the LS during the same seasons (Figure 4) with no significant differences (Mann Whitney U Test (Summer, Spring), U = 25, 47, p = 0.29, 0.88), albeit these earlier data are less variable. Nelson and Dortch (1996) also observed a significant difference between LS rates during spring (lower) and summer (higher), such a trend was not resolved during this present study. With the caveat that Nelson and Dortch (1996) did not report vertically integrated rates, the comparison of our data with those in the early 1990s does not suggest any significant change to the specific rate of diatom bSiO2 production.

Comparison of the ∫ρ data during spring between the MB and LS are consistent with a eutrophication effect suggested in previous studies. There is relatively low nitrate in the Mobile Bay waters, <20 µM (Pennock et al., 1999), compared to the >100 µM concentrations in the MR derived from eutrophication in the watershed (Figure 1). The high nitrate and relative lack of light limitation as the MR discharges onto a deeper continental shelf, potentially facilitates Si(OH)4 uptake while waters are diluted on the LS (consistent with reported non-conservative behavior for Si(OH)4). This situation (i.e. high NO3+NO2 and NO3+NO2>Si(OH)4) does not appear to occur in the MB (consistent with reported conservative behavior for Si(OH)4). During spring, the LS had higher surface concentrations and ranges for NO3+NO2 and NH4 relative to those in the MB, but surface concentrations of Si(OH)4 were higher in the MB than in LS (Figure 3). Such differences are consistent with the well-reported anthropogenic factors in the MR watershed compared to the MB watersheds. For example, the increased nitrogen has been linked to fertilizer use in the MR watershed (Turner et al., 1998). Whereas the reduced Si(OH)4 over time has been attributed to factors like damming (e.g. bSiO2 retained in reservoirs behind dams vs. being carried downstream and dissolving en route), as reported in the Black Sea (Humborg et al., 1997) and other systems (Humborg et al., 2000). In the MB, the watersheds which provide fluvial input onto the shelf ecosystem are much smaller, with comparatively less developed urban and agricultural regions, and have the opposite nutrient trends (i.e. relatively lower NO3+NO2 and higher Si(OH)4) than the MR. Although urbanization is occurring within the MB watershed, the degree of eutrophication is much lower than for the MR (Pennock et al., 1999). Such watershed differences would be expected to affect diatom processes downstream in the coastal domain.

The integrated diatom productivity appears to be significantly higher in the LS compared to the MB during spring, the season we can compare directly. Despite comparable Vb in the MB surface waters, the average ∫ρ was 2.5x higher in the euphotic zone of the LS than the MB. This difference is stark considering the average euphotic zone depth on the LS in spring was ~12 m vs. ~19 m for the MB. While both euphotic zones are relatively shallow compared to deep-water systems, there is likely a vertical zone in both systems where cells switch from nutrient limitation (under high irradiance) to light limitation —sensu Dugdale (1967). Phytoplankton cells can compensate for the lower light by increasing their light harvesting capacity (e.g. increase pigment per cell); however, pigment complexes have higher N requirements relative to P (Geider et al., 1996). Thus, given that the integrated standing stock of NO3+NO2 on the LS in spring was double (~90 mmol m-2) that in the euphotic zone of the MB (~45 mmol m-2, data not shown), the additional NO3+NO2 may have helped diatoms in the lower euphotic zone avoid reducing growth rates due to rapidly attenuating light in the turbid waters. Hence, we posit that eutrophication sets a higher potential for diatom biomass due to higher total N to exploit (if sufficient Si is available) and increases the euphotic-zone ∫ρ via facilitating higher uptake rates at depth (Figure 5).

Due to lack of baseline data for the water column on the effect of eutrophication on diatom production, our interpretation that ρ on the LS has increased in response to eutrophication cannot be tested directly. However, we can glean insights from local sediment records or use experimental approaches (e.g. bioassays) in future studies. For example, on the LS, there has been an increased preservation of diatom valves (especially the genera Pseudo-nitzschia which can have toxic species) in sediments through the end of the 20th century (Parsons et al., 2002). On a similar timescale, albeit not directly synchronized with Pseudo-nitzschia, there have also been increases in sediment bSiO2 (Turner et al., 2008). It is unknown if these trends have continued in the last two decades since these reports. The general trend of increased bSiO2 preservation in sediments after eutrophication, due to increased diatom ρ in the water column, has been observed in limnic systems (Schelske et al., 1987), suggesting some fundamental similarities in the responses of diatoms assemblages to eutrophication among environments. Given the lack of baseline data to assess the general trends in ρ during and before eutrophication in the 20th century, new methods (e.g. silicon stable isotopes) could be employed to fill these temporal gaps. Comparison of trends over time between the LS and MB sediments could provide a means to better understand whether eutrophication has changed diatom silica utilization and production regionally or if similar spatial differences observed in this study reflect general subregional differences driven by the size of the watersheds feeding each site.
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Diatoms serve as the major link between the marine carbon (C) and silicon (Si) biogeochemical cycles through their contributions to primary productivity and requirement for Si during cell wall formation. Although several culture-based studies have investigated the molecular response of diatoms to Si and nitrogen (N) starvation and replenishment, diatom silicon metabolism has been understudied in natural populations. A series of deckboard Si-amendment incubations were conducted using surface water collected in the California Upwelling Zone near Monterey Bay. Steep concentration gradients in macronutrients in the surface ocean coupled with substantial N and Si utilization led to communities with distinctly different macronutrient states: replete (‘healthy’), low N (‘N-stressed’), and low N and Si (‘N- and Si-stressed’). Biogeochemical measurements of Si uptake combined with metatranscriptomic analysis of communities incubated with and without added Si were used to explore the underlying molecular response of diatom communities to different macronutrient availability. Metatranscriptomic analysis revealed that N-stressed communities exhibited dynamic shifts in N and C transcriptional patterns suggestive of compromised metabolism. Expression patterns in communities experiencing both N and Si stress imply that the presence of Si stress may partially ameliorate N stress and dampen the impact on organic matter metabolism. This response builds upon previous observations that the regulation of C and N metabolism is decoupled from Si limitation status, where Si stress allows the cell to optimize the metabolic machinery necessary to respond to episodic pulses of nutrients. Several well-characterized Si-metabolism associated genes were found to be poor molecular markers of Si physiological status; however, several uncharacterized Si-responsive genes were revealed to be potential indicators of Si stress or silica production.
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Introduction

As silicifying photoautotrophs, diatoms serve as a critical link between ocean silicon (Si), nitrogen (N), and carbon (C) biogeochemical cycles. In productive coastal regimes, wind-driven upwelling events bring deep macronutrient-rich water to the surface, fueling >30% of annual productivity (Krause et al., 2013). In the coastal upwelling zone (CUZ) near Monterey Bay, strong late spring and summer upwelling can bring water to the surface with Si(OH)4 and NO3- concentrations in excess of 25 µM in a ~1.2:1 ratio (Brzezinski et al., 1997). Diatoms can rapidly respond to the influx of nutrients and utilize Si(OH)4 and NO3- in a 1:1 ratio (Brzezinski, 1985), implying that a diatom-dominated community in Monterey Bay could account for nearly all of the new production within the system. The similarity between the mean supply and utilization ratios suggests diatoms could simultaneously drawdown NO3- and Si(OH)4 to low levels, setting up a potential scenario where diatom cells experience physiological stress related to the lack of both macronutrients. However, variations from the mean nutrient supply ratio, the amount of nitrogen regenerated in the system (Brzezinski et al., 1997), or the community nutrient consumption ratio can determine the ultimate limiting nutrient regime, which may have dramatically different impacts on cell physiology (De La Rocha and Passow, 2004; Brembu et al., 2017a; Smith et al., 2019) and bloom fate.

In response to low N availability that reduces the rate of N uptake, diatoms attempt to maintain growth by reducing cellular N quotas through decreased concentrations of chlorophyll, total protein, and other N-dependent biomolecules (Osborne and Geider, 1986; Liefer et al., 2019). This is driven by the down-regulation of genes involved in C metabolism and accompanied by a characteristic shift in the expression of N-assimilation genes (Bender et al., 2014; Smith et al., 2019). Low extracellular N availability can also lead to cellular amino acid and protein recycling (Falkowski et al., 1989; Alipanah et al., 2015) and up-regulation of the ornithine-urea cycle, which plays a key role in the redistribution of intracellular N (Allen et al., 2011). These strategies slow progression into total N starvation and cell cycle arrest, but progressively induces physiological stress that ultimately reduces growth. The loss of key metabolites in the process results in an extended lag phase upon N replenishment (De La Rocha and Passow, 2004; Hockin et al., 2012). In contrast, when diatoms are kinetically limited by low Si availability, a reduction in cellular Si quota is achieved by the production of less silicified cell walls, or frustules, allowing cells to maintain growth (Paasche, 1973; McNair et al., 2018a). Reductions in silica production could also reduce cellular N quota given the role of long-chain polyamines, derived from the urea cycle, in silicification (Kröger et al., 2000). Only when the limitation by Si exceeds the capacity of the cell to thin the frustule does growth limitation ensue; this can be due to low dissolved Si driven by bloom conditions or chronically low Si concentrations (e.g. open ocean). However, as Si is a structural component and not heavily utilized in vital intracellular machinery, Si limitation has less of an impact on C and N metabolism, thereby allowing diatoms to rapidly return to optimal growth rates upon Si replenishment (De La Rocha and Passow, 2004). Thus it has been suggested that Si limitation may be an evolutionary adaptation that allows diatoms to rapidly resume growth upon nutrient resupply (Flynn and Martin-Jézéquel, 2000; De La Rocha and Passow, 2004; Raven and Waite, 2004).

Unlike the well-characterized molecular response to N stress, the molecular response to Si stress is less defined, in part because of an incomplete understanding of the molecular mechanisms of silicification and the metabolic pathways impacted by Si stress. Numerous culture-based transcriptomic studies have explored the molecular response to Si starvation and replenishment (Mock et al., 2008; Sapriel et al., 2009; Shrestha et al., 2012; Smith et al., 2016; Brembu et al., 2017a), but the majority of genes identified in these studies encode for hypothetical or uncharacterized proteins. Proteomic-based studies confirm the role of numerous known and unknown proteins in Si metabolism, but also reveal the expression of proteins involved in cell cycle progression, amino acid synthesis, and cell wall synthesis (Du et al., 2014; Chen et al., 2018; Thangaraj et al., 2019). Among the known proteins are the silicon transporters (SITs), a family of membrane-bound proteins responsible for intracellular silicon uptake (Hildebrand et al., 1997; Hildebrand et al., 1998; Thamatrakoln and Hildebrand, 2007) when extracellular Si(OH)4 concentrations are <20 µmol L-1 (Shrestha and Hildebrand, 2015; Knight et al., 2016); above that, passive uptake occurs with Si(OH)4 freely diffusing across the cell membrane (Thamatrakoln and Hildebrand, 2008; Shrestha and Hildebrand, 2015). Other diatom-specific proteins directly involved in silica deposition (i.e. silica production) have also been characterized including silaffins (Kröger et al., 1999), silacidin (Wenzl et al., 2008), cingulins (Scheffel et al., 2011), silicalemma-associated proteins (Tesson et al., 2017), and silicanin-1 (Kotzsch et al., 2017).

Here we investigate the physiological impact of, and interplay between, N and Si stress of a diatom bloom near Monterey Bay, CA to understand how nutrient-limited communities respond when resupplied with episodic pulses of nutrients. To provide a molecular framework for the response to nutrient limitation, we used a combination of metatranscriptomic analyses and biogeochemical measurements to contextualize the resident diatom communities. We further evaluate the utility of diatom transcriptomic fingerprints in diagnosing N and Si stress.





Materials and methods




Environmental sample collection and experimental design

Incubation samples were collected during the “DYE labeling of diatoms” (DYEatom) cruise between 27 June and 05 July 2013 on board the R/V Point Sur (PS1312; 27 June-5 July 2013) off the California coast near Monterey Bay. Details about the cruise track and hydrodynamic conditions can be found elsewhere (Kranzler et al., 2019; Krause et al., 2020). Stations reflecting a progression of bloom states were initially identified using satellite derived ocean color and sea surface temperature (SST; MODIS Level-2 products, NASA), high frequency radar arrays (Kaplan and Largier, 2006); Central and Northern California Ocean Observing System, www.cencoos.org), and the vessel’s underway data acquisition and flow-through seawater systems to identify areas with high phytoplankton biomass. Stations were sampled just after local sunrise. Water was collected using a rosette containing twelve 10L Niskin bottles, Sea-Bird Electronics conductivity-temperature-depth sensor, Chelsea fluorometer, and photosynthetically active radiation (PAR) sensor from Bio-Spherical Instruments. Data from three stations, S2, S4 and S11 were analyzed for the present study.

The phytoplankton community response to silicic acid addition was investigated through a series of deckboard incubation experiments and a combination of biogeochemical measurements and metatranscriptome sequencing. Water was collected from a depth corresponding to 55% of the surface irradiance level (I0) and transferred to replicate acid-washed polycarbonate bottles. Bottles were left unamended as control (Ctrl) or amended with 18 µmol L-1 Si(OH)4 (+Si) and incubated in deckboard incubators shaded to 55% I0 with window screening and cooled to in situ temperatures with flow-through surface seawater.





Silica production rate measurements

Community biogenic silica (bSi) production rates were measured using the radiotracer 32Si. At the start of each incubation experiment a 250 mL polycarbonate bottle was filled to the brim with 304 mL of seawater, amended with 263 Bq of high-specific activity 32Si (>40 kBq μg Si−1), and incubated for 4, 12, and/or 24 h. At the termination of each incubation, samples were filtered onto 25 mm, 1.2-μm pore-size polycarbonate filters and processed for 32Si activity using low-level gas-flow proportional counting (Krause et al., 2011). Volumetric Si production rates (ρ in μmol Si L−1 d−1) were normalized to bulk bSi concentrations (μmol Si L−1) to obtain specific silicic acid uptake rates (Vb, d−1). Two methods were used to assess the degree that the ambient Si(OH)4 concentration limited bSi production (i.e. Si uptake), both of which used the same 32Si activity addition, incubation conditions, and processing as described above. The first method measured 32Si uptake as a function of silicic acid concentration along an eight-point concentration gradient between 0-18 µmol L-1 Si(OH)4, i.e. sample water was distributed into eight different bottles, and seven received added Si(OH)4 (one remained at ambient) to create the gradient. The dependence of Vb on the substrate concentration conforms to a rectangular hyperbola described by the Michaelis-Menten equation:

 

where Vmax is the maximum specific uptake rate and Ks is the half saturation constant. Data were fit to a non-linear curve using the self-starting Michaelis-Menten function (SSmicmen) from the R stats package v.3.6.2. The second method used bSi production rates measured at ambient Si(OH)4 concentration and +18.0 µmol L-1 Si(OH)4 to saturate Si uptake and approximate Vmax and measure Vb in Eq. 1 (Brzezinski et al., 1997). Kinetic Si-limitation, or Si-stress, was defined as the ratio of Si production at ambient Si(OH)4 concentration (Vamb) to the enhanced +18µmol L-1 [Si(OH)4] (Venh), Vamb : Venh (Nelson et al., 2001).

 

ere lower values correspond to greater stress. Based on the analytical error of the measurement, Si stress values >0.92 were considered within detection error and are not resolvable from a value of 1 which would indicate Si sufficiency (Krause et al., 2012).

For station S11, the end point of the kinetic incubation (4 h) differed from that of the incubation used for RNA extraction and sequencing (36 h). Thus, the initial conditions (e.g. bSi0, [Si(OH)4]0, Vmax, Vb, and Ks) were used to estimate the final specific uptake rate and Si stress. Eq. 1 was converted into Eqs. 3-4 to determine the bSi concentration (bSin) at the end of a given time-step (tn, iteration number n). The bSin and Si(OH)4 concentration after tn ([Si(OH)4]n) were then used to calculate the specific uptake rate at the end of each time-step (1 min) and iterated for each time-step from 4 to 36 h (Eqs. 5-6).

 

 

 

 

This simplified calculation assumes there was minimal dissolution of the bSi pool during the time-course of the incubation (i.e. gross production = net production), which is reasonable for this region where the average dissolution rate has been measured at ~0.05 d-1 (Brzezinski et al., 2003). Furthermore, although shifts in species composition can community alter Vmax and Ks values, the incubations were short enough (12-36 h) that we assumed these values did not change.





Nutrient and particulate analyses

Seawater samples for dissolved nutrient analysis (nitrite + nitrate, orthophosphate and silicic acid) were syringe filtered through 0.6 µm-polycarbonate filters into polypropylene scintillation vials and immediately frozen at -20°C. Concentrations of NO2- + NO3-, and PO4-3 were measured at the University of California, Santa Barbara Marine Science Institute using a Lachat Instruments QuikChem 8500 Series 2 (Parsons et al., 1984), while Si(OH)4 was quantified using the ammonium molybdate colorimetric assay (Brzezinski and Nelson, 1995). For bSi samples, 600 mL of seawater was vacuum filtered onto 0.6-µm pore-size polycarbonate filters and digested shipboard using 0.2 N NaOH digestion in Teflon tubes (Krause et al., 2010). Final neutralized bSi digests were then quantified using similar colorimetric procedures as described for Si(OH)4 samples (Krause et al., 2010). For chlorophyll measurements, samples were collected by filtration onto 0.45-µm pore-size HAWP cellulose filters (Millipore) and frozen at -20˚C. Chlorophyll a was extracted with 90% acetone at -20˚C for 24 h using the acidification method and measured with the Turner Designs 10-AU fluorometer (Strickland and Parsons, 1972; Parsons et al., 1984).





Metatranscriptome analysis

Seawater samples for metatranscriptome analysis were collected by filtration at <5 psi onto 47 mm, 1.2 µm pore-size polycarbonate membranes, flash frozen in liquid N2, and stored at -80°C. Total RNA was extracted from filters using the Trizol-RNeasy method with an additional bead beating step. In brief, filters were transferred to tubes containing RNase/DNase free 100 µm zirconia/silica beads with 1 mL of Trizol reagent, vortexed for 2 min, incubated at room temperature for 5 min, vortexed again for 2 min before following the standard Trizol RNA extraction protocol. The upper aqueous phase was transferred to a clean 1.5 mL tube with an equal volume of 70% alcohol, mixed, and added to QIAgen RNAeasy column. The standard RNeasy protocol with the optional on-column DNase treatment was followed.

RNA was quantified using a Qubit® RNA HS Assay, and RNA integrity was determined using the Agilent Bioanalyzer RNA 6000 Pico kit eukaryotic assay. Total RNA (500 ng) was used for library prep with Illumina TruSeq RNA Library Prep kit v2 with mRNA purified using Oligo-dT bead capture polyA tails. Library quality was assessed on an Agilent Bioanalyzer and quantified via Qubit before being pooled in equal quantities. The pooled libraries were sequenced at UC-Davis Genome Center on HiSeq 4000 in lanes of paired-end-150bp flow cell.

Primer and adapter sequences were removed from raw sequencing reads with trimmomatic v0.38 (Bolger et al., 2014). Paired-end reads were merged with interleave-reads.py from the khmer package v2.1.2 before removal of rRNA reads with sortmeRNA v2.0 utilizing the built in SILVA 16s, 18s, 23s, and 28s databases (Kopylova et al., 2012). Remaining reads were separated (using the deinterleave_fastq.sh https://gist.github.com/nathanhaigh/3521724) and assembled into contiguous sequences (contigs) with megahit v1.1.3 using ‘meta-large’ setting (Li et al., 2015). Open reading frames (ORFs) were predicted from assembled contigs using FragGeneScan v1.31 (Rho et al., 2010), and orfs shorter than 150 bp were removed. Reads counts for remaining orfs were estimated using salmon v0.6.0 `quant` quasi-mapping with seqBias and gcBias features.

Orfs were annotated based on best homology (lowest E-value) using BLASTP v.2.5.0+ with an E-value threshold of<10-3. Taxonomic and functional annotations were assigned using the MarineRefII (roseobase.org/data), a custom databased maintained by the Moran Lab at the University of Georgia that includes sequences from PhyloDB v.1.076 which contains 24,509,327 peptides from 19,962 viral, 230 archaeal, 4,910 bacterial and 894 eukaryotic taxa, including peptides from KEGG, GenBank, JGI, ENSEMBL, CAMERA and 410 taxa from the Marine Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP), as well as the associated KEGG functional and NCBI taxonomic annotations through a related SQL database. NCBI taxonomic annotations were further curated (Cohen et al., 2017); (https://github.com/marchettilab/metatranscriptomicsPipeline) to ensure the use of consistent taxonomic ranks. KEGG Ortholog (KO) classifications of diatom urea transporters, nitrite reductase, ammonium transporters were manually verified against known gene phylogenies and edited accordingly (Smith et al., 2019).

Silaffin-like genes were identified in Pseudo-nitzschia multiseries (CLN-47 v1) genome, as described previously (Scheffel et al., 2011), using an initial signal peptide screen of translated nucleotide sequences and subsequence sliding window search for amino acid (AA) sequences containing a 100-2000 long segment with ≥10% lysine and ≥18% serine residues. Full length P. multiseries putative silaffin amino acid sequences were subsequently screened for the presence the characteristic silaffin-like motifs using the FIMO program within the Multiple EM for Motif Elicitation (MEME suite v.5.4.1) motif scanning software package (Grant et al., 2011). Additional functional annotation was performed using BLASTP with the NCBI nr database (E-value<10-10) and KEGG GhostKOALA (score<40). This process identified 157 putative unique P. multiseries silaffin-like genes (PNSLs) which were used with BLASTP+ v2.5.0 (E-value<10-5) to identify homologous sequences within our metatranscriptome assembly. To identify the distribution of these genes in diatoms and other microalgae, BLASTP was used against a database containing the 67 translated transcriptomes from the MMETSP (Keeling et al., 2014). PNSLswith no significant hits (E-value<10-10) to non-diatom genes were considered “diatom-specific”.

For genes of interest that did not have an associated KO number, such as silicon transporters (SITs) and silicanin-1 (Sin-1), manual annotation was performed as previously described (Durkin et al., 2016; Brembu et al., 2017a; Kotzsch et al., 2017) using BLASTP+ v2.5.0 best hit with e-value cutoff of 10-5. Putative SIT sequences were further classified to clade designations, using a maximum-likelihood tree constructed from a reference alignment (Durkin et al., 2016) with RAxML version 8.2.12 – PROTGAMMAWAGF substitution model and 100 bootstrap replicates (Stamatakis, 2014). A HMM-profile was constructed from the reference alignment (using hmmbuild 3.2.1) and used with hmmalign to align amino acid sequences corresponding to SIT orfs. Alignment and tree files were packaged using taxtastic v.0.8.3, and SIT orfs were placed on the reference tree using pplacer v.1.1.alpha19 with posterior probability calculated (Matsen et al., 2010). The most closely related reference sequence was assigned to each SIT orf using guppy v.1.1.alpha19 (Matsen et al., 2010).

Prior to differential abundance analysis, raw counts were aggregated within diatom genera by KO number. For genes lacking a KO number, e.g. SITs, ISIPs, Sin1, etc., aggregation was done based on gene assignment through KEGG annotation or BLASTX query of supplemental databases. Genus-specific aggregation of functionally annotated reads reduces redundancy and allows the use of tools originally designed for single organism RNAseq analysis (e.g. DESeq2, edgeR). This is necessary for microbial community transcriptomic analysis due to methodological and computational difficulties in resolving species-level, differential transcript abundance (Toseland et al., 2014; Alexander et al., 2015; Kopf et al., 2015; Cohen et al., 2017; Hu et al., 2018; Lampe et al., 2018; Cohen et al., 2021). However, this approach does not resolve species-level contig abundance, nor does it a priori resolve clade-specific abundance patterns for genes that belong to multigene families. In the case of SITs, individual clades were identified through phylogenetic analysis as described above, and manually annotated to allow interrogation of SIT transcripts at the clade level. Additionally, annotations for urea transporters 1 and 2 were grouped together because of their close phylogenic relationship and shared abundance pattern in response to nitrogen supply (Smith et al., 2019). A similar approach for other multigene families, such as ammonium transporters and nitrate transporters, was not used because abundance of these genes in response to nitrogen supply does not appear to be clade-specific (Smith et al., 2019).





Metabolic pathway groupings

Genes indicative of nitrogen limitation were selected based on culture-based studies characterizing the response of the diatom Phaeodactylum tricornutum to depletion and replenishment of nitrate, nitrite, and ammonia (Smith et al., 2019). Using independent transcriptomic studies of Si-depleted and replenished Thalassiosira pseudonana cultures (Shrestha et al., 2012; Smith et al., 2016; Brembu et al., 2017a), we identified a subset of genes conserved across those studies in either their response to silicon starvation or association with silica production and denote these here as SiLA (Si-limitation associated) or SiPA (silica production associated), respectively. SiLA genes were identified as those with a >2-fold increase in transcript abundance >4 h-post Si-starvation and that did not increase expression in response to Si replenishment. Similarly, SiPA genes were identified as those with a >2-fold increase in transcript abundance >4 h-post Si replenishment and did not increase expression in response to Si starvation. The 2-fold threshold was used to provide confidence that the response would be robust while the response time of >4 h was chosen to exclude genes involved in the initial response to changes in Si(OH)4 concentration and ensure that the change in expression was persistent. The rationale for this is that for the expression of a gene to be useful as a molecular marker in natural communities, it should be robust and persistent given that the biogeochemical history of a phytoplankton community is usually unknown prior to sampling. Putative T. pseudonana SiLA and SiPA genes were screened for RXL and KXXK silaffin motifs as described above. Gene annotations included for carbon metabolism included genes from T. pseudonana CCMP 133, F. cylindrus CP 1102, and P. tricornutum CCAP 1055 included in the KEGG modules: carbon fixation in photosynthetic organisms, photosynthesis, photosynthesis - antennae protein, as well as KEGG class-3 modules for ATP synthesis and carbon fixation. Genes annotated as carbonic anhydrase, DIC uptake, and flavodoxin were also included.





Statistical analysis

The normalization and differential abundance analysis of metatranscriptome data was analyzed within each taxonomic group using edgeR v.3.32.1 (Robinson et al., 2010). Significance between samples was determined using exactTest with tagwise dispersion and corrected for multiple testing with a significance threshold of FDR<0.05 (Benjamini and Hochberg, 1995). Significant differential abundance of genes related to carbon, nitrogen, and silicon metabolism was visualized through heatmaps. Differential enrichment of gene sets was assessed using mroast within the limma v.3.50.3 package with default settings (Wu et al., 2010) which assigns statistical significance to a set of genes within a metabolic pathway of interest and returns the number of genes detected (n), the percent of the gene set that was differentially expressed, and the p-value.

Principle component analysis was performed using the log-transformed normalized counts for the 2500 most variable genes and supplemental environmental data. PCA biplots were created with ggplot2 v.3.3.5 and factoextra v.1.0.7.





Data deposition

All cruise related data can be accessed through the Biological and Chemical Oceanography Data Management Office project number 550825 (https://www.bco-dmo.org/project/550825). All raw sequence data have been deposited in the NCBI sequence read archive and can be accessed under BioProject accession no. PRJNA790068 (BioSample accession nos SAMN11263639 and SAMN24193217-SAMN24193233). The assembled orfs and associated counts and annotation files used in this study can be found at Dryad.






Results

This study was part of the “DYE labeling of diatom silica” (DYEatom) cruise (PS1312; 27 June–05 July 2013) that set out to examine the response of diatom communities to a range of Si(OH)4 concentrations within the CUZ (Kranzler et al., 2019; Krause et al., 2020). Upwelling favorable conditions near Monterey Bay over the 10 days prior to the start of the cruise, 10-21 June 2013, coincided with decreased SST (Krause et al., 2020). Satellite imagery depicted elevated (>5 µg L-1) chlorophyll a (Chl a) concentration within and northwest of Monterey Bay throughout the duration of the study (Figure 1). In situ samples from three stations (S2, S4, and S11; Figure 1) indicated the presence of substantial diatom biomass within the phytoplankton community, with Chl a and bSi concentration to 8.74 - 11.84 µg L-1 and 5.3 - 6.7 µmol L-1, respectively (Table 1).




Figure 1 | Sampling site locations overlayed on surface chlorophyll a concentrations from level-2 MODIS 8-day average from 2013, June 29 (https://giovanni.gsfc.nasa.gov/giovanni/).




Table 1 | Particulate biomass and macronutrient concentrations of initial water at each sampling site.



Initial macronutrient concentrations varied among the three stations, with the highest concentrations of NO3- + NO2-, hereafter denoted NO3-, 8.79 µmol L-1, and Si(OH)4, 9.98 µmol L-1 at S2. In contrast, the initial NO3- concentrations at both S4 and S11 were sub-micromolar, 0.23 and 0.60 µmol L-1, respectively, while Si(OH)4 concentrations were slightly higher, 1.60 and 2.85 µmol L-1, respectively. The excess Si(OH)4 relative to NO3- at S2, ~1.14:1, is typical of the Monterey Bay regime (Brzezinski et al., 1997), while the higher ratios at S4 (6.83) and S11 (4.81) may be linked to N depletion prior to station occupation. To investigate the impact of low Si and/or N on diatom physiology, bottle incubations were set up at each station with unamended controls (Ctrl) and +18 µmol L-1 Si-amended (+Si) samples.




Characterization of macronutrient status

In the first 12 h of the deckboard incubations at S2 and S11, the specific rate of silicic acid uptake (Vb) in the Ctrl treatments were similar, 0.62 - 0.66 d-1, and corresponded to a doubling of the initial bSi concentration in ~1.1 days. In contrast, Vb in the S4 Ctrl treatment was ~40% lower at 0.35 d-1 (Figure 2A). Rates measured over 24 h at S2 and S4, which both had high initial Si(OH)4 concentrations (>5 µmol L-1), were nearly identical to their respective 12 h measurements, indicating there was no diurnal pattern of Si uptake at these stations (Supplementary Table S1).




Figure 2 | (A) Biomass specific Si uptake rates (d-1) and (B) new bSi produced (µmol L-1) over the first 12 h of control (Ctrl) and Si-amended (+Si) incubations at each sampling site.



Kinetic limitation of Si uptake was assessed by the ratio of Vb in Ctrl (Vamb) to +Si treatments (Venh), with values <0.3 indicative of severe Si limitation and values >0.7 indicative of no kinetic Si limitation (Nelson and Brzezinski, 1990; Krause et al., 2011). At S2, Vamb : Venh was 0.95, indicating there was no Si stress during the 24 h incubation (Supplementary Table S2). In contrast, communities at S4 exhibited signs of increasing Si stress (Vamb : Venh = 0.28) from 0-12 h, which intensified from 12 - 24 h when Vamb : Venh decreased to 0.17 (Supplementary Table S2). At S11, the community started with minor kinetic Si limitation (Vamb : Venh = 0.80 from 0-4 h), but became increasingly Si limited as Vamb : Venh decreased to 0.47 between 4-12 h (Supplementary Table S2). Although Si uptake rates were not measured at the endpoint, 36 h, of the S11 incubation, the Michaelis-Menten based model utilizing the initial biogeochemical measurements and kinetic values (see Methods) predicted low final Vamb, 0.02, and severe Si stress (Vamb : Venh = 0.03) for the Ctrl treatment (Supplementary Table S2).

In the absence of N uptake or NO3- concentration measurements at the end of each incubation, we used Vb (Eq.4) to estimate the amount of new bSi produced and, assuming a 1:1 ratio of N:Si uptake (Brzezinski, 1985), determined the likelihood of N-limitation in our incubations. At S2, 3.7 and 3.9 µmol L-1 of new bSi produced in Ctrl and +Si treatments, respectively would have only drawn down the initial Si(OH)4 and NO3- to 6.19 and 5.3 µmol L-1, which is not considered rate limiting (Figure 2B; White and Dugdale, 1997), and was unlikely to be yield limiting given the initial biomass. In contrast, at S4, the 1.2 and 5.3 µmol L-1 of new bSi produced in Ctrl and +Si treatments, respectively (Figure 2B), would have created a substantial debit against the initial 0.23 µmol L-1 of NO3- even without considering shifts in N:Si ratios of uptake of N by other taxa. Similarly, at S11, in Ctrl and +Si treatments, there was 2.0 and 3.9 µmol L-1 of new bSi produced, respectively, which would have created an associated N demand of 1.8 (Ctrl) and 2.5 µmol L-1 (+Si). Considering the initial NO3- concentration at S11 was 0.59 µmol L-1, both treatments were likely deplete of NO3- by 36 h.

Taken together, we classified each station and treatment based on the likely nutrient-driven physiological state (Supplementary Figure 1). At S2, both Ctrl and +Si treatments were classified as replete, based on the lack of Si stress and the presence of ample NO3-. At S4 and S11, the +Si treatments were considered N stressed because the amount of NO3- required to support the amount of new bSi produced exceeded the initial NO3- concentration. In contrast, the Ctrl treatments at both S4 and S11 were considered stressed by both N and Si.





Phytoplankton community composition

The relative proportion of taxonomically annotated mRNA reads from the end of each incubation showed diatoms dominated >50% of the phytoplankton transcripts at S2 and S4, but accounted for a lower percentage of transcripts at S11. Dinoflagellates and other non-diatom eukaryotes accounted for the remaining 21 - 56% of annotated mRNA reads (Figure 3C). Among the diatoms, Pseudo-nitzschia transcripts made up the majority, 52 - 87%, with the next highest representation by Leptocylindrus and Thalassiosira (1 - 15%; Figure 3D). This supports a previous description of the initial phytoplankton community based on 18s rRNA that found diatoms made up 74 - 91% of the total reads, with >90% belonging to the genus Pseudo-nitzschia (Kranzler et al., 2019; Krause et al., 2020).




Figure 3 | Percent annotated mRNA reads of the communities sampled at the end of each incubation across (A) the major phytoplankton groups and (B) diatom genera present. Data are the average of replicates (n=3).







Nutrient-driven transcriptomic response

Comparative metatranscriptomic sequence analysis was used to assess the molecular response of the diatom community to the different nutrient scenarios at each station. Principle component analysis (PCA) of the transcriptomic profiles showed substantial separation of samples based on macronutrient status. PC1 accounted for 74% of the variance between samples and primarily separated the N-replete samples at S2 (Ctrl, +Si) from the N-deplete samples (+Si) and the N- and Si-deplete samples (Ctrl) from S4 and S11 (Figure 4). Furthermore, based on the loading of the biogeochemical supplemental variables, PC1 described the absence of NO3- and presence of Chl a, informed by the high cosine square values that represented the importance of the PC to a given observation. PC2 only represented 8% of the variance between samples and appeared to separate samples by geographic location. The substantial separation between N-deplete samples relative to the N-replete sample and the small degree of separation between Ctrl and +Si samples suggests that co-occurring Si stress did not add to the transcriptomic changes that were already occurring due to N stress.




Figure 4 | Principle component analysis biplot of gene transcript abundance (loading of principle components) and the relationship with treatment (shape), sampling site (color), and supplemental environmental variables.



To interrogate the transcriptomic response of the diatom community to the differing nutrient regimes, a focused rotation gene set testing (ROAST) approach (Wu et al., 2010) was used in combination with individual gene expression analysis. While gene-by-gene comparisons are useful for assessing the expression of key, rate-limiting steps within a metabolic pathway, a multivariate approach for gene set analysis (GSA) is considered more robust (Rahmatallah et al., 2014). The response to N stress was characterized by comparing the gene expression profiles between replete (Ctrl and +Si treatments at S2) to N deplete samples (+Si treatments at S4 and S11; Supplementary Figure 1). Expression profiles of samples that were both N and Si deplete (Ctrl treatment at S4 and S11) were compared to replete samples (Ctrl and +Si treatments at S2) to assess the response to co-occurring N and Si stress. Lacking samples that exclusively experienced Si stress, the response to Si stress was assessed by comparing samples that experienced both N and Si stress (Ctrl treatments at S4 and S11) to those that were solely N stressed (+Si treatments at S4 and S11; Supplementary Figure 1). These comparisons can potentially disentangle the Si stress response from the shared response to N stress and identify changes in transcript abundance that explain the lower silica production rates in the communities experiencing co-occurring N and Si stress relative to those experiencing exclusively N stress. Furthermore, we aimed to identify transcriptomic changes that could be attributed to kinetic Si limitation and/or triggered by the interplay between Si and N stress. Given the dominance of Pseudo-nitzschia transcripts, the subsequent sections focus on this genus, but when available, leverage data from Thalassiosira and Leptocylindrus to highlight conserved responses.





Carbon metabolism

The GSA of carbon assimilation-related genes in Pseudo-nitzschia, which include genes related to the light harvesting complex (LHC), photosynthetic electron transport (pet), photosystem I (psa), photosystem II (psb), and glycolysis, revealed a significant proportion of the gene set had lower transcript abundance under N stress relative to replete conditions (n=40, 78% of gene set, FDR<0.001; Figure 5). Carbon assimilation gene sets in Thalassiosira and Leptocylindrus also decreased (Thalassiosira: n=56, 80% of gene set, FDR<0.001; Leptocylindrus: n=29, 55% of gene set, FDR<0.001; Supplementary Dataset 1). Compared to replete conditions, similar reductions were observed when both N and Si stress were present (n=40, 78% of gene set, FDR<0.001, Figure 5), but interestingly, when comparing N- and Si-stressed communities to N-stressed communities, Si stress appeared to up-regulate carbon assimilation relative to N stress (n=40, 43% of gene set, FDR<0.01, Figure 5). This was also apparent on an individual gene level where transcripts for some genes were less abundant under N stress, but more abundant under Si stress (FDR<0.05; Figure 6A). This included genes involved in the pentose phosphate pathway – PGK and PRK; glycolysis – TPI; the citric acid cycle – PEPC; and photosystem II – psb27, psb28, psbO, and psbU.




Figure 5 | Gene set expression analysis showing the proportion of gene set for each metabolic pathway for Pseudo-nitzschia assemblages under N stress, Si stress, or N and Si stress. Summary statistics for GSA are provided in Supplementary Dataset 1.






Figure 6 | Heatmap of transcript abundance (log2 fold-change) for Pseudo-nitzschia under Si, N, or N and Si stress for (A) carbon metabolism genes (B) genes expected to be repressed under N-stress (N-stress repressed), (C) genes expected to be induced under N-stress (N-stress induced), (D) silicon transporters, Sin-1, and tpSAPs, (E) silica-production associated (SiPA) genes, (F) Si-stress associated genes (SiLA), and (G) Pseudo-nitzschia silaffin like (PNSL) genes. Black boxes indicate genes that were not differentially abundant. Asterisks denote the false discovery rate (FDR):·< 0.1, *< 0.05, **< 0.01, ***< 0.001. Abbreviations are as follows A) Phosphoribulokinase (PRK), Flavodoxin (fldA), photosystem II 13kDa protein (psb28), photosystem II protein (psb27), photosystem II PsbU protein (psbU), light-harvesting complex I chlorophyll a/b binding protein 1 (LHCA1), photosystem II oxygen-evolving enhancer protein 1 (psbO), Transketolase (TKL), Phosphoglycerate kinase (PGK), Phosphoenolpyruvate carboxylase (PEPC), cytochrome c6 (petJ), photosystem II oxygen-evolving enhancer protein 3 (psbQ), Fructose bisphosphatase (FBP), ferredoxin–NADP+ reductase [EC:1.18.1.2] (petH), photosystem II PsbM protein (psbM), photosystem II P680 reaction center D1 protein [EC:1.10.3.9] (psbA), light-harvesting complex I chlorophyll a/b binding protein 4 (LHCA4), photosystem I subunit IV (psaE), Triose phosphate isomerase (TPI), Carbonic anhydrase_delta (CA_delta), Ribulose-1,5-Bisphosphate carboxylate, large subunit (rbcL), photosystem II CP43 chlorophyll apoprotein (psbC), FBA class 2 (Fructose-1, 6-bisphosphate aldolase, FBA2), photosystem II CP47 chlorophyll apoprotein (psbB), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), carbonic anhydrase_gamma (CA_gamma), solute carrier family 4 (anion exchange, SLC4A), carbonic anhydrase_alpha (CA_alpha), photosystem II cytochrome c550 (psbV), Ribulose-5-P (Ru-5-P) epimerase (RPE), plastocyanin (petE), Formamidase (FORM), Urea active transporter, mitochondrial (UT3), proline dehydrogenase (PRODH), Urease (Ure), mitochondria (GDH A), Urea transporter, extracellular (UT1_2), arginase (ARG), 1-pyrroline-5-carboxylate dehydrogenase (P5CDH), UreaseG (UreG), UreaseD_F (UreD_F), Cyanate lyase (CL), mitochondria (GOGATb), mitochondria (GOGATb); C) ornithine carbamoyl transferase, mitochondrial (OTC), Argininosuccinate synthase (ASuS), N-acetyl-gamma-glutamyl-phosphate reductase (AGPR), Glutamine synthetase, chloroplast (GSII), Carbamoyl phosphate synthase (ammonia, unCPS), pyrroline-5-carboxylate reductase (P5CR1_2), Glutamate synthase (ferredoxin), chloroplast (GOGATFd), Nitrate transporter (NRT2), Nitrate reductase (NADH) (NR), Carbamate kinase (CK), acetylglutamate kinase (AGK), Ferredoxin-Nitrite Reductase (NirA), glutamate N-acetyltransferase (GACT), Nitrite reductase (NADPH), chloroplast (NirB), Si matrix protein 4 (SiMat4), silicon transporter (SIT). Asterisks next to gene names denote those that are specific to diatoms. Summary statistics are provided in Supplementary Dataset 2.







Nitrogen assimilation

The transcriptomic response to N availability consists of genes that are expected to increase in response to N limitation (N-stress induced) and those expected to decrease (N-stress repressed). Consistent with a culture study of T. pseudonana (Smith et al., 2019), N-stressed Pseudo-nitzschia was significantly enriched with N-stress induced genes (n=13, 92% of gene set, FDR<0.001, Figure 5). Of the N-stress repressed genes, 55% of the gene set was less abundant in N-stress compared to replete conditions (n=20, FDR<0.001, Figure 5). On an individual gene level, there was a small subset of genes typically repressed under N-limited conditions that were significantly (FDR<0.05) more abundant in our analysis – ferredoxin-independent nitrite reductase (nirB, 6.6-fold), nitrate reductase (NR, 3.9-fold) and acetylglutamate kinase (AGK, 4.5-fold; Figure 6B).

When N and Si stress co-occurred, GSA of N-stress induced and N-stress repressed gene sets recapitulated the pattern observed under N stress alone (Figure 5). However, similar to C assimilation, Si stress appeared to reverse the pattern of expression of N-stress repressed genes, enriching them on both a gene set (n=20, 40% of gene set, FDR<0.01, Figure 5) and individual gene level (Figure 6B). For example, transcripts for glutamine synthetase (GSII) and glutamate N-acetyltransferase (GACT), were more abundant under Si stress, and less abundant under N stress (Figure 6B). Si stress also appeared to reduce the transcript abundance of two urea cycle-related genes, proline dehydrogenase (PRODH, 1.8-fold) and urea transporters 1 and 2 (UT1_2, 3.0-fold; Figure 6C), neither of which were altered under N stress alone.





Silicon metabolism-related genes

The impact of N and Si stress on Si metabolism was explored by examining changes in transcript abundance of individual genes with well-described roles in silicification. Transcripts of clades A and D SITs were both significantly differentially abundant under N stress with clade A SITs being 2.4-fold less abundant and clade D SITS being 5.3-fold more abundant compared to the replete condition (FDR<0.05; Figure 6D). In contrast, while Si stress led to a 1.7-fold increase in transcript abundance of clade A SITs and an 8-fold decrease in clade D SIT transcript abundance (FDR<0.05). These opposing impacts of N and Si stress on SIT transcript abundance manifested as no significant change in clades A and D transcript abundance under co-occurring N and Si stress (Figure 6D). In contrast, transcript abundance for clade B SITs were 3.2-fold elevated (FDR<0.001; Figure 6D).

There was no significant impact of any of the stress regimes on the transcript abundance of cingulins or silicidins, proteins in the silaffin-like family that play a role in silica polymerization. Transcripts for two silicalemma-associated proteins – tpSAP2 and tpSAP3 – were significantly less abundant under N stress (4.0- and 2.8-fold, respectively, FDR<0.05), as well as under combined N and Si stress (5.3- and 4.3-fold, respectively, FDR<0.05, Figure 6D). This appeared to be driven primarily by N stress as the abundance was not significantly different under Si stress (Figure 6D). Transcripts for Silicanin-1 (Sin-1) were 2.5-fold more abundant only under combined N and Si stress (FDR=0.05, Figure 6D). Although, silaffins directly facilitate the polymerization of silica in diatoms (Kröger et al., 2002), the gene sequences are not well-conserved, precluding the identification of them in metatranscriptomes through homology-based searches. Therefore, the Pseudo-nitzschia genome was screened using established guidelines (see Methods) to identify putative Pseudo-nitzschia silaffin like genes (PNSLs). Of the 157 candidates identified in the genome, 142 were detected across all of the metatranscriptomes (Supplementary Dataset 2). When bSi production was low, as was the case in samples with co-occurring N and Si stress (Supplementary Table S1), 45 of the 68 significantly differentially abundant PNSLs were lower when compared to replete conditions (1.5- to 8-fold, FDR<0.05, Figure 6G, Supplementary Dataset 2), consistent with their predicted role in silica production. Similarly, under Si stress, the majority of the >1.5-fold differentially expressed PNSLs were less abundant (21 out of 24, Figure 6G, Supplementary Dataset 2). There was a more even distribution of differentially abundant PNSLs (29 more abundant, 24 less abundant) when N-stressed samples were compared to replete samples, possibly related to the bSi production rates being similar in these conditions, or that some of the PNSL candidates identified in silico may not be true silaffins. In a more rigorous analysis, the 8 putative PNSL genes that are found only in diatoms were specifically assessed (Figure 6G). Intriguingly, all eight (PNSL17, PNSL57, PNSL65, PNSL77, PNSL94, PNSL99, PNSL110, PNSL137) were less abundant in the combined N- and Si-stressed samples when bSi production was low. Only two of these (PNSL65 and PNSL137) were also less abundant in N-stressed samples compare to replete, while the remaining six were unaffected by N-stress alone, highlighting that these six are strong candidates for a role in silica production.

To identify other potential silicification-related genes a priori, we leveraged multiple transcriptomic culture-based studies that investigated the response of diatoms to Si starvation and subsequent Si replenishment (Shrestha et al., 2012; Smith et al., 2016; Brembu et al., 2017a). Comparing these distinct datasets, a subset of 230 Si starvation and 48 Si replenishment genes were identified and termed Si-limitation associated (SiLA) and silica production associated (SiPA) genes, respectively (Supplementary Dataset 2). Although the majority of these genes are annotated as hypothetical proteins with no known function, their conserved expression profile across different studies suggests they play a role in some aspect of silicon metabolism. Of the 278 total genes identified, 25 SiLA and 106 SiPA genes were detected in Pseudo-nitzschia. GSA revealed that 40% and 42% of the SiLA and SiPA gene sets, respectively, were less abundant under N stress compared to replete conditions (FDR≤0.001; Figure 5). When N- and Si-stress co-occurred, 49% of the SiPA gene set was less abundant (n=106, FDR<0.001) than replete conditions, but there was no significant difference in transcript abundance of the SiLA gene set. Interestingly, when N- and Si-stressed samples were compared to N-stressed samples, the additional Si stress had minimal impact on SiLA and SiPA abundance. Only 32% of SiLA gene sets were more abundant (n=25, FDR<0.01) and 31% of SiPA gene sets were less abundant (n=106, FDR<0.01) in Si-stressed Pseudo-nitzschia.

On an individual gene level, there were 5 SiLA genes (SiLA5, SiLA9, SiLA12, SiLA35, SiLA44) that were significantly more abundant when Si stress was present (1.6-6.5 fold, FDR<0.05, Figure 6F). Two of these, SiLA9 and SiLA12, were among the most highly differentially abundant genes within the SiLA gene set and were also significantly more abundant when N and Si stress co-occurred (4.8- and 5.6-fold, respectively). Both were also unaffected by N stress alone, highlighting a potential role of these two genes in a response to Si stress. Both encode for hypothetical proteins, with SiLA12 being found only in diatoms.

Within the SiPA gene set, of the 15 genes that significantly differentially abundant in Si-stressed samples (1.5-4.3-fold), the majority of them (11) were less abundant compared to samples that were not Si stressed (Figure 6E). This is consistent with a role for SiPAs in bSi production as the rate of bSi production was low in the Si-stressed samples (Supplementary Table S1). Similarly, 68% of the differentially abundant SiPA genes (25 out of 37, 1.7-7.5-fold) were lower when N and Si stress co-occurred, where bSi production was also low, compared to replete. There were 28 SiPA genes with significantly different transcript abundances during N stress compared to replete, with 11 being more abundant (2.2-8.3-fold) and 17 being less abundant (1.5-5-fold; Figure 6E). Given that bSi production was high under both replete and N-stressed conditions (Supplementary Table S1), these particular SiPAs may be more representative of a response to N stress than an association with bSi production.






Discussion




Persistence and physiological status of Monterey Bay diatom blooms

Satellite imagery and biogeochemical stock measurements revealed a persistent phytoplankton bloom in and near Monterey Bay during the study period dominated by the diatom Pseudo-nitzschia. Blooms of Pseudo-nitzschia were observed in the three years preceding this study (McCabe et al., 2016), making the Monterey Bay area a “hot spot” for this toxigenic diatom (Trainer et al., 2000; Trainer et al., 2012). The addition of Si in bottle incubations led to an increase in the specific rate of Si(OH)4 uptake at 2 of the 3 stations (S4 and S11), despite low concentrations of NO3-. This may have been supported by regenerated sources of N, but may also be due to the plasticity of diatoms to repartition intracellular N and reduce cellular Si quotas when nutrients are growth limiting. It is reasonable to presume that co-addition of Si(OH)4 and NO3- would have stimulated diatom bSi production even more. Regardless, increased Si uptake upon Si(OH)4 addition demonstrates that the diatom communities at these stations were substrate-limited. Ambient Si uptake rates that were a low fraction of saturated rates (Vamb : Vmax< 0.3) suggest the Si stress was severe and near the threshold (~0.25) used to infer when diatoms likely progress beyond kinetic Si limitation and into growth limitation (Martin-Jézéquel et al., 2000). The dramatically reduced bSi production rate in these samples is also consistent with Si-limited growth (Paasche, 1973; Brzezinski et al., 1990). However, sub-micromolar concentrations of NO3- suggests there was likely simultaneous N stress, even if the diatoms were utilizing Si:N in a ratio lower than the typical 1.1:1 when conditions are optimal (Brzezinski, 1985). Although not directly measured, organic nitrogen also appeared to be limiting given the increased abundance of transcripts for genes associated with the urea cycle. In contrast, station S2 had moderately high concentrations of both Si(OH)4 and NO3- and an Si stress value of 0.95, indicating the diatom communities were unlikely to be stressed by Si or N. Taken together, we categorized our bottle treatments as nutrient replete (Ctrl and +Si at S2), N stressed (+Si at S4 and S11), or both N and Si stressed (Ctrl at S4 and S11) allowing us to evaluate the molecular response of Pseudo-nitzschia to each scenario.





The diatom community transcriptomic profile is driven more by N stress than Si stress

There was a far greater number of transcripts altered by N stress than Si stress in Pseudo-nitzschia. Transcriptomic profiles exhibited a large degree of separation along PC1 that explained ~75% of the variance and correlated with NO3- concentration (Figure 4). In contrast, there was only a modest separation between Si-replete and Si-stressed samples even at the two stations (S4 and S11) where Si(OH)4 amendment showed a significant response by the diatom community. This was somewhat unexpected given culture studies have shown a clear transcriptomic response of diatoms to Si(OH)4 availability (Shrestha et al., 2012; Smith et al., 2016; Brembu et al., 2017a). One explanation may be that because Si stress co-occurred with N stress, any additional impact on gene expression already imposed by N stress was minor. Given that stress induced by either low N or Si can result in slowed growth and cell cycle arrest (Olson and Chisholm, 1986; Vaulot et al., 1987; Brzezinski et al., 1990; Du et al., 2014), there may be a general macronutrient stress response that minimizes any additive response when both nutrients are limiting. Alternatively, as silicon is primarily required for cell wall synthesis, there may be only a small fraction of genes that are specific to silicon metabolism.





Si stress dampens the molecular response to N stress

A gene set analysis approach to elucidate changes in key metabolic pathways (Figure 7) was used to attribute changes in cellular physiology to specific nutrient stress responses. As changing nutrient concentrations can have a complex and cascading impact on genome-wide transcription and physiology (Smith et al., 2019), interpretation of metatranscriptomic data is still dependent on, and in some cases lacking, a strong foundation of how transcript abundance should be expected to change under individual and multi-stressor environmental conditions (e.g. macronutrients, vitamins, trace metals, temperature, diurnal rhythm). Even individual genes that are strong transcriptomic markers of a seemingly single process may be unreliable in a mixed community exposed to a multitude of varying environmental conditions. For example the diatom iron-starvation-induced-protein 2A and ferritin, both of which have been used as indicators of Fe limitation, are also strongly modulated by N availability, likely because both of these limitation scenarios impact photosynthetic processes (Bender et al., 2014; Marchetti et al., 2017). Another example where cross-talk between metabolic pathways can complicate interpretation is in the case of phosphorus limitation where the expression pattern of two “highly nitrate sensitive” genes – nitrate reductase and glutamine synthetase (Smith et al., 2019) – is also regulated by phosphorus availability (Helliwell et al., 2021). With an increase in available reference genomes and transcriptomes, extensive mapping of metabolic pathways (Armbrust et al., 2004; Bowler et al., 2008; Keeling et al., 2014; Tully et al., 2018), and the increasing availability of culture-based, genome-wide expression data under numerous conditions (Thamatrakoln et al., 2012; Nymark et al., 2013; Alipanah et al., 2015; Brembu et al., 2017b; a; Smith et al., 2019; Moreno et al., 2020), analysis of larger gene sets of metabolic processes provides a more robust and reliable method to infer cellular physiology (Rahmatallah et al., 2014).




Figure 7 | Simplified schematic depicting cellular nitrogen, carbon, and silicon metabolism. Genes associated with proteins involved in nitrogen metabolism are shown in blue, carbon in green and silicon in red with arrows depicting the general movement of molecules. The SDV denotes the silica deposition vesicle where silica polymerization and patterning of the frustule occurs. Abbreviations are listed in Figure 6. Created with BioRender.com.



The transcriptomic changes driven by N stress resulted in substantial decreases in the expression of genes involved in carbon metabolism and those expected to decrease in response to N stress (e.g. N-stress repressed), consistent with changes observed in culture studies (Bender et al., 2014; Smith et al., 2019). Similar decreases were observed when both N- and Si- stress co-occurred. However, in Si-stressed Pseudo-nitzschia, 43% and 40% of the carbon assimilation and N-stress repressed gene sets increased, respectively, reversing the decreases observed in samples were N- alone or N- and Si-stressed. This reversal of expression was even more apparent on an individual gene level. For example, where genes associated with photosystem II (e.g psbU, psb27, and psb28) were ~15-fold less abundant under N stress, the same genes were only 10-11-fold less abundant under N- and Si-stress, offset by the ~4-fold increase in abundance observed when Si stress was present. Furthermore, there was a decrease in the abundance of genes associated with the urea cycle (UT1_2, PRODH) under Si stress. Given that polyamines, produced by the urea cycle, are required for silica precipitation and pattern formation (Kröger et al., 2000), decreased expression of these genes may reflect a reduction in the cellular N demand. Taken together, we posit that growth-limiting concentrations of Si insulate Pseudo-nitzschia from further impact imposed by low concentrations of N, rather than low Si and N acting synergistically and intensifying cellular physiological stress. Such a response is consistent with Liebig’s Law of the Minimum that states growth is ultimately controlled by a single macronutrient (Liebig, 1840; Rhee, 1978).





Si limitation as an ecological advantage

De La Rocha and Passow (2004) proposed that Si limitation of diatoms confers an ecological advantage by slowing growth through limitation of cell wall synthesis such that diatoms are able to maintain key cellular constituents (e.g. proteins and chlorophyll) that allow them to more rapidly respond to episodic nutrient injection events, such as those that occur during upwelling. If the cell division rate of diatoms is set by the speed at which the silicified cell wall can be produced, carbon and nitrogen metabolism may become insulated from the nutrient regulating growth (i.e. Si) and can adjust independently beyond the adjustments necessary to accommodate slower growth imposed by Si limitation. While physiological adjustments in response to low levels of non-growth-limiting macronutrients are possible, such responses may be independent of the response to Si, which is largely confined to cell wall formation. This would explain how Si-starved diatoms maintain near Redfield C:N ratios and the capacity to rapidly recover upon Si replenishment (De La Rocha and Passow, 2004). Although we did not sample diatom assemblages that were solely Si limited, our data illustrates relatively minimal impact of additional Si stress on N-stressed diatom assemblages. Although we cannot discern how much of the N-stress response would have occurred under Si stress alone, it is clear that the addition of Si stress dampened the cellular impact of N stress, corroborating previous work that demonstrated the efficiency of Si-limited diatoms to recover upon Si replenishment (Flynn and Martin-Jézéquel, 2000; De La Rocha and Passow, 2004).





Potential transcriptomic markers of bSi production or Si stress

Despite the numerous studies exploring the molecular regulation of silicon metabolism in diatoms (Mock et al., 2008; Shrestha et al., 2012; Smith et al., 2016; Brembu et al., 2017a), we still lack a comprehensive molecular framework for silicification. Therefore, using a holistic, a priori approach, we leveraged culture-based transcriptomic studies to identify a putative subset of SiLA and SiPA genes. GSA revealed that neither of these gene sets had a particularly strong transcriptomic response to Si stress with only ~30% of the gene sets being differentially expressed compared to non Si-stress conditions. In addition, transcript abundance of several SiPA genes appeared more affected by N depletion rather than exclusive Si stress. This does not exclude the possibility that these genes are directly involved in silicification, but rather the lack of response to Si may be due to feedbacks between slower growth under N stress that demand a reduction in the rate of cell wall formation (Harrison et al., 1977).

Given that a large proportion of both SiLA and SiPA gene sets are hypothetical or proteins with unknown function, many of them may not be specifically involved in silicon metabolism, but rather play a general role in growth, cell cycle progression, or the cytoskeleton. It might also be because the gene sets were derived from T. pseudonana and, given the striking lack of shared genes among relatively closely related diatom species (Bowler, 2008), may simply not have homologs in Pseudo-nitzschia, which was the focus of our analysis here. However, the low proportion of differentially abundant transcripts of genes involved with carbon metabolism and nitrogen assimilation supports the notion that additional Si stress had a relatively minor effect on the already N-stressed community. It is also possible that although Pseudo-nitzschia was numerically dominant, it may not have been responsible for the equivalent proportion of the community silica production or may not have experienced the bulk of the measured Si stress. Indeed, taxon-specific differences in silica production have been observed in mixed communities and relatively minor constituents of the community can be the major contributors (McNair et al., 2018a; McNair et al., 2018b).

Although powerful in contextualizing the physiological state of cells to changing environmental conditions, gene set analysis is most powerful when applied to well-characterized and well-defined metabolic pathways, which is not the case for silicon metabolism. Until there is a more comprehensive understanding of the molecular framework for silicification, our ability to harness the growing number of marine metagenomic and metatranscriptomic sequence data from individual researchers, as well as large collaborative projects such as EXPORTS (Siegel et al., 2016), BIOS-SCOPE, BioGEOTRACES (Biller et al., 2018), Global Ocean Sampling (Rusch et al., 2007), Tara Oceans (Bork et al., 2015), and Bio-GO-SHIP (Larkin et al., 2021) for understanding diatom community responses to Si availability is limited. With an interest in linking cellular metabolism with ocean processes, we aimed to test the relationship of putative silicification-related gene expression with biogeochemical stocks and rate measurements.

Through an in silico screen of the P. multiseries genome, 8 diatom-specific PNSL genes were identified in our metatranscriptomes. Intriguingly all 8 were less abundant in samples where the rate of bSi production was low, consistent with the role of silaffins in silica production (Kröger et al., 1999). While these may be candidate gene markers for silica production, poor sequence conservation among silaffin genes across species may preclude their use beyond communities dominated by Pseudo-nitzschia (Poulsen and Kröger, 2004). In contrast, high sequence conservation among genes encoding for SITs make SIT expression an attractive potential marker of silicon uptake or low Si(OH)4 concentrations given that SITs are primarily responsible for Si(OH)4 uptake at <20 µmol L-1 Si(OH)4 concentrations (Thamatrakoln and Hildebrand, 2007; Shrestha and Hildebrand, 2015). Si-stressed communities had significantly higher abundance of clade B SITs in Pseudo-nitzschia compared to non-Si stressed communities, consistent with findings in laboratory cultures (Durkin et al., 2012). However, N stress alone also altered SIT transcript abundance, decreasing clade A SIT abundance and increasing clade D SIT abundance. When Si stress co-occurred with N stress, transcript abundance of clade A and D SITs was unaffected. Taken together with previous findings that all clades of SIT genes increased in response to Fe limitation (Maniscalco et al., 2022), these data suggest SIT transcript abundance should not be used as a field marker for Si uptake or production, nor should it be used as a molecular proxy for Si limitation, as previously done (Zielinski et al., 2016), given the variable response of different clades to different nutrient stressors. It is possible that SIT protein expression might be a more reliable proxy for Si status in natural communities, given the disconnect between SIT transcript and protein abundance (Thamatrakoln and Hildebrand, 2007), but this would require further investigation. While other genes with documented roles in silicon metabolism were detected in our metatranscriptome data (e.g. cingulin, Sin-1, tpSAP2, and tpSAP3), none of them were differentially impacted by Si stress or had expression patterns consistent with a role in bSi production. Furthermore, we did not find any differentially expressed genes that were shared across the three transcriptionally dominant diatoms (Pseudo-nitzschia, Thalasssioria, and Leptocylindrus). This might be due to there not being enough reads associated with Thalassiosira and Leptocylindrus to resolve their response, but could also underscore taxon-specific differences that has been observed from both a silica production perspective (McNair et al., 2018a; b) and a transcriptomic perspective (Durkin et al., 2012). While genes that are diatom-specific have potential to be used collectively to characterize Si stress in diatom communities, a more comprehensive understanding beyond SITs and silaffin-like proteins of the molecular regulation of silicification is needed.

Interestingly, a few putative SiLA and SiPA genes emerged as potentially useful markers of silicon metabolism. SiLA9 and SiLA12 both encode hypothetical proteins in T. pseudonana (Thaps_25507 and Thapss_3250, respectively) with SiLA12 being found exclusively in diatoms. Both of these genes were more abundant when Si(OH)4 concentrations were kinetically limiting and neither were differentially abundant under N stress alone, making them potentially specific to kinetic Si limitation. Six SiPA genes (SiPA16, SiPA32, SiPA41, SiPA52, SiPA77, SiPA167) were less abundant when bSi production was low making them potential candidates as molecular markers silica production. However, SiPA52, a PT-repeat protein (Thaps_12192) and SiPA41, a silica matrix protein, SiMat4 (Thaps_25912; Kotzsch et al., 2016) were also less abundant in N-stressed assemblages. Given that producing the siliceous diatom frustule is intimately linked to cell growth and division, these particular genes might be related to a generalized response to macronutrient-limited growth. Likewise, SiPA32 (Thaps_8522), a ribonucleoside-diphosphate reductase and, SiPA167, histone H1, may be more related to DNA synthesis and nucleosome stability, respectively. SiPA41 (Thaps_4922), a subtilisin-like serine protease, is also unlikely to be specific to silica production. SiPA16 (Thaps_24597), however, encodes a protein belonging to the silaffin-like family (SFLP70; Scheffel et al., 2011), making it a strong potential marker of bSi production.






Conclusions

Through manipulative incubation experiments of a natural diatom bloom near Monterey Bay, CA, this study investigated the diatom response to N stress and co-occurring N and Si stress. Biogeochemical measurements of silica production and bulk macronutrient concentrations was used to diagnose Si and N stress along with analysis of the diatom community response using metatranscriptomics. Compared to N stress alone, combined N- and Si- stress did not lead to a substantial additive response on a transcriptomic level, implying a shared molecular response to these two stressors. Furthermore, the addition of Si stress to N-stressed communities appeared to reverse the transcriptional expression pattern of key genes involved in carbon metabolism and nitrogen assimilation, indicating a decoupling of Si and organic matter metabolism under these conditions. These findings that Si stress can dampen the impact of N limitation adds to previous ideas that Si limitation may potentially be advantageous given observations that Si-stressed diatoms recover faster than those experiencing other forms of macronutrient limitation (Flynn and Martin-Jézéquel, 2000; De La Rocha and Passow, 2004; Raven and Waite, 2004). Our results point to an additional advantage of Si stress in lessening the overall impact of other nutrient stressors in episodic environments where multiple nutrients can be simultaneously depleted. This added benefit broadens the adaptive advantages of Si stress and helps explain the prevalence of Si limitation across the global ocean including in coastal systems (Nelson and Dortch, 1996; Brzezinski and Phillips, 1997; Krause et al., 2015), high latitudes (Nelson et al., 2001; Krause et al., 2018), and deep water upwelling regions (Brzezinski et al., 2008). To the extent that the degree of Si stress in these systems limits growth diatoms that become Si limited prior to the onset of N stress will be better poised to rapidly capitalize on nutrient pulses.

We found that genes with well-characterized roles in silicon metabolism – SITs, cingulins, SAPs, and Sin-1 – do not appear to have a specific or consistent correlation with silica production or silicon stress, making them unreliable molecular markers of these processes. While Pseudo-nitzschia silaffin-like genes did appear to correlate with high silica production, lack of sequence similarity across species and taxon-specific differences in silica production may limit their utility in mixed diatom communities. Two potential markers of kinetic Si limitation and one for silica production were identified, making them ideal candidates for further study of their role in silicon metabolism.
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The paper aims to build seasonal silica budgets in two macrotidal estuaries, the Elorn and Aulne estuaries of the Bay of Brest (North-Western France), based on modeling and measurements, in order to increase our understanding of the silica (Si) cycle at land-sea interfaces. A diagenetic model was developed to quantify benthic Si fluxes, e.g. aSiO2 deposition fluxes that are difficult to assess through direct measurements. Sediment cores were also seasonally sampled at six stations to provide data essential to parametrize and validate the model. Vertical profiles of porosity, burrowing depth, biodiffusive coefficients, concentrations of amorphous silica (aSiO2) and silicic acid (Si(OH)4 and the proportion of reactive aSiO2 were measured. The results show that sites sampled along the Elorn and Aulne estuaries constitute significant net Si deposition areas (1-4.5 mmol Si m-2 d-1), particularly in the upstream during winter and in midstream and downstream during summer. Year round, reprecipitation is negligible (< 3%) while burial accounts for the retention of ~ 30-80% of deposited aSiO2. In winter, burial dominates the benthic Si budget. As surface-integrated benthic Si fluxes are low compared to riverine aSiO2 fluxes, the Si export to coastal waters is high (93%) during winter. In contrast, in summer, burial accounts for 38% of river Si fluxes, and Si(OH)4 flux from the sediment is high as a result of enhanced benthic recycling and bioirrigation. Internal estuarine processes, e.g., benthic and pelagic primary production, dissolution and benthic Si fluxes, surpass river fluxes in magnitude during summer. Overall, we conclude that the Elorn and Aulne macrotidal estuaries are efficient filters of Si, retaining about 4-38% of river Si fluxes, and even 6-67% when accounting for retention in intertidal marshes, but with massive exports occurring during winter floods.




Keywords: silica cycle, estuary, diagenetic modeling, bioturbation, benthic-pelagic coupling




1 Introduction

In aquatic ecosystems, silicon (Si) is an essential element for the growth of diatoms, which account for up to 75% of the coastal primary production (Nelson et al., 1995) and which play an essential role in the oceanic carbon biological pump (Buesseler, 1998; Ragueneau et al., 2006; Tréguer et al., 2018). The inputs of reactive Si to coastal and oceanic waters are mainly transported by rivers (Tréguer et al., 2021), essentially in the dissolved form, i.e. silicic acid Si(OH)4 (Dürr et al., 2011), but with a non-negligible contribution in particulate form, i.e. amorphous silica (aSiO2), as phytoliths and products of riverine primary production (Conley, 1997; Farmer et al., 2005). These inputs are mostly natural but, in the last few decades, anthropogenic activities leading to eutrophication (Conley et al., 1993; Garnier et al., 2021), river damming (Humborg et al., 1997; Maavara et al., 2020) or the proliferation of invasive species related to globalization of maritime transport (Ragueneau et al., 2005a) have strongly disturbed the transit of Si from land to coastal waters, most often decreasing it strongly. The synergistic decrease of Si river loads and the enhanced nitrogen and phosphorus run-off due to agriculture, industry and urbanization, have decreased the ratios of Si over nitrogen and phosphorus in coastal waters (Garnier et al., 2010; Maavara et al., 2020). This has led to Si limitation of primary production and shifts from diatom to dinoflagellate-dominated phytoplankton communities that are potentially toxic to consumers, in many coastal ecosystems around the world (Officer and Ryther, 1980; Garnier et al., 2010), and could be associated with an increase in diatom toxicity (e.g. Pseudo-nitzschia fraudulenta; Tatters et al., 2012).

At the land-sea interface, estuaries constitute potentially efficient filters for nitrogen (~22%), phosphorus (~24%) and carbon (~60%) (Laruelle, 2009; Regnier et al., 2013). While data are quite abundant for nitrogen or phosphorus, datasets for Si are very sparse or based on punctual field work (Ragueneau et al., 2010; Dürr et al., 2011; Mangalaa et al., 2017), despite the importance of this element for coastal and oceanic ecological and biogeochemical processes, tightly coupled to the carbon cycle through silicified organisms e.g. diatoms, plants, sponges, radiolarians (Tréguer, 2002; Tréguer et al., 2021). Estuaries are characterized by high primary production often dominated by diatoms (Ragueneau et al., 2002b; Roubeix et al., 2008b; Wallington et al., 2023), and high aSiO2 dissolution resulting from high bacterial biomass and increased salinity (Roubeix et al., 2008a; Loucaides et al., 2010). The distribution of diatom production and degradation in estuarine waters emerges by a complex balance between light and nutrients for production (DeMaster et al., 1983; Zhang et al., 2020) and between temperature, salinity, and bacterial activity for degradation (Ragueneau et al., 2002b; Roubeix et al., 2008a). However the estuarine filter capacity is strongly linked to the benthic ecosystem through aSiO2 deposition, recycling and/or storage (Carbonnel et al., 2009; Rebreanu, 2009) and through Si(OH)4 reprecipitation (Michalopoulos and Aller, 2004; Ehlert et al., 2016). Finally, tidal saltmarshes can constitute transient sources of Si(OH)4, especially during summer (Struyf et al., 2006) and increase the residence time of Si in estuaries (Carey and Fulweiler, 2014).

Although the benthic Si cycle is often neglected in estuaries because of lower benthic fluxes than river fluxes (Arndt et al., 2009), benthic Si fluxes can become significant, especially during summer, due to the reduced river discharges (Anderson, 1986), higher dissolution rates (Yamada and D’Elia, 1984; Rebreanu, 2009) or enhanced bioirrigation activities (Green et al., 2004). Especially during summer, benthic Si(OH)4 fluxes can slightly enhance (Arndt and Regnier, 2007) or even sustain pelagic primary production (Ragueneau et al., 2002a). The interactions between benthic and pelagic ecosystems are even stronger along estuaries because of water column shallowness (Sundbäck et al., 2003), resuspension processes induced by a strong hydrodynamic regime from tidal to seasonal scales (Gehlen and Van Raaphorst, 2002; Welsby et al., 2016), lateral loads from large intertidal areas (Sun et al., 1994; Struyf et al., 2006; Wallington et al., 2023), and climate change (Fulweiler and Nixon, 2009) or the presence of benthic suspension feeders (Cloern, 1982; Ragueneau et al., 2002a).

Estuaries are indeed highly dynamic and complex zones submitted to intense and interacting physical, biological and biogeochemical processes leading to strong spatial and temporal gradients at various scales e.g. upstream-downstream gradient, cross-section, vertical, tidal or seasonal variations (Pritchard, 1967; Cloern et al., 2017), and modified by anthropogenic activities (Nichols et al., 1986). Studying estuaries requires modeling and/or large datasets to document these gradients. Different approaches have been used to build Si budgets and estimate the filtering and retention capacities of aquatic systems from rivers to coastal waters (Ragueneau et al., 2005a; Soetaert et al., 2006; Arndt et al., 2009; Laruelle, 2009; Wallington et al., 2023). The most common methods are mixing diagrams, box models, or dynamic reactive-transport models of the pelagic ecosystem (Peterson, 1979; Anderson, 1986; Soetaert et al., 2006; Arndt et al., 2007; Testa and Kemp, 2008; Arndt et al., 2009; Carbonnel et al., 2009). Mixing diagrams are useful for determining the gains and losses along salinity gradients, assuming a steady state river flow (Anderson, 1986; Ragueneau et al., 2002b). Contrary to mixing diagrams, box models account for internal estuarine processes (Ragueneau et al., 2005a; Carbonnel et al., 2009). Reactive-transport models are useful for representing coupled physical and biological processes with strong spatial and temporal variations (Arndt and Regnier, 2007), and for highlighting the potentially erroneous interpretations that may result from mixing diagrams when transient river flows are not considered (Regnier et al., 1998; Arndt et al., 2009).

In general, estimates of benthic retention are performed through indirect methods by determining differences between pelagic input and output fluxes (Carbonnel et al., 2009), by subtracting benthic fluxes (Ragueneau et al., 2005a), or through analytical modeling (Arndt and Regnier, 2007): however, such estimates neglect or simplify the vertical discretization of benthic fluxes, and do not take into account the non-local bioirrigation processes. Even if calibration and data from the literature is often used to calibrate and/or validate models, the acquisition of extensive datasets is essential to better constrain the model and reduce uncertainties. If the quantification of Si(OH)4 and aSiO2 contents is an essential requirement, better constraints could be obtained by complementary experiments on major processes in order to quantify the seasonality of pelagic aSiO2 production, the proportion of highly reactive aSiO2, or bioturbation coefficients.

The aim of this study is to investigate the seasonality of the main processes involved in the benthic Si cycle along the estuaries of the two main rivers (Elorn, Aulne) that extend to the Bay of Brest. The methodology involves diagenetic modeling coupled to measurements. After the seasonal characterization of deposition fluxes along the estuaries, the main processes (e.g. diffusion fluxes at the sediment-water interface, bioirrigation, reprecipitation, burial) involved in the benthic Si cycle of estuarine muddy sediments are quantified. Finally, the retention of Si through benthic estuarine processes is estimated and compared to river fluxes and pelagic processes (e.g. production).




2 Material and methods



2.1 Model description

The diagenetic Si model was modified from Khalil et al. (2007) and implemented in the R software (http://cran.r-project.org). A short description of equations, processes and parameters is given below.

The general equation of the reactive-transport model affecting solids and solutes (Eq. 1) represent diffusive and advective transport (first and second terms, respectively) and reactive processes (third term):



All fluxes are in mmol m-3 d-1 and are detailed below.

The originality of the work of Khalil et al. (2007) is to implement two variables of aSiO2 with different reactivity. The model has thus three sets of variables: less reactive aSiO2 concentrations (CaSiS, µmol l-1), highly reactive aSiO2 concentrations (CaSiF, µmol l-1) and dissolved Si(OH)4 concentrations (CdSi, µmol l-1) implemented in Eqs. 2, 3, 4 and 5.

The transport of the two solid fractions - less and highly reactive aSiO2 - is controlled by the biodiffusion rates (Db, m² d-1) linked to sediment mixing by benthic organisms, and by the advection rates (w, m d-1) linked to the accumulation of newly deposited particles and steady-state compaction.





The biodiffusion rate is depth-dependent and calculated at each depth as follows:

	

	

where Db0 is the surface biodiffusion coefficient (m2 d-1), zb is the biodiffusion depth for solids (m) and coeffb is the exponential decrease constant for biodiffusion (m).

The aSiO2 dissolution term (RdissS or RdissF; Eqs. 4 and 5) is parametrized by different dissolution rates (kaSiS and kaSiF, d-1, dependent on in situ temperature and salinity) and equilibrium concentrations (CdSieqS and CdSieqF, µmol l-1) for each aSiO2 phase.

 

 

Note that the porosity ϕ is depth-dependent and defined at each depth as follows:

	

Where   is the porosity at sediment-water interface,   the asymptotic porosity and   the exponential decrease constant for porosity.

The reactive-transport of solutes - Si(OH)4 (noted dSi in equations) - is modified from Khalil et al. (2007) and described in Eq. 6. Advection is neglected because of the dominance of the diffusive process (Peclet number >> 1; McManus et al., 1995). The processes of molecular diffusion, dissolution (Rdiss = RdissF + RdissS) and reprecipitation (Rprecip = Kp (CdSi – CdSieqp)) are kept as described by Khalil et al. (2007). Secondly, a bioirrigation process (Rirr) is added to take into account the transport of Si(OH)4 with solutes by bioturbation activities.



Bioirrigation is represented with a non-local term described in Eq. 7 for depth z ≤ zirr (Emerson et al., 1984; Boudreau, 1994).

 

The bioirrigation rate parameter α (d-1) is constant over the bioirrigation depth (m) and exponentially decreases below that depth.   is the concentration of Si(OH)4 at the sediment-water interface (z=0).

At the sediment-water interface (z=0), diffusive fluxes of Si(OH)4 are prescribed by Fick's first law of diffusion (Eq. 8).

 

Where DdSi0 is the diffusion coefficient for Si(OH)4 (m² d-1) and   is the concentration gradient of Si(OH)4 (mmol m-3 m-1) at sediment-water interface.

The upper boundary of the solid fraction is prescribed as a net deposition flux (including resuspension and benthic primary production). At the lower boundary, zero-gradients are imposed for both solid and solute fractions.

The model is solved to steady-state, using methods implemented in R-package rootSolve (Soetaert, 2009). Mass balance is calculated in order to ensure the internal validity of the mathematical steady-state solution. At all times, the difference between the deposition flux of aSiO2 and the sum of benthic fluxes of Si(OH)4, burial and reprecipitation fluxes of aSiO2 was < 10-12.




2.2 Study site and sampling design



2.2.1 Study area

This study was conducted in the Elorn and Aulne estuaries, linking the Elorn and Aulne rivers with the Bay of Brest in northwestern France (Figure 1). The Elorn and Aulne rivers bring 85% of fresh water to the Bay of Brest - a macrotidal semi-enclosed coastal embayment subject to intense water exchanges with the Iroise Sea (semi-diurnal tidal amplitude of 4 m, 7.5 m during spring tides). The Elorn Estuary is ~ 15 km long, straight and directly exposed to marine hydrodynamics, while the Aulne Estuary is longer (~ 35 km), meandering and more protected by the Bay of Brest. The oceanic climate leads to high precipitation associated to frequent storms in winter compared to summer, thus modifying river flow. We sampled the two estuarine areas in February, April, August and November 2008 and February, May, July and October/November 2009. Except for the vertical aSiO2 profiles measured in February, April and November 2008 and the proportion of highly reactive aSiO2 in sediments measured in February 2008, all the results presented here were obtained from the sampling performed in 2009.




Figure 1 | Location of benthic sampling sites along the Elorn (E1, E2, E3) and Aulne (A1, A2, A3) estuaries.



The wind speed, the precipitation and the river flow were all higher during winter and fall than in spring and summer (Figures 2A–C). Note that a winter storm occurred just before sampling in February leading to strong winds (up to 15 kt) and high precipitation (> 25 mm d-1). In winter, Elorn and Aulne River flows increased to 30 and 130 m3 s-1, respectively, during initial sampling in February, and decreased by a factor > 2 by the end of the sampling period (Figure 2C). The Aulne River flow was higher than the Elorn River flow by a factor of ~ 5 during winter, but was similar or occasionally lower than the Elorn River flow during summer. Water temperature ranged from 7.4-8.2 in winter to 16.7-19.7 in summer, and salinity varied between 0-8.7 to 20-34.2 from upper to lower estuarine stations depending on season (Table 1).




Figure 2 | (A) Wind speed (Kt) at 10 m above the surface and (B) precipitations (mm d-1) measured at Lanvéoc Meteo Station (Source: Meteo France). (C) River flow (m3 s-1) at Landerneau and 43 km upstream Chateaulin (Source: Banque Hydro). (D) Weekly Si(OH)4 concentrations (µmol l-1) at Landerneau and Chateaulin river outfalls (Source: Ecoflux). (E) Si(OH)4 fluxes (*1000 mol d-1) obtained by multiplying riverine concentrations with river flow. Pelagic and benthic sampling periods are indicated by black dashed lines and grey areas, respectively.






2.2.2 Surface water sampling

Surface water was sampled from salinity 0 to 35 at intervals of 5 from the center of the estuary aboard the R/V Hésione. Surface water was collected with a Niskin bottle, immediately stored in dark bottles in an icebox and brought back to the laboratory. Water was filtered on a polycarbonate membrane (0.6 µm pore size, 47 mm diameter) for aSiO2 and Si(OH)4 analyses, and on Whatman® GF/F precombusted filters (0.7 µm pore size, 47 mm diameter) for pigments analyses - e.g., chlorophyll a (Chl a) and phaeopigments (Phae). Polycarbonate membranes were oven-dried during 48 h and filters were stored at - 20°C until analyses. Filtered water was stored in vials at 4°C until Si(OH)4 analyses.




2.2.3 Sediment and porewater sampling

Benthic sampling was performed at three stations located from upstream to downstream of Elorn (E1, E2, E3) and Aulne (A1, A2, A3) estuaries, at salinity of about ~ 0, ~ 10-20 and ~ 30 (Figure 1; Table 1). Sampling was done aboard the R/V Hésione at mid-tide, between the channel and the border, in subtidal sediments, based on a high spatial and temporal variability study (Raimonet et al., 2013b). A gravity corer (UWITEC®) was used to sample plexiglass cores (9.5 cm diameter × 60 cm long). Corer weight was adjusted to allow ~ 30 cm penetration into the sediment with minimal disturbance of the sediment-water interface. Geochemical measurements were done from triplicate sediment cores which were immediately sliced at 0.5 cm intervals in the first 2 cm, at 1 cm intervals for 2-4 cm, at 2 cm intervals for 4-12 cm, and at 4 cm intervals for 12-20 cm. Sediment sections were put in sealed 50-ml centrifugate tubes containing Vectaspin 20 filters (0.45 µm pore size, Whatman®) according to Andrieux-Loyer et al. (2008). Interstitial waters were extracted by centrifuging at 3500 rpm for 10 min (twice) at cooled temperature and acidified to pH = 2. An aliquot was preserved at 4°C for Si(OH)4 analyses. Centrifuged sediments were freeze-dried for 48 h, put at 60°C to ensure complete sediment dryness and powdered for further analyses of aSiO2 in the solid fraction. Subcores of 2.8 cm internal diameter were frozen with liquid nitrogen and stored at – 80°C until pigment analyses (Ni Longphuirt et al., 2006).




2.2.4 Sediment biodiffusion experiments

To measure the sediment biodiffusion rates, we used the method which consists of the vertical profile analysis of inert and fluorescent tracer introduced artificially (e.g., luminophores; Duport et al., 2006; Oleszczuk et al., 2019). Three additional sediment cores (Ø: 9.5 cm; sediment height: 30 cm; overlying water height: 40 cm) were therefore sampled at each station for these bioturbation experiments. The whole set of sediment cores was kept in controlled laboratory conditions, which mimicked the natural conditions for the estuarine temperatures and salinities (Table 1). After three days of stabilization in the controlled conditions, 3 g of luminophores (60–90 μm diameter) were homogeneously added to the overlying water and gradually spread on the sediment surface of each core without disturbing the resident infauna. Overlying water was renewed every four days with bottom water coming from each station. Cores were aerated by bubbling to keep the overlying water saturated with oxygen. Sediment cores were incubated in those conditions for 10 days, which is the minimum time to enable the characterization of the different transport modes (François et al., 1997). After this time of incubation in stable conditions, the surface water was carefully removed and cores were sliced horizontally in 0.5 cm layers from 0 to 2 cm depth, and in 1 cm layers between 2 and 10 cm depth. Each sediment layer was directly frozen to be analyzed later at the laboratory.





2.3 Field and laboratory measurements

Vertical profiles of sediment porosity: Sediment porosity in each sediment slide over depth was obtained after drying wet sediment of known volume for 5 days, after which the loss of weight was determined (Berner, 1980). This data was used to fit vertical porosity decreasing profiles.

Pelagic and benthic aSiO2 contents: Pelagic aSiO2 concentrations were determined using the sequential alkaline digestion method of Ragueneau et al. (2005b) and benthic aSiO2 contents were quantified as in DeMaster (1981). Both methods allow to correct amorphous silica concentrations from lithogenic silica interference which is essential in environments rich in aluminosilicates - e.g. estuaries. Benthic aSiO2 concentrations are expressed as % to refer to % g gDW-1.

As aSiO2 concentrations can vary from values less than 1% to more than 50% depending on study sites, we used aSiO2 profiles measured in 2008 and surface aSiO2 concentrations in 2009 to constrain modelled aSiO2 profiles at each station. These profiles were used to estimate the range of aSiO2 contents ( ± 1-3%) rather than to represent the fine scale vertical discontinuities (that cannot be captured by steady-state modeling). As no aSiO2 profile was available for July, an annually averaged aSiO2 profile of February, April and November was calculated for each station.

Vertical profiles of Si(OH)4 concentrations: Si(OH)4 concentrations in porewaters of each sediment slice were measured with an Auto Analyser III (Bran+Luebbe®) using the method of Tréguer and Le Corre (1975). The triplicate Si(OH)4 profiles measured at each station and season in 2009 were averaged and used for fitting.

Chl a and Phae concentrations: were performed on surface water samples by using the SOMLIT protocol (http://somlit.epoc.u-bordeaux1.fr) and on surface sediment (0.5 cm) by using a method adapted from Lorenzen (1966) and Riaux-Gobin and Klein (1993). For surface sediment, 10 ml of 90% acetone was added to each sample that was stored in the dark under constant agitation at 4°C for approximately 18 h. Chl a and Phae were respectively measured in the supernatant before and after acidification with a KONTRON fluorimeter (Kontron Instruments).

Proportion of highly reactive aSiO2 in sediments: Dissolution experiments were carried out on 3 sediment layers (0-1, 2-3 and 6-7 cm), at all stations sampled in February 2008. The temporal increase of Si(OH)4 concentrations was monitored during 21 days in batches containing the sediments and artificial seawater close to the measured in situ conditions: in situ salinity, pH of 8, constant temperature and in the dark to avoid any production of biogenic silica due to benthic organisms. The concentrations were normalized to the initial introduced Si concentrations in order to determine the dissolution rates of highly and less reactive aSiO2 phases (the first and second slope of the curve). The proportion of highly reactive aSiO2 was determined by statistical inverse modeling (Model 2 described in Moriceau et al., 2009). Note that we used the proportion of highly reactive aSiO2 but not the dissolution rates to constrain the benthic Si model. Indeed, discrepancies between predicted and measured dissolution rates are expected in response to 1) the high detrital-to-amorphous opal ratio in our sediments (> 30%; Ragueneau and Tréguer, 1994), which increases aluminium concentrations and decreases the dissolution rate and solubility (Dixit et al., 2001); 2) the transport of fresh aSiO2 to deep sediment layers by nonlocal bioturbation (Gallinari et al., 2008); 3) the absence of feedback between reprecipitation and dissolution in the model formulation (Khalil et al., 2007); 4) the cleaning of aSiO2 particles from their alumino-silicate coating at the beginning of batch experiments (Khalil et al., 2007); and 5) agitation during experiments, which increases dissolution rates compared to stationary sediments (Fabre et al., 2019).

Biodiffusion coefficients: Luminophores were visualized and counted at each sediment layer by image processing (Michaud, 2006). The vertical profiles of luminophores were adjusted to a reaction diffusion type model in order to quantify biological sediment transport (Duport et al., 2006; Oleszczuk et al., 2019) and more specifically the biodiffusion-like transport coefficient (Db; m2 d-1). The best fit between the observed and modelled tracer distribution is estimated by the least-squares method and produces the best Db coefficients. Sediment biodiffusion rates and depths were quantified at each station in February, July and October.




2.4 Model parameters

As detailed above, the model contains a large number of parameters that could potentially lead to multiple solutions. In order to reduce uncertainties and ensure the uniqueness of the solution calculated by the model, the strategy was to constrain parameter values with a high number of direct observations and experimental data obtained in this study, as done in (Khalil et al., 2007). All model parameters were determined from measurements and/or inverse modeling and summarized in Tables 1, 2.


Table 1 | Environmental parameters (temperature T, salinity S, depth D, river flow Q, tidal coefficient, Si(OH)4 concentrations at the sediment-water interface CdSi0) at each station and season during benthic sampling.




Table 2 | Measured and fitted parameters used in the model for each station and season.



Direct observations: Temperature T, salinity S and Si(OH)4 concentrations in overlying water   were determined from direct measurements and summarized in Table 1. Parameters  ,   and   were adjusted to fit vertical porosity profile measurements (Table 2).

Assumptions based on experimental data and other measurements (Table 2): Most parameters were obtained from measurements detailed in sections 2.2 and 2.3. The biodiffusion rates Db0 and depths zb were determined from ex situ experiments. Equilibrium concentrations for the two phases were assumed to be identical and equal to deep asymptotic Si(OH)4 concentrations obtained from vertical profiles of Si(OH)4. Based on the dissolution experiments, the proportion of highly reactive aSiO2 in the deposition flux was set to 0.5 as a compromise between the low values ~ 0.3-0.5 - resulting from statistical inverse modeling of dissolution experiments performed on sediments collected in February 2008 (with the model 2 of Moriceau et al., 2009) - and the generally higher values ~ 0.5-0.9 from Khalil et al. (2007). The bioirrigation depths zirr were visually adjusted to the vertically constant portions of Si(OH)4 profiles where fauna was observed. Accumulation rates w were estimated from radionuclide measurements (~ 0.005 cm d-1; Khalil et al., 2018). Reprecipitation rates Kp were set in the range 10-5-10-4 d-1 because of the high detrital sediment content known to enhance reprecipitation rates (Khalil et al., 2007).

Inverse modeling (Table 2): was performed to estimate the values of undetermined parameters by using the package FME (Soetaert and Petzoldt, 2010). The non-linear fitting procedure using the Levenberg-Marquardt algorithm aims to minimize the sum of squared residuals of model outputs (aSiO2 and Si(OH)4 profiles) versus data and reproduce the curvature of these profiles. The following parameters were estimated: aSiO2 deposition flux, dissolution rates of highly and less reactive aSiO2 and non-local bioirrigation rate. When necessary, final adjustments were performed on the proportion of highly reactive aSiO2 and reprecipitation rates. During the fitting process, upper and lower bounds in the range of expected likely values were imposed for each fitted parameter.




2.5 Benthic budgets

Model outputs (deposition fluxes of less and highly reactive aSiO2, benthic fluxes of Si(OH)4 including diffusion and bioirrigation, burial fluxes, reprecipitation fluxes) were used to build benthic Si budgets and to estimate the seasonal and spatial variation of fluxes at each station of the two estuaries (in mmol m-2 d-1).




2.6 Seasonal and annual Si retention in estuaries

Fluxes of the benthic Si budgets were then extrapolated to the entire surface of each estuary and compared to river Si fluxes and pelagic production. All fluxes are presented in a conceptual scheme (Figure 3).




Figure 3 | Conceptual scheme presenting fluxes of the Si budget along the estuary. The size of arrows is not proportional to quantified fluxes.



River Si fluxes were determined as the sum of Si(OH)4 and aSiO2 fluxes. Si(OH)4 fluxes were estimated as the product of weekly Si(OH)4 concentrations (from the citizen-science network ECOFLUX; Abbott et al., 2018) by weekly river flow (from Banque Hydro) at the outlet of Elorn and Aulne rivers. aSiO2 fluxes were estimated as the product of seasonal aSiO2 concentrations (this study) by the same weekly river flow. Weekly fluxes were summed to obtain seasonal and annual fluxes.

Deposition, burial and benthic Si(OH)4 fluxes were estimated by multiplying modelled fluxes at the 3 stations of the 2 estuaries (section 2.5) by the estuary surface of each estuarine section in order to estimate the retention of Si in the estuaries (in kmol) at the seasonal and annual scales. The surface of spatial integration for the 3 stations in each estuary was determined using a GIS-based approach (Khalil et al., 2018).

Burial fluxes in tidal saltmarshes were estimated for saltmarshes invaded and non-invaded by Spartina alterniflora in the Elorn estuary (Querné, 2011). The ratio of intertidal burial over subtidal burial was calculated for the Elorn estuary (0.69) and used to estimate intertidal burial in the Aulne estuary.

Export was the difference between river fluxes and burial (in subtidal sediments and in intertidal saltmarches).

Pelagic primary production was estimated as the sum of pelagic production rates (measured in this study at salinity 0, 5, 10, 15, 20, 25 and 30) vertically integrated on the seven estuarine boxes in each estuary for each season. Incubations were performed at in situ conditions (temperature, attenuated light) for 24h with 14C tracer following the method of Le Bouteiller et al. (2003). The range of pelagic BSi production rates was estimated by multiplying carbon primary production rates by the Si:C factor of 0.03 and 0.13. The factor 0.13 is characteristic of 100% diatoms and preservation, while 0.03 is used to consider that only 25% is related to diatoms and/or preserved. The volume of spatial integration was described with a power function (Eq. 9; Soetaert et al., 2006) and validated with morphological observations (Bassoulet, 1979; Google Map©; this study).

 

with x is the estuary volume. xriv and xsea are the values at the freshwater and marine water end-members of the estuary, respectively. The exponent a regulates the steepness of the relationship.





3 Results



3.1 Si(OH)4, aSiO2 and Chl a in estuarine waters

Temporal changes of Si(OH)4 loads at the freshwater end-member

The Si(OH)4 concentrations at the freshwater end-member (station E1 and A1) were similar in Elorn and Aulne from December to April (140 ± 29 and 140 ± 22 µmol l-1, respectively), but were higher in Elorn from May to September (203 ± 15 and 108 ± 31 µmol l-1, respectively; Figure 2D).

The Si(OH)4 fluxes at the freshwater end-member were higher 1) in winter when the river flow increased, and 2) in the Aulne River from December to April (42 ± 30 t d-1 for the Aulne River, versus 7 ± 5 t d-1 for the Elorn River; Figure 2E). The fluxes were lower and more similar from May to October (5 ± 4 t d-1 in the Aulne River versus 2 ± 1 t d-1 in the Elorn River), but they were occasionally higher at the mouth of the Elorn River in July and October (Figure 2E). The relative contribution of the Aulne River to the Si(OH)4 fluxes in the Bay of Brest ranged from a minimum of 40% in summer to a maximum of 80% in winter.

Seasonal distributions of Si(OH)4, aSiO2, and Chl a concentrations along the estuaries

The Si(OH)4 concentrations behaved almost conservatively and continuously decreased along the salinity gradients of both the Elorn and Aulne estuaries at all seasons except July (Figure 4A). In the Elorn Estuary, the Si(OH)4 concentrations were similar at these three seasons. In the Aulne Estuary, the Si(OH)4 concentrations at the freshwater end-member decreased from fall/winter to spring/summer, leading to seasonal variations of the slope. In summer, the curve was no longer conservative, which suggested Si(OH)4 consumption in both estuaries. Note that the Si(OH)4 (and aSiO2; Figure 4B) concentrations at the freshwater end-member in the Elorn Estuary were lower than at salinity 5 in February. This non conservative profile resulted probably from the transient increase of river flow (Figure 2C) as explained by Regnier et al. (1998).




Figure 4 | Pelagic Si(OH)4, aSiO2 and Chl a concentrations, Chl a: (Chl a+Phea) ratios, and aSiO2: Chl a ratios, along the Elorn Estuary (A–E) and the Aulne Estuary (F–J), in February, May, July and November 2009.



In both estuaries, the aSiO2 concentrations decreased with increasing salinity at all seasons, except July (Figure 4B). In the Aulne Estuary, a steep decrease of aSiO2 concentrations occurred between salinity 0 and 5. The highest aSiO2 concentrations were observed in July and reached a maximum at the salinity range of 5-15 (data not available for the Elorn Estuary).

In spring and summer, maximal concentrations of Chl a were generally observed between salinity 5 and 20, as observed for aSiO2 concentrations in July. In November, Chl a concentrations were low and constant with salinity, which completely differed from the high and decreasing aSiO2 concentrations. In both estuaries, the Chl a:(Chl a+Phae) ratios were higher in spring/summer than in winter and reached an annually constant marine end-member ratio in the range 0.6-0.7 (Figure 4D). The aSiO2:Chl a ratios were low in spring/summer and very high in winter, especially in upper estuaries (Figure 4E).




3.2 Surface sediments aSiO2 and Chl a along estuaries

The aSiO2 concentrations were in the range 0.5-3% in the surface sediments (Figure 5A). At each season, they decreased from upstream to downstream in the Elorn Estuary, and they were minimal at the intermediate station in the Aulne Estuary (Figure 5A). At all stations, surface Chl a concentrations increased from February to July, and then decreased in November (Figure 5B). The Chl a:(Chl a+Phae) ratios were always > 0.4 (Figure 5C). The aSiO2:Chl a ratios decreased from February to July regardless of station, and from upstream to downstream in winter (Figure 5D).




Figure 5 | (A) aSiO2 content (%), (B) Chl a concentrations (µg l-1), (C) Chl a: (Chl a+Phea) and (D) aSiO2: Chl a ratios measured at each season (February, May, July, October 2009) in superficial sediments at the stations 1, 2 and 3 (n = 3) of the Elorn and Aulne estuaries.






3.3 Benthic Si cycle along estuaries: data and modeling

Observed and simulated aSiO2 and Si(OH)4 profiles

The observed aSiO2 profiles were vertically constant with small discontinuities along the sediment cores. The model represented well the range of aSiO2 concentrations but failed to reproduce the small vertical heterogeneities. Although variable between stations, Si(OH)4 concentrations in general increased with depth (Figure 6; black circles). A regular hyperbolic profile, commonly observed in stable or oceanic sediments, was observed at station A1, while stations E1, E2, E3, and A3 showed concentrations that became stable over the first centimeters (of variable thickness) which then increased again at greater depths. In general the model provided a good fit to the observed Si(OH)4 trends, with the exception of the subsurface maxima of Si(OH)4 concentrations observed at station A2 in February and May (Figure 6).




Figure 6 | Si(OH)4 and aSiO2 concentrations in benthic sediments at each station (1, 2, 3) of Elorn and Aulne estuaries in February, May, July and October 2009. Both data from 2008 (cross) and 2009 (points) and model outputs (lines) are represented. For aSiO2, the continuous line represents the total concentration while the dashed line represents the less reactive fraction.



Estimated and calibrated parameters

The biodiffusion rates of sediments (obtained from core incubations with luminophores) increased from February to July (Table 2). These rates were higher in the Elorn (1-4 10-7 m² d-1) than in the Aulne Estuary (< 1 10-7 m² d-1), and they were almost null at stations A1 and A2. The bioirrigation rates varied relatively similarly to biodiffusion rates (Table 2). The calibrated dissolution rates of the less reactive aSiO2 were in the range 10-5- 2 10-4 d-1 (Table 2). The lowest rates were observed at stations E1 and A2. The calibrated dissolution rates of the highly reactive aSiO2 were in the range 10-3- 2 10-2 d-1 (Table 2), and generally increased from February to July or October; however, at stations A1 and A2, the highest rates were found in February. Reprecipitation rates generally varied between 10-5 and 10-4 d-1.

Simulated fluxes

The simulated deposition fluxes of aSiO2 were in the range 2-4.5 mmol m-2 d-1, regardless of season and station (Figure 7A). In both estuaries, maximal deposition fluxes were observed upstream of the estuaries in winter, and midstream/downstream during other seasons. The burial fluxes of the less and highly reactive aSiO2 were 25-80% of the deposition flux of aSiO2 (Figures 7B, C, 8). In the Elorn Estuary and at station A3, the proportion of burial decreased from winter to summer. This decrease was due to an increase of sediment-water Si(OH)4 effluxes by diffusion and non-local bioirrigation, with a generally higher contribution of bioirrigation (Figures 7E, F). The decrease of burial fluxes in summer is not observed at stations A1 and A2, where bioirrigation is low. Reprecipitation fluxes were generally < 5% regardless of station and season (Figures 7D, 8).




Figure 7 | Benthic Si budget: (A) deposition flux of aSiO2, (B) burial flux of less reactive aSiO2, (C) burial flux of highly reactive aSiO2, (D) reprecipitation flux, (E) benthic diffusive flux of Si(OH)4, and (F) non-local bioirrigation flux, for stations E1, E2, E3, A1, A2 and A3 at all seasons.






3.4 Seasonal and annual Si retention in Elorn and Aulne estuaries

The Aulne river-estuary had a larger contribution than the Elorn river-estuary to all fluxes because of the larger size of its watershed and estuary. The Table 3 summarizes the estuarine Si budget and retention for the Elorn, Aulne and the two estuaries, at seasonal and annual scales.


Table 3 | River Si fluxes compared to deposition, benthic fluxes including bioirrigation, reprecipitation, subtidal and tidal marsh burial, and export (kmol per year and per season) for the Elorn and Aulne estuaries.



As previously observed (Figure 2E), total Si river fluxes are two to three orders of magnitude higher in winter (134074 kmol per season) than in summer (8417 kmol per season). The Si loads are dominated by Si(OH)4 in both estuaries (64 to 90% from winter to summer). Compared to the Elorn river, the Aulne river brings 66 to 90% of river Si fluxes to the Bay of Brest from summer to winter.

Deposition fluxes are similar for all seasons (8570-10784 kmol per season) but strongly vary from 6% of river loads in winter to more than 100% during summer.

Recycling leads to benthic fluxes of Si(OH)4 ranging from 3585 kmol in winter to 6409 kmol in summer. Bioirrigation accounts for 46% of benthic fluxes (15-68%), with stronger bioirrigation in the Elorn estuary (64-68%) than in the Aulne estuary (15-34%). During summer, benthic recycling (6409 kmol) provides a quantity of Si(OH)4 close to river fluxes (7348 kmol Si(OH)4; 87% of 8417 kmol total Si).

The reprecipitation flux is low and negligible with 168 kmol per year for the two rivers.

Burial in subtidal sediments accounts for 10-39% of river Si loads in the Elorn estuary and 3-38% in the Aulne estuary, from winter to summer. Burial in tidal marshes is estimated to ~2/3 of subtidal burial (based on data on the Elorn estuary; Querné, 2011). Including burial in tidal marshes leads to an estimated burial of 17-41% of river Si loads in the Elorn estuary and 16-64% in the Aulne estuary.

Finally, export is high during winter and fall (125 649 kmol; 93% of river flux; 51% of annual export flux), but lower during summer (2 779 kmol; 33% of river flux; 1% of annual export flux).





4 Discussion



4.1 Seasonality of aSiO2 deposition and quality along Elorn and Aulne estuaries

In this study, steady-state diagenetic modeling is used to quantify the averaged benthic processes at seasonal scale along two estuaries. Modeling is particularly efficient for determining the deposition fluxes, which otherwise are very difficult to assess by direct measurements (Ridd et al., 2001). Regardless of the station and season, the deposition fluxes in the Elorn and Aulne estuaries (2-4.5 mmol m-2 d-1; Figure 7A) are in the same order of magnitude than in the seaward Bay of Brest (0.6-3 mmol m-2 d-1; Ragueneau et al., 2005a). These high deposition fluxes are consistent with the high accumulation rates measured through radionuclide measurements that constrain the model (Khalil et al., 2018). High deposition and accumulation of aSiO2 are generally observed seaward in large rivers (e.g., the Amazon, Congo, and Yangtze rivers; DeMaster et al., 1985; Shiller, 1996; Raimonet et al., 2015) that have high river flow rates. In contrast, in our study, the aSiO2 deposition fluxes are high in the estuary due to lower river flow rate and the semi-enclosed shape of the system. These deposition fluxes calculated in the macrotidal Aulne and Elorn estuaries are in the range of values determined for the macrotidal Scheldt river and estuary: from ~0.028-0.034 mmol m-2 d-1 in subtidal sediments in the Scheldt river (Carbonnel et al., 2009), to ~1.6 mmol m-2 d-1 in marsh sediments in the Scheldt estuary (Struyf et al., 2006) and a maximum of 8 mmol m-2 d-1 in subtidal sediments in the Scheldt river/estuary (Arndt and Regnier, 2007).

In this study, maximal deposition fluxes are observed upstream of the estuaries during winter, which is mostly related to higher aSiO2 river concentrations and fluxes. High aSiO2 concentrations and fluxes brought to the estuary are related to enhanced soil weathering and river flows (Figure 2C), as previously reported by Smis et al. (2011). These winter deposition fluxes are associated with detrital aSiO2, as shown by high aSiO2:Chl a and low Chl a:(Chl a+Phae) benthic ratios (Figure 5).

Deposition is observed more downstream and all along the estuary in spring and summer. The matter deposited then is also more reactive because of a higher contribution of riverine and estuarine, pelagic and benthic, primary production, stimulated by increasing light and temperature, often observed in estuaries (Heip et al., 1995).

The increase in river primary production (either benthic and/or pelagic) is highlighted by a decrease in Si(OH)4 concentrations (consumption) and an increase in Chl a concentrations at the freshwater end-members from winter to summer (Figures 2, 4). This riverine material generally settles before salinity 5 (Anderson, 1986) and fuels deposition in the upper estuary.

The contribution of estuarine pelagic primary production to aSiO2 deposition in the two estuaries is highlighted by an increase in Chl a and aSiO2 concentrations in the water column at salinity 5-20, and decreasing aSiO2: Chl a ratios (Figures 4, 5), as well as production estimates along estuaries (estimated to be 57-225 103 mol d-1 from incubations performed in this study). Benthic primary production (subtidal or intertidal by lateral transport) are suggested by the Chl a concentrations in surface sediments at stations E1 and E2 that are 4-15 times higher than in Aulne Estuary in summer, whereas Chl a concentrations in the water column are similar in both estuaries. This pelagic and benthic production must have settled inside the estuary depending on tidal range and river flow.

The relatively low increase of deposition fluxes during summer compared to winter (Figure 7A), as well as lower benthic than pelagic Chl a:(Chl a+Phae) ratios in summer (Figures 4D, 5C), also suggest the enhancement of pelagic dissolution in summer; dissolution increases the degradation state of deposited aSiO2 and decreases the quantity of aSiO2 at the sediment-water interface. Pelagic dissolution has been estimated to account for ~ 50% of pelagic aSiO2 production in the Bay of Brest (Beucher et al., 2004) and > 80% in estuaries reaching the Chesapeake Bay (Anderson, 1986), and is expected to be enhanced by bacterial degradation in estuaries (Roubeix et al., 2008a). Moreover, the constant benthic Chl a:(Chl a+Phae) ratios observed from winter to spring, which decrease during the summer and co-occur with the highest pelagic ratios, suggests enhanced benthic macrofauna grazing (Cariou-Le Gall and Blanchard, 1995), alterations caused by light (Nelson, 1993) and redox conditions (Sun et al., 1993). All of these results confirm the estimation of 50% highly reactive aSiO2 calculated through an inverse statistical method (Moriceau et al., 2009) and used in our diagenetic model of benthic Si cycle.




4.2 Seasonal benthic Si budgets along estuaries

As suggested in the previous section, deposition fluxes are tightly related to seasonal changes of river fluxes, detrital loads, benthic and pelagic primary production, and/or lateral transport. Once aSiO2 is deposited at the sediment-water interface, benthic processes lead either to the return of Si to the water column through dissolution and/or bioirrigation, or to its sequestration in sediments through burial and/or reprecipitation.

The formation of Si(OH)4 through benthic recycling is known to potentially suffer reverse weathering in benthic sediments (Michalopoulos and Aller, 2004). Indeed, very high reprecipitation has even been reported in high-detrital sediments of the subtropical Amazon delta, in which ~ 90% of initial benthic aSiO2 has been converted to clay (Michalopoulos and Aller, 2004), or in the Mississippi River Delta, where it accounts for ~ 40% of Si storage (Presti and Michalopoulos, 2008) or in the Barentz Sea (37% at station B13; Ward et al., 2022). In our study, the reprecipitation processes are limited, and reprecipitation fluxes estimated by the model are < 5% of deposition fluxes regardless of station (Figure 8). This is consistent with the values found in the Scheldt Estuary (Rebreanu, 2009). Laboratory experiments are however needed to confirm our model estimates.




Figure 8 | Benthic Si budget: proportion of each flux in February, May, July and October (noted F, M, J and O, respectively), for (A) station E1, (B) station E2, (C) station E3, (D) station A1, (E) station A2 and (F) station A3.



The high burial fluxes determined in this study may be linked to 1) high deposition fluxes related to high aSiO2 fluxes coming from rivers (high concentrations during high river flow; Figures 2C, 4B), 2) high detrital and aluminium contents, which increase aSiO2 preservation (Van Cappellen et al., 2002), 3) the macrotidal regime and associated resuspension events, which increase recycling in the water column (Gehlen and Van Raaphorst, 2002), which decreases aSiO2 reactivity, and 4) bioturbation and more specifically sediment mixing, which increases the transfer of newly settled aSiO2 deeper in the sediment and increases its preservation, as observed in organic matter (Aller and Mackin, 1984). Such high burial rates have already been observed in highly accumulating zones, e.g., Antarctic sediments in which one third of aSiO2 deposited accumulates in sediments (Pondaven et al., 2000; DeMaster, 2002). On the contrary, estuaries of large rivers (e.g., Amazon, Congo) have low retention due to export to the coastal margins where deposition and accumulation take place (Michalopoulos and Aller, 2004; Dürr et al., 2011; Raimonet et al., 2015).

In summer, the estimated fluxes are similar to those observed within the Bay of Brest during the productive period, where burial fluxes were estimated to be ~ 32% (Ragueneau et al., 2005a). However, distinct processes cause these similar proportions. In the Bay of Brest, the absence of total recycling is explained by the presence of an invasive filter feeder species, Crepidula fornicata, that increases aSiO2 preservation in sediments through 1) its incorporation in feces covered by organic matter, and 2) the presence of aluminium-rich sediments (Ragueneau et al., 2005a). In the Elorn and Aulne estuaries, invasive species are absent at the sediment-water interface, and the high burial fluxes are instead explained by the enhanced preservation due to high aluminium and detrital contents (Van Cappellen et al., 2002), high deposition rates (Aller and Mackin, 1984; Conley and Johnstone, 1995), and burrowing depth reaching more than 20 cm in depth.

During the productive period, particularly during summer, the increased proportion of Si(OH)4 fluxes associated to dissolution and bioirrigation (> 60%; Figure 8) compared to burial fluxes is explained by the enhancement of dissolution rates by temperature (Kamatani, 1982; Ragueneau et al., 2002a) as well as deposition of more reactive (autochthonous) material, and bioirrigation (Green et al., 2004).




4.3 Seasonal contribution of benthic silica cycle to the estuarine filter

First, our study confirms the importance to include aSiO2 when investigating Si retention in estuaries (Carbonnel et al., 2013) or building global silica budgets (Tréguer et al., 2021).

Regardless of the method used, estuarine budgets do not generally explicitly account for the benthic ecosystem in estuaries, due to the assumed small contribution of benthic fluxes compared to that of river fluxes (Arndt et al., 2009). However, benthic sediments may be subject to non-local transport associated with bioirrigation, which is known to strongly increase benthic Si(OH)4 fluxes at the sediment-water interface (Marinelli, 1992; Forja and Gómez-Parra, 1998), and this is also observed in our study (~50%). Although Arndt and Regnier (2007) have recently analytically resolved benthic processes in a reactive-transport silica model which couples benthic and pelagic processes, methods used to estimate estuarine Si budgets do not vertically resolve the nonlocal benthic processes, e.g., bioirrigation. Contrary to reactive-transport modeling of water column processes, which provides high spatio-temporal resolution, the goal of the present study is to precisely investigate benthic processes in Elorn and Aulne estuary sediments in order to build Si budgets. Our results show the usefulness to incorporate irrigation effects in reactive-transport modeling along estuaries.

During winter floods, the high river flows increase the aSiO2 and Si(OH)4 river fluxes to both estuaries as well as the export to the coastal waters (Table 3). This transient and high export of particulate matter, mostly detritic (see section 4.1), has previously been observed in this ecosystem for organic matter (Savoye, 2001). The increase in river flow also decreases the contribution of benthic Si(OH)4 fluxes (2.7%), aSiO2 burial (3.7%) and aSiO2 deposition fluxes (6.4%) compared to aSiO2 river fluxes. These results confirm that generally low benthic-pelagic coupling occurs during high river flow conditions (Eyre and Ferguson, 2006).

From winter to summer, the drop in the river flow reduces aSiO2 and Si(OH)4 fluxes and increases water residence times throughout the estuary. The aSiO2 deposition becomes higher than river fluxes (Table 3), which highlights that other sources become significant in fueling the sediment-water interface: not only river loads, but also pelagic primary production in the estuary, lateral transport from intertidal sediments or from mixing of marine waters.

First, the aSiO2 deposition fluxes are enhanced by the increase in pelagic primary production in summer. This is highlighted by the high Chl a concentrations measured in May and even more in July (from 6 to 35 µg l-1 along the salinity gradient; Figure 4C). Note that these concentrations are higher than those in the Bay of Brest (generally < 10 µg l-1 even during blooms, except a maximum of 21 µg l-1 observed in 1981; Chauvaud et al., 2000), and that even higher concentrations have already been measured in these estuaries during summer (88 and 46 µg l-1; Savoye, 2001). In this study, the extrapolation of the pelagic primary production measurements in the Aulne Estuary allows us to roughly estimate a total pelagic primary production of ~ 57-225 103 mol d-1. This estimate is slightly lower than the production of 448 103 mol d-1 estimated in the Bay of Brest (Ragueneau et al., 2002a). However, this estimation is close to the deposition flux (107 103 mol d-1; Table 3), which consequently appears to be related to pelagic production. Since dissolution also occurs in estuarine waters (accounting for 20-80% of pelagic aSiO2 recycling; DeMaster et al., 1983; Ragueneau et al., 2002b; Beucher et al., 2004), it follows that other sources must also contribute to the deposition flux of aSiO2. This exercise highlights the importance of directly quantifying the pelagic silica dissolution rates in estuaries to better constrain their budgets. In the Bay of Brest, pelagic dissolution rates were shown to recycle ~ 50% of aSiO2 production annually (Beucher et al., 2004), but these rates could be even higher throughout estuaries because of enhanced aSiO2 dissolution by bacterial degradation of organic coatings (Roubeix et al., 2008a).

As suggested in section 4.1., other possible sources of deposited aSiO2 are benthic primary production, lateral resuspension and redistribution of particles from tidal mudflats and small water outlets. The high deposition fluxes of estuarine materials are particularly highlighted by benthic Chl a concentrations (140 µg gDW-1; Figure 5B) that are much higher than those already reported in the Bay of Brest (Ragueneau et al., 1994; Sagan and Thouzeau, 1998; Ni Longphuirt et al., 2006). Such high Chl a (or fucoxantin) concentrations have previously been reported to mirror the higher pelagic and benthic production taken place in estuaries, the lateral resuspension and redistribution of particles, with the higher deposition rates related to a shallower water column (Sun et al., 1994; Mangalaa et al., 2017; Wallington et al., 2023). Marine loads might be low due to the absence of a connection between estuarine and coastal waters observed in the Elorn and Aulne estuaries (Savoye, 2001), except in the downstream parts of these estuaries where marine materials are more significant (Khalil et al., 2013). Marine aSiO2 loads can however be much higher in some estuaries; for instance, it reaches 25% in the Scheldt estuary (Carbonnel et al., 2013).

The relative contribution of benthic Si(OH)4 fluxes compared to river fluxes is consequently enhanced (Figure 8), which highlights the important role of benthic recycling to the pelagic ecosystem, especially in summer. Even if benthic fluxes are generally lower compared to river fluxes in large estuaries (Arndt et al., 2009), their contribution can become significant in small and shallow estuaries (Anderson, 1986), such as in the Elorn and Aulne, as well as during the low-flow season (this study). The contribution of benthic fluxes to the pelagic ecosystem in summer is higher in the Aulne than in the Elorn Estuary, not just due to the lower river flow, but also due to the higher benthic surface of the Aulne Estuary and its meandering shape (Raimonet et al., 2013a).

Finally, this work bring new data on Si retention in small macrotidal estuaries, at seasonal and annual scales. While retention is ≤ 5% of river Si flux in winter, it increases to 38% in summer, and even 67% when accounting for burial in intertidal mudflats (Table 3). The annual burial of Si in the Elorn and Aulne estuaries is estimated to be 7% in subtidal sediments, and 12% when accounting for intertidal mudflat burial. These estimates are similar for the two estuaries, but lower than a ten times bigger estuary, the Scheldt estuary, where annual retention of Si(OH)4 and aSiO2 are estimated to attain 28% and 64%, respectively (Carbonnel et al., 2013). Such difference is expected because of (1) higher water residence time in the Scheldt estuary, which increases retention and limits flushing, and (2) intense dredging activity, which reduce sediment export to the coastal zone (Carbonnel et al., 2013). In this study, we gathered and measured a large number of data to better constrain and limit uncertainties on our estimates. Our values could however be refined, e.g. by coupling our results with a hydro-sedimentary model e.g. Grasso et al. (2018) in order to quantify retention at a fine spatial and temporal scale. This could help in quantifying the spatial heterogeneity and the transient regime of erosion and export of estuarine sediments.





5 Conclusions

Diagenetic modeling accounting for two reactive aSiO2 phases, as well as reprecipitation and bioirrigation processes, is a useful tool for determining benthic Si fluxes, e.g., deposition fluxes that are difficult to measure in situ in estuaries. The Elorn and Aulne tidal estuaries are characterized by high deposition and burial fluxes throughout the year, indicating the high potential retention in these estuaries. Benthic recycling increases from winter to summer. A representation of bioirrigation appears necessary in such bioirrigated estuarine sediments in order to account for the doubling of benthic fluxes at the sediment-water interface. Reprecipitation is expected to be insignificant in the Elorn and Aulne estuaries, but this result should be confirmed through laboratory experiments. An investigation into the sediment dynamics in these estuaries and the importance of mudflats in estuarine retention would be of interest. In this study, the functioning of small and shallow tidal estuaries (Elorn and Aulne) is shown to be dominated by river inputs and export during high river flow conditions, and by estuarine internal recycling during summer. The application of a transport-reaction model accounting for benthic-pelagic coupling appears useful for quantifying the spatio-temporal variations of the benthic Si cycle (and carbon, nitrogen, and phosphorus cycles) along estuaries, and for investigating the impact of small scale variations (biological and physical processes) on the general functioning of the ecosystem.
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We investigated the influence of iron (Fe), phosphate (PO4), and silicic acid [Si(OH)4] concentrations on Si uptake rate by two strains of Synechococcus. Growth rates, cellular biogenic silica (bSi), and silicon uptake rates were measured and compared. Both strains showed significant Si cellular contents varying from 0.04 47 fmol cell−1 to a maximum of 47 fmol cell−1, confirming that the presence of Si in Synechococcus is a common feature of the genus but with strain specificity. Maximum Si cell contents were measured when Fe and P co-limited RCC 2380 growth (47 fmol Si cell−1) and under -Fe-Si limitations (6.6 fmol Si cell−1) for the second strain RCC 1084. Unambiguously, all conditions involving P limitations induced an increase in the Si uptake by the two Synechococcus. Moreover, RCC 1084 showed a relationship between Si cellular quota and growth rate. However, both strains also showed a clear impact of Fe concentrations on their Si uptake: Si quotas increased 1) under Fe limitation even without P co-limitation and 2) under simple Fe limitation for RCC 1084 and with Si co-limitations for RCC 2380. Both strains exhibited a behavior that has never been seen before with changing Si(OH)4: concentrations of 150 µM of Si(OH)4 negatively impacted RCC 2380 growth over 10 generations. Conversely, RCC 1084 was limited when Si(OH)4 concentrations dropped to 20 µmol L−1. Maximum Synechococcus Si uptake rates normalized to the organisms’ size (7.46 fmol µm−3 day−1) are comparable to those measured for diatoms and rhizarians. From our data, and using all the data available on Synechococcus Si content and Si uptake rates, their average concentrations for each Longhurst province, and existing descriptions of the dominant nutrient limitations and Synechococcus strain specificity, we estimated at the global scale that the annual bSi stock contained in Synechococcus is 0.87 ± 0.61 Tmol Si, i.e., around a quarter of the bSi stock due to diatoms. We also estimated that the global Si production due to Synechococcus could average 38 ± 27 Tmol Si year−1, which is roughly 17% of the total global annual Si production.
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Introduction

The ocean is an important climate regulator, absorbing about one quarter of anthropogenic carbon (C) through its physical and biological pumps. The biological carbon pump (BCP) intensity depends on several complex processes that challenge our capacity to quantify its impact (Siegel et al., 2023). Among these difficulties, we may cite the understanding of the contribution of the different groups of organisms (Benedetti et al., 2023). Diatoms are well-known actors of the BCP due to their diversity, size, and capacity to dominate high-latitude ecosystems: their heavy frustule of biogenic silica that ballasts them and their capacity to aggregate, two characteristics that increase their sinking toward deep layers (Tréguer et al., 2018). It appears that high-latitude ecosystems dominated by diatoms are efficient at exporting C, but the proportion of this exported C reaching sequestration depth, i.e., the transfer efficiency, is low. Conversely, large oligotrophic zones do not export much C to the top of the mesopelagic layer but are efficient at transferring it to sequestration depth (Henson et al., 2012). Moreover, small cells such as cyanobacteria may also be important contributors to the C export (Richardson and Jackson, 2007; De Martini and Neuer, 2016). Through their domination in oligotrophic waters, a large part of the ocean, models estimate that pico-phytoplankton may contribute for 46% of the C export (Letscher et al., 2023). One of these groups, Synechococcus, contributes to the total primary production as high as 30% in the subtropical North Atlantic (Duhamel et al., 2019) or 25% in Costa Rica upwelling (Muñoz-Marín et al., 2020), and their global contribution has been estimated using niche model to be 16.7% (Flombaum et al., 2013). Indeed, Synechococcus have a wide repartition zone and a small seasonality (Visintini and Flombaum, 2022). These traits may be attributed to high adaptability in order to grow at low nutrient concentrations, use mixotrophy, or change their pigment content (Flombaum et al., 2013; Grébert et al., 2018; Muñoz-Marín et al., 2020; Visintini et al., 2021; Visintini and Flombaum, 2022). Surprising most of the scientific community, Synechococcus has been found to accumulate Si at a level that cellular ratios of Si/S and Si/P approach those detected in diatoms from the same environment (Baines et al., 2012; Ohnemus et al., 2016; Wei et al., 2022; Churakova et al., 2023). Until now, the scientific community has been unable to identify physiological mechanisms requiring the assimilation of dissolved Si (Brzezinski et al., 2017) and, thus, to understand the implication of this accumulation on the processes driving the oceanic C and silicon cycles. While poorly constrained models predict that climate change may increase the global abundances of Synechococcus at the expense of diatoms, they will be favored by three main impacts: ocean acidification, warming waters, and decrease of nutrients (Marinov et al., 2013; Dutkiewicz et al., 2015; MaChado et al., 2019; Flombaum and Martiny, 2021). However, due to the lack of data and comprehensive processes, none of these models consider the implication of Synechococcus accumulating Si. Moreover, considering the predicted increase of nutrient limitation, one has to comprehend the Synechococcus Si uptake under different limitations. Previous study showed the implications of P in the Si absorption process by Synechococcus: Si uptake rates were inhibited after addition of PO4 in the medium of laboratory cultures (Brzezinski et al., 2017), suggesting that Si would be transported by P transporters instead of P. However, this study also showed that addition of a mix of vitamins and metals in this culture increased the specific uptake rate of Si compared to control. Both these results, and unpublished data that we collected in our laboratory with Synechococcus cultures, lead us thinking that Fe plays an important role in Si uptake by these cyanobacteria.

Due to its extremely low concentration, iron (Fe) limits phytoplankton productivity in ~30% of the world’s oceans, in the high-nutrient low-chlorophyll waters (Moore et al., 2013). Cyanobacteria have been proposed to possess a high cellular growth requirement for Fe as a vestige of the high availability of Fe in the ancient ocean: Brand’s (1991) hypothesis was based on the much higher subsistence Fe/P requirements in six coastal and oceanic Synechococcus strains whose growth has been reduced to zero by Fe limitation in comparison to subsistence Fe/P values of eukaryotic algae. There is no evidence for potential direct effect on cyanobacterial growth due to interactions between Fe and P concentrations in the environment, but, as Fe is an important controlling factor for phytoplankton growth, it has a feedback effect on the P demand and potentially on Si absorption.

In the present study, we propose to examine the uptake of Si by two Synechococcus strains under various Si(OH)4, PO4, and Fe conditions to help understand the processes involved, the Synechococcus contribution to the global Si oceanic cycle and whether Synechococcus may be or become a competitor of diatoms for Si resources.





Materials and methods




Cultures

Two strains of Synechococcus were studied: Synechococcus RCC2380 (ROS8604 Syn Clonal) from the Roscoff Estacade from France (48.732001, −3.982762), and RCC1084 (WH5701) from the Long Island Sound in USA (41.074403, −73.071732). These strains were sampled in coastal areas, but they belong to two clades that are more widely distributed: the RCC2380 belongs to the clade I that is widely represented worldwide from the Arctic to the Antarctic and in the westerlies domains, and RCC1084 belongs to the clade 5.2 that is a more coastal Synechococcus also observed in the Antarctic ocean (Doré et al., 2022 and 2023).

Semi-continuous batch cultures were maintained in an incubator at 22°C under 12-h/12-h light/dark cycle with a light intensity of 100 µEinstein m−2 s−1, in order to keep cultures in the exponential growth phase. Cultures were maintained in acid washed polycarbonate flasks, in a variation of the Aquil medium (Price et al., 1989) containing EDTA (5 µmol/L; Table 1). Various concentrations of Fe, Si(OH)4, and PO4 were tested as indicated in Table 2. Like for every semi-continuous culturing system, macronutrient concentrations were high compared to environmental conditions, to compensate for the lack of renewal in the system compared to in situ and due to the cell concentration in our cultures that were much higher than in the ocean. It is a well-known method that using higher nutrient concentrations in semi-continuous cultures helps keeping good ratios between micronutrient concentrations and control the limitations. Limitations were evidenced through a decrease of the growth rates (Figure 1).


Table 1 | Aquil medium recipe for salt and nutrients, according to Price et al. (1989), EDTA is used at a final concentration of 5 µmol/L to stabilize metal concentrations.




Table 2 | Concentrations of PO4, Si(OH)4, and Fe in Aquil for the different conditions studied in the present study.






Figure 1 | Specific growth rates of cultures RCC 2380 (A) and RCC 1084 (B) exposed to different concentrations of Fe, PO4, and Si(OH)4. Error bars represent standard deviations. Tamhane test with p< 0.05 was indicated in the graph with “a” for treatments significantly different from control, with “b” for treatments significantly different from -Fe, and with “c” for treatments significantly different from -P. For RCC 2380 treatment -Si–Fe and for RCC 1084 treatments -Si-P, -Si–Fe and -Fe-Si-P, too few data were obtained and statistical analyses were not possible.



All conditions were adapted for eight generations and maintained between 2 and 8 months. Each experiment was done on at least four culture replicates. Flow cytometry was used to count the cells and check their physiological stability by following the relative size (FSC), relative complexity (SSC), and fluorescence (yellow and red fluorescence) every 3 days. Experiments and analyses were only done when the parameters stayed within 90% of their optimum value and at the exponential phase. Growth curves and rates were determined every three days from these counts.

For a more fluid reading, we indicated in the rest of the text the PO4 and Si(OH)4 medium concentrations as follows: “P” and “Si.”





Si-cellular quotas

Hereafter, Si-cellular quotas are understood as being the total amount of Si coming from the cells (including particulate and soluble Si). Si-cellular quotas were measured on 10 mL to 15 mL of cultures that were filtered on 0.4-µm pores polycarbonate filters. Filters were rinsed with synthetic oceanic water (SOW) (Price et al., 1989) to wash away adsorbed Si(OH)4 and placed in 15-mL tubes for drying at 60°C in an oven. Cells were digested in NaOH (0.2 mol/L) at 90°C in a water bath for 4 h (Moriceau et al., 2007). After cooling, the digestates were acidified with HCl (1 mol L−1), and the tubes were centrifuged at 3,000 rpm for 5 min. The supernatant was analyzed for silicates by colorimetry using an AutoAnalyzer (Bran and Luebbe Technicon Autoanalyzer, accuracy of 0.1%) according to the protocol optimized by Aminot and Kérouel (Aminot and Kérouel, 2007).





Rate of Si uptake

Biogenic Si uptake rates (ρSi) were measured by the 32Si method (Tréguer et al., 1991; Leynaert et al., 1996). Culture flasks of 15 mL to 20 mL were spiked with 650 Bq of radiolabeled 32Si-silicic acid solution with a specific activity of 18.5 kBq μg Si–1, resulting in an increase in silicic acid concentration no greater than 0.1 µmol L−1. Samples were then incubated in the laboratory for 24 h. After incubation, samples were filtered onto 0.6-μm Nucleopore polycarbonate filters and rinsed twice with filtered seawater to wash away non-particulate 32Si. Each filter was then placed in a 20-mL polypropylene scintillation vial. The activity of 32Si in the samples was determined 12 months later, allowing 32Si and its daughter isotope 32P to return to secular equilibrium. Samples were assayed using a scintillation counter Wallac Model 1414. The silicic acid uptake rate ( , in µmol L−1 h−1) was calculated as follows:

	

where   is the silicic acid concentration of the sample (µmol L−1);   and   are the initial and final activities of the sample (cpm), respectively; and   is the incubation time (in hours). Triplicate 60-min counts were performed on each sample. Counting precision (95% confidence interval) was< ± 5%. The background for the 32Si radioactive activity counting was 8 cpm. Samples for which the measured activity was less than three times the background were considered to lack Si uptake.





Statistical analysis

Statistical analyses were conducted on the growth rates and the Si-cellular quotas using one-way ANOVA. When ANOVA showed significance, we applied a post-hoc Tamhane test adapted to unequal variance to determine which of the treatment pairs are significantly different (Figures 1, 2).




Figure 2 | Biogenic silica cell content varying with culturing conditions for RCC 2380 (A) and RCC 1084 (B). Error bars represent standard deviations. p< 0.05, significantly different from control marked with a “a,” test significantly different from -Fe marked with a “b,” and significantly different from -P marked with a “c.”.



For the analysis of the results displayed in Figures 3A, 4C, we conducted linear regressions and obtained the Pearson’s correlation coefficients for each of them with p< 0.05.




Figure 3 | Si cellular quotas as a function of specific growth rates of RCC 2380 and RCC 1084 in all various media conditions. All data are indicated in (A), and average results for each medium condition are indicated in (B).






Figure 4 | Silicic acid uptake rates and Si cellular quotas (bSi) for (A1): RCC 2380 cultured in control conditions vs. Fe simple limitations, low silicic acid concentration, Fe limitations combined to low silicic acid concentrations; (A2) RCC 2380 cultured under no limitations vs. Fe and P simple and co-limitations; (B1) RCC 1084 cultured under no limitations vs. Fe and Si simple limitations; (B2) RCC 1084 cultured under no limitations vs. Fe and P simple and co-limitations. Panel (C) compares Si cellular quotas and Si uptake rates for both strains.








Results




Effect of Fe, PO4, and Si(OH)4 concentrations on specific growth rates

We obtained growth rates for the two strains for each culturing condition described in Table 2. Results are indicated in Figures 1A, B. Firstly, the decrease in P and/or Fe concentrations in the culture media induced significant lower growth rates for both RCC 2380 and RCC 1084. When P concentration decreased from 20 µmol L−1 to 2 µmol L−1, the growth rate was reduced from 0.44 day−1 to 0.1 day−1 for RCC 2380 and from 0.73 day−1 to 0.4 day−1 for RCC 1084. When Fe concentration was lowered from 100 nmol L−1 to 10 nmol L−1, the growth rate significantly decreased for both RCC 2380 and RCC 1084 from 0.44 day−1 to 0.36 day−1 and from 0.73 day−1 to 0.36 day−1, respectively. When Si(OH)4 concentration decreased from 150 µmol L−1 to 20 µmol L−1, RCC 2380 growth rate increased from 0.44 day−1 to 0.59 day−1, whereas RCC 1084 growth rate decreased from 0.73 day−1 to 0.57 day−1. Secondly, the maximum decrease in RCC 2380’s growth rate was achieved when only P concentration was lowered. None of the additional limitations showed any further reduction in growth rate, even when co-limited with P (-Fe-P and -Si-P). In contrast, RCC 1084 growth rates were systematically more impacted when more than one nutrient was limiting, with values lower than 0.3 day−1 and down to 0.1 day−1 when Fe, Si, and P concentrations were simultaneously reduced in the culture media. However, the growth rate decrease observed for -Fe-P co-limitation was not significantly different from those measured for Fe and P simple limitation.





Effect of Si(OH)4, Fe, and PO4 concentrations on Si cellular quotas

The two strains were examined for their Si quotas as a function of nutrients variations as described in the method. Figure 2 represents cellular Si quotas for the two strains, with variable P, Fe, and Si concentrations. RCC 2380 had Si quotas ranging from 0.05 fmol cell−1 to 47 fmol cell−1, whereas RCC 1084, starting from a similar value of 0.04, only reached maximum Si quotas of 6.6 fmol cell−1: RCC 2380 had a maximum Si quota seven times higher than that of RCC 1084. In our conditions, the maxima were reached for the -Fe-P conditions for RCC 2380.

Considering simple and co-limitation of P, both -P and -P-Fe significantly increased bSi as they were multiplied by 3 to 50 for both strains compared to controls. P limitation strongly increased Si quotas, an effect that is enhanced for Fe co-limitation in RCC 2380.

When Fe concentration was reduced from 100 nmol L−1 to 10 nmol L−1, both strains exhibited opposite trends for simple Fe limitation: RCC 2380 decreased its Si content from 4.74 fmol cell−1 to 0.69 fmol cell−1, whereas RCC 1084 increased it from 0.11 fmol cell−1 to 0.73 fmol cell−1. For both strains, adding P to Fe limitation enhanced Si quotas compared to both control and -Fe. Moreover, -Fe-Si exhibited higher Si quotas than -Si for RCC 1084.

When Si(OH)4 concentration was reduced from 150 µmol/L to 20 µmol/L, Si quota slightly decreased for RCC 1084 from 0.11 fmol cell−1 to 0.04 fmol cell−1, whereas it decreased by two orders of magnitude for RCC 2380: from 4.74 fmol cell−1 to 0.05 fmol cell−1. However, as described earlier, when both Fe and Si were reduced, the two strains increased their Si quota compared to -Si: from 0.05 fmol cell−1 to 5.98 fmol cell−1 for RCC 2380 and from 0.04 fmol cell−1 to 6.59 fmol/cell−1 for RCC 1084.

We investigated the relationship between growth rates and Si-cellular quotas for both strains, and the results are presented in Figure 3. Linear regressions give an r-value of −0.60 for RCC 2380 and −0.71 for RCC 1084 (p< 0.05), which means that the correlation between Si-cellular quotas and growth rates is negative (bSi decreases when growth rate increases) and that it is stronger for RCC 1084 than for RCC 2380. However, the coefficients being not very high, they show that the correlation between bSi and growth rates is not very strong.

Displaying the average value of each condition in Figure 3B, this indicates the differences between the two strains: the correlation between growth rate and Si-cellular quotas was extremely similar for the two strains only for -Si and -Fe conditions. All other conditions were very different.





Si uptake rates

The Si uptake rates were measured as indicated in the method for the control, -Fe, -P, -Si, and -P-Fe conditions for both strains and -Fe-Si for RCC 2380 (Figure 4).

Si uptake rates of RCC 2380 (Figures 4A1, A2) varied between 0.01 fmol cell−1 day−1 for -Si and 21.4 fmol cell−1 day−1 for -Fe-P. Meanwhile, for RCC 1084 (Figures 4B1, B2), it varied between 0.002 fmol cell−1 day−1 for -Si and 2 fmol cell−1 day−1 for -P. As a global observation, RCC 1084 Si uptake rates were one order of magnitude lower than RCC 2380, as for the Si quotas. In general, we observe that the variations between conditions have similar trends than the Si quotas: linear regression gave an r-value of 0.99 (p< 0.05), which shows a very good correlation between Si-cellular quotas and Si uptake rates (Figure 4C).

Considering variations in Si uptake rates with varying Si medium conditions, RCC 2380 control exhibited a rate of 0.92 and fmol cell−1 day−1, but it was close to the detection limit for the -Si and -Si -Fe conditions with rates of 0.010 fmol cell−1 day−1 and 0.007 fmol cell−1 day−1, respectively. For RCC 1084, both the control and the -Si condition were close to the limit of detection with rates of 0.020 fmol cell−1 day−1 and 0.002 fmol cell−1 day−1, respectively.

For both strains, Si uptake rates were higher for all the -P simple and co-limitations compared to control. We can see differences between RCC 2380 and RCC 1084 for -Fe limitations: RCC 2380 -Fe uptake rate decreased compared to the control; -Fe-P was higher than the control and even higher than the -P condition; whereas, for RCC 1084, -Fe and -Fe-P conditions showed both higher Si uptake rates than the control.

These data represent specific uptake rates between 0.0003 h−1 and 0.0195 h−1, which we can compare with the rates of 0.007 h−1 to 0.101 h−1 found in previous study (Brzezinski et al., 2017).






Discussion




Regulation of Synechococcus Si uptake by dissolved Fe, Si, and P concentrations

In the present study, we analyzed how the capacity to uptake Si of two strains of the genus Synechococcus from two distinct clades (RCC2380, clade I and RCC1084, clade 5.2) may be modified by changing Fe, P, and Si concentrations. Observations of Si accumulation inside Synechococcus cells are challenging and must be conducted under strict control of the pH. We took care to maintain pH, i.e., remaining< 8.3 and Si uptake rate obtained in our study were truly biotic processes and not abiotic Si precipitation (Nelson et al., 1984). We undertook our experiments using the Aquil medium, allowing us to control every single nutrient, metal, and vitamin and to provide stable conditions. Nutrient limitations were established by the decrease in the growth rate measured for RCC 2380 and RCC 1084. With this definition in mind, all conditions where growth rate decreased (stable over 10 generations) implied an efficient limitation.

For RCC 2380, the decrease in growth rate between -Si and control suggested a toxic effect of Si(OH)4 on Synechococcus growth. The fact that Si(OH)4 concentrations modified the growth rates of both strains is surprising given that Synechococcus is known to lack an obligate need for silicon (Brzezinski et al., 2017) and seems insensitive to potential toxic effects of high Si(OH)4 concentrations (Tostevin et al., 2021). However, considering 1) the lower RCC 2380 growth rates in all conditions compared to -Si and especially the increase in growth rate for -Si compared to the control and for -Si-P compared to -P and 2) taking into account that, for RCC 1084, all the conditions, including -Si, have lower growth rates than the control, suggest strain-dependent toxicity effect of high Si(OH)4 concentrations. Our two strains are coastal and used to meet large variations in Si(OH)4 concentrations. Indeed, RCC 2380 is from the Manche, whereas RCC 1084 is from Long Island Sound a semi-enclosed Bay in the USA. By comparison, the strain from the study by Tostevin is pelagic and comes from the Caribbean Sea. At the Roscoff site, Si(OH)4 reaches a maximum of 6 µmol L−1 in winter and a minimum of 1.5 µmol L−1 in June (Sournia and Birrien, 1995; Cariou et al., 2004). The ecosystem encounters silicate limitation with respect to nitrate during winter and spring (DIN: DSi< 1) and nitrate limitation during summer. In long Island Sound, Si(OH)4 varies annually from 40 µmol L−1 to 1.6 µmol L−1 in spring and summer (Gobler et al., 2006; George et al., 2015), and phytoplankton is Si limited with respect to N in summer. In our study, Si(OH)4 concentrations had a strain-specific impact on Synechococcus growth rate. RCC 2380 was negatively affected by the highest Si(OH)4 concentrations, and its growth rate significantly increased when Si(OH)4 concentrations decreased from 150 µmol L−1 to 20 µmol L−1. This trend can be seen comparing four culturing conditions: control vs. -Si and -P vs. -P-Si. On the contrary, RCC 1084 growth rate significantly decreased when Si(OH)4 concentration was reduced, as seen comparing control vs. -Si, -P vs. -P-Si, and also -Fe vs. -Fe-Si.

Brzezinski and collaborators (2017) also studied the growth rates of six Synechococcus clones (including the WH5701 = RCC 1084 in the present study), under varying Si(OH)4 medium concentrations of 1 µmol L−1, 60 µmol L−1, or 120 µmol L−1, and found no significant differences in their growth rates. Our cultures were maintained in a completely synthetic and controlled Aquil medium containing PO3 (20 µmol L−1) and Fe (100 nmol L−1), whereas Brzezinski’s cultures were maintained in a medium made of aged 0.2-µm filtered surface Sargasso Sea water with f/2 medium constituents and containing added PO3 (36 µmol L−1) and Fe (11.7 µmol L−1). Differences in growth rates between our study and Brzezinski et al. (2017) might stem from medium differences and more specifically metals concentrations. Our study highlights the potential role of metal and, specifically, Fe concentrations on Si uptake by Synechococcus. Moreover, these results indicate strain-dependent discrepancies.

The range of Si uptake rates obtained in our study (0.04 fmol Si cell−1 to 47 fmol Si cell−1 and 0.003 fmol µm−2 to 4 fmol µm−2) confirms those measured during field observations from the equatorial Pacific, the Sargasso Sea, and laboratory experiments (0.0006 fmol Si cell−1 to 4.7 fmol Si cell−1; Baines et al., 2012; Ohnemus et al., 2016; Brzezinski et al., 2017, 2018; Krause et al., 2017; Wei et al., 2022). Synechococcus cells contain significant but variable amounts of Si, with cellular Si quotas staying low compared to the most studied silicifiers, i.e., diatoms, cultivated in different nutrients’ availability (20 pmol Si cell−1 to 225 pmol Si cell−1; Martin-Jézéquel et al., 2000; Marchetti and Harrison, 2007; Boutorh et al., 2016). Si cellular quota in our laboratory was more stable than in field samples, where Si per cell could vary at least by an order of magnitude among cells from a single sample. However, many strains coexist in situ, and we observed large strain-specific responses to nutrient conditions, probably due to their high capacity to adapt to their environment.

The first hypothesis proposed to explain the mechanisms of Si accumulation by Synechococcus (Brzezinski et al., 2017) suggested two possibilities: 1) a lack of selectivity in the transport of PO4 through the cell membrane, leading to Si(OH)4 molecules being transported instead of PO4 inside the cell and 2) passive diffusion of Si(OH)4 into the cell, with both mechanisms being enhanced by decreased growth rates, allowing more Si(OH)4 accumulation inside the cells.

A global analysis of RCC 1084 suggests that most limitations, except -Si, simultaneously decreased cell growth and increased Si cell content supporting Brzezinski’s hypothesis. Indeed, for RCC 1084, Figure 3 shows that Si cellular quota is dependent upon growth rate with a R2 of 0.65. However, such a growth effect is not clear for RCC 2380 with a R2 of only 0.29. PO4 concentration and Si:P ratio appear to be determinant parameters for Si uptake by Synechococcus, as suggested by Brzezinski’s study. Additionally, our results indicate the involvement of Fe in Si uptake by some strains of Synechococcus. For Synechococcus, -Fe-Si induced a higher Si quota than -Si and -Fe alone despite higher growth rate for RCC 2380. The interaction between P and Fe metabolisms and Si accumulation in Synechococcus is evident, suggesting a complex role of Fe in Si uptake, possibly, but not exclusively, through implications of Fe in the PO4 transporters, albeit differently between strains. The significantly higher Si quotas of cells grown under -Fe-Si compared to -Fe, challenge the theory of passive silicon diffusion through cell membranes, especially considering RCC 2380.

In their study, Marron et al. (2016) suggested that the SIT-L in Synechococcus may be to avoid Si(OH)4 toxicity in ancient oceans, potentially implying that Si cellular quotas may be more controlled in organisms that have the presence of this Si transporter. RCC 2380 and RCC 1084 are positioned at the two extreme opposite ends of the phylogenetic tree drawn by Doré and collaborators (Doré et al., 2020), suggesting different evolutionary histories and adaptations. RCC 1084 likely appeared much earlier than RCC 2380, possibly before 878 My ago (Doré et al., 2020), when Si concentration in the world oceans was above 1 mol L−1. We do not have the timing for RCC 2380 occurrence, but it appeared much later than 250 My ago, when Si in the ocean waters started to significantly decrease (Marron et al., 2016). The relatively low gene fixation rate observed by Doré et al. (2020) implies that flexible genes that are fixed within a clade (i.e., clade-specific genes) were gained tens of millions of years ago and thus might be more reflective of past selective forces than of recent adaptation to newly colonized niches. We could not find such SIT-L genes in the published genomes of RCC 2380 and RCC1084, and further exploration is needed.

Another hypothesis from Tang et al. (2014) suggests that silicon may accumulate and precipitate on the cell membrane of dead Synechococcus. If we consider that the growth rate may be an indicator of the number of dead Synechococcus in the culture, then, indeed, low growth rates may involve more dead cells and following the Tang’s hypothesis, more silicon accumulating on the membrane of the cells. However, our study showed that growth conditions modified Si content without affecting growth rate, indicating a more complex relationship. For example, -Fe and -Fe-P conditions for RCC 2380 and -Fe, -P, and -Fe-P conditions for RCC 1084 led to similar growth rate but different Si cellular quotas and Si uptake rates.

Overall, our study sheds light on the regulation of Si uptake in Synechococcus, emphasizing the importance of Fe, Si, and P concentrations and highlighting strain-specific responses, which contribute to our understanding of the ecological roles of these microorganisms in the oceanic ecosystem. However, the mechanisms explaining these links still need further exploration.

In comparison, the metabolic response of diatoms to Fe limitation is also species specific (Cohen et al., 2017), leading to different consequences for Si accumulation with increasing silicification and frustule mechanical strength for some species (Wilken et al., 2011), no change of Si cellular quotas (Brzezinski et al., 2011) or decreasing silicification in others (Boutorh et al., 2014; Lasbleiz et al., 2014). Although Fe may be involved in Si homeostasis in diatoms (Petrucciani et al., 2022), the link between Fe availability and diatom Si metabolism remains misunderstood despite the fact that diatoms are the most studied silicified marine organisms.

Si uptake rates measured in our study are surprisingly comparable to those measured for diatoms and rhizarians, which play an important role in the Si cycle (Biard et al., 2018; Llopis Monferrer et al., 2020; Tréguer et al., 2021). In our study, Si uptake rates varied from 0.01 to 21 fmol cell−1 day−1. By comparison, diatoms have Si uptake rates ranging from 1 to 21,000 fmol cell−1 day−1, and rhizarians from 170,000 to 2,000,000 fmol cell−1 day−1 (Figure 5). Normalizing adsorption rates to biovolume shows similar Si uptake rates between the three silicifiers: 7.46 fmol µm−3 day−1 for rhizarians, 82.03 fmol µm−3 day−1 for diatoms, and 55.7 fmol µm−3 day−1 for Synechococcus. In the world ocean, diatoms uptake varies from 0.14 in the North Atlantic Tropical Gyre (Poulton et al., 2006; Tréguer et al., 2021) to a maximum of 202 mmol Si m−2 day−1 in the upwelling of California (Brzezinski et al., 1997; Tréguer et al., 2021). With a global average cell concentrations of 4 × 104 cells mL−1 and an average depth of 80 m (Visintini and Flombaum, 2022) cyanobacteria may uptake up to 22 mmol m−2 day−1 under P limitation and 68 mmol m−2 day−1 under P and Fe co-limitation. This renders Synechococcus real competitors of diatoms for Si(OH)4 resource in the environment especially in zones encountering P and Fe limitations. Whereas P mostly is a secondary limiting nutrient and -P-Fe co-limited zones are scarce in the global ocean, Fe limitation concerns almost a third of the world ocean (Browning and Moore, 2023).




Figure 5 | Global comparison of Si uptake rates between Rhizarians (Llopis Monferrer, 2020), Diatoms (Llopis Monferrer, 2020), and Cyanobacteria (present study). The first panel represents the Si uptake in fmol/cell/day, whereas, for the second panel, data were corrected with cell volumes and are presented in fmol/µm3/day. Light gray bars represent the minimum values, and dark gray bars represent the maximum values found.



In conclusion, our study highlights the complex interplay between Fe, P, and Si concentrations in regulating Si uptake by Synechococcus, with strain-specific responses indicating the need for further research to elucidate the underlying mechanisms and ecological implications.





Meanings for the environment

Synechococcus dominate in oligotrophic waters. Meanwhile, their abundance is quite constant everywhere and throughout the year varying around 4 × 104 cells mL−1 with a global yearly abundance between 6.1 and 6.9 × 1026 cells (Visintini et al., 2021; Visintini and Flombaum, 2022). At the global scale, their seasonal variability is 15% (Visintini and Flombaum, 2022), and their concentration increases with temperature (Li, 1998). Spatially, their abundance is maximum in the westerlies winds domain and the trade winds domain defined by Longhurst (Longhurst et al., 1995) with a light decrease in cell abundance around 30° N and S and a minimum in the polar systems (Visintini et al., 2021; Visintini and Flombaum, 2022). The study by Baines and coworkers (2012) revealed for the first time that Synechococcus cells may contain Si in non-negligible amount, opening an interesting question on their potential contribution to the Si cycle. However, small diatoms of size similar to that of Synechococcus grow in similar locations than Synechococcus (Leblanc et al., 2018), which create difficulties to measure in situ the Synechococcus contribution to Si production, underlying the need to use process studies to evaluate their importance in the dynamics of the Si cycle.

Using a method similar to Tréguer et al. (2021), we estimated Synechococcus’ global contribution to the Si cycle (Supplementary Materials). The annual average of the bSi standing stock related to Synechococcus is 0.87 ± 0.61 Tmol Si. To estimate the variability, we used the maximum standard deviation found in our experimental estimation of the Si quotas, which is smaller than in situ variability between cells that may be from different clades and reach more than 200% (Baines et al., 2012; Wei et al., 2022). Moreover, we could not consider seasonal variations of the clade dominance that seems to emerge from the different studies described in Table 3. This estimate is about an order of magnitude higher than the 0.05–0.09 Tmol-Si estimated from in situ data and Si/C quotas by Wei et al. (2022). By mean of comparison, rhizarians’ Si standing stocks have been estimated to range from 0.08 to 5.25 Tmol Si by Biard et al. (2018) and between 0.07 and 0.72 Tmol Si by Llopis Monferrer et al. (2020) using a global ocean surface area of 328,106 km2. Diatoms stay the main contributors of the pelagic stocks with 2–4 Tmol of Si (Leblanc et al., 2012). Synechococcus may contribute up to 20% of the total bSi pelagic stocks estimated here as the sum of the Si stocks constituted by the three silicifiers mentioned above.


Table 3 | Synechococcus contribution to the Si global oceanic cycle: review of the Supplementary Materials.



In the revised Si budget made by Tréguer and co-workers, the annual production of biogenic silica at the global scale is 255 ± 52 Tmol year−1, with most attributed to diatoms. However, in some region of the ocean (oligotrophic gyres), the contribution of the< 3-µm-size fraction, where Synechococcus fall, may reach up to 55% of the Si production (Krause et al., 2017). This production has been attributed to Synechococcus by the authors, but this is debated in Leblanc et al. (2018) as nano-diatoms may also be responsible for part of the Si production by small size organisms. On the other side, Wei and collaborators estimated the global annual Si production in the surface ocean due to picocyanobacteria would reach 45% (Wei et al., 2023). Si production is generally measured in situ on pelagic communities belonging to the > 0.45–0.6µm size fraction. With cell diameter varying between 0.8 µm and 3 µm and length above 1 µm, we may consider that Synechococcus contribution is included in the global Si budget. With this consideration in mind, the global annual Si production of 38 ± 27 Tmol Si year−1 calculated in this study corresponds to a contribution of 17% of the total Si production. Acknowledging the high uncertainty, it is interesting to note that this is not so far from the 16.7% contribution to the C production estimated from niche model by Flombaum and collaborators (2013). This contribution shows strong spatial disparities, with a global 93% of the Si production attributed to Synechococcus in the Westerlies winds but only 10% in trade winds domain. Surprisingly, their contribution to the Southern Ocean may reach half of the Si production, most probably due here to the high cell abundance found by Visintini’ study in the SANT and SSTC regions together with Fe limitations. Please note that, in this Southern region, the cellular Si quotas used to calculate the contribution of Synechococcus were not from our study. Despite uncertainties and strain differences in Si metabolisms, Synechococcus’ contribution to the Si cycle, especially in oceanic regions like the westerlies or the Southern Ocean, is significant. With predicted increases of Synechococcus growth in future oceans, their role as actor in the Si cycle deserves to be taken into consideration with an urgent need to understand the mechanisms at stake.






Conclusions

The mechanisms governing Si accumulation in Synechococcus are complex and strain-specific, extending beyond the previously suggested factors of non-specific PO4 transporters, Si(OH)4 diffusion, and growth effects. Our study reveals that Synechoccocus Si metabolism is strain specific and that 1) Fe is involved in Si cellular accumulation but Fe limitation consequences on Si quotas are strain specific; 2) our Synechococcus strains revealed to be sensitive to Si(OH)4 concentrations in their environment with opposite results, with one of them being negatively affected and the other one being positively affected by high Si(OH)4 concentrations; and 3) Si cellular accumulation can increase or decrease even when Si(OH)4 concentration in the medium decreases. Neither RCC 2380 nor RCC 1084 genomes contain identified SIT-L genes that could explain Si uptake by Synechococcus, underscoring the need for further laboratory experiments to explore additional nutrients and genetic factors influencing Si uptake. Not only the physiological mechanisms but also the consequences of this misunderstanding capacity of Synechococcus to accumulate Si need to be comprehended if we want to better predict the future of the Si cycle and of the BCP.

Overall, our study suggests a complex interplay between nutrient availability, particularly P and Fe, and Si uptake in Synechococcus, with strain-specific responses and potential ecological implications for nutrient cycling in the ocean.

Several questions remain unanswered, including the implications of Synechococcus Si accumulation for sinking and export, trophic interactions, and competition with diatoms. Future research perspectives may involve studying a larger number of Synechococcus strains coming from various clades to elucidate global physiological characteristics and specific habitat preferences.
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Supplementary Table 1 | Synechococcus contribution to the global Si cycle. The contribution of Synechococcus to the annual stocks of bSi was estimated for each of the Longhurst provinces using (1) the Synechococcus concentration found in the dataset made available by Visintini et al. (2021), (2) the main Synechococcus clade of the different oceanic areas (Zwirglmaier et al., 2008; Tai and Palenik, 2009; Huang et al., 2012; Sohm et al., 2016; Grébert et al., 2018; Doré et al., 2020; Wang et al., 2022; Wei et al., 2022), and (3) the in situ and clade specific laboratory measurements of Si Synechococcus cellular quotas from this study but also to our acknowledge, those from all other existing studies (Baines et al., 2012; Ohnemus et al., 2016; Brzezinski et al., 2017; Krause et al., 2017; Wei et al., 2022). For the first time in a budget, we also integrated the impact of P and Fe limitations. To do so we assigned a limitation to each Longhurst provinces using Browning and Moore (2023). We used the Si quotas corresponding to the P and Fe limitations when our clades were dominating the corresponding zone, and data measured in situ when possible. When no in-situ data are available we used the Si content measured for the main clade of the zone without taking into account the limitations. For Si production rates we used our measurements which considers the main nutrient limitations describe by Browning and Moore. When our clades were not one of the main Synechococcus observed in the Longhurst area, i.e., mainly in Trade winds domain, we used an average value of the rates measured in our study under the limitation describe by Browning and Moore. This hypothesis may give a good idea of the Si production because production rates were not so much clade specific and resemble the two existing other studies (Brzezinski et al., 2017; Krause et al., 2017).Description of the different data used to estimate the global contribution to the Si cycle: stocks and production. The exponent indicates the origin of the data from literature while the ** Denotes when the data are issued from this study. * Is used when the definition of the headers is provided below the table. Qsi* (fmol/cell) is the Si quota used in the calculation, estimated as describe above. VSi* (d-1): is the Si uptake used to calculate the global Si production due to Synechococcus. estimated as described above. bSi stocks resulting from the equation: bSi = [Syn] * productive depth * surface of the Longhurst region * Qsi With [Syn] the average cell concentration estimated from Visintini et al. (2021). PbSi* is the bSi production due to Synechococcus. Calculated using the duration of the productive period (tpp: 9 months (Visintini and Flombaum, 2022), except for polar seas where we used 3.5 months as for diatoms in Tréguer et al. (2021)). PbSi = bSi * VSi *tpp/12 a- Brzezinski et al., 2017; b- Doré et al., 2020; c- Grébert et al., 2022; d- Huang et al., 2012; e- Ohnemus et al., 2016; f-Sohm et al., 2016; g- Tai and Palenik, 2009; h- Tang et al., 2014; i- Wang et al., 2022; j- Wei et al., 2022; k- Zwirglmaier et al., 2007, 2008; L- Robicheau et al., 2022; m- Visintini et al., 2021; Visintini and Flombaum, 2022; n- Browning and Moore, 2023; o- Longhurst et al., 1995.
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For the purpose of comparison, data for diatoms and rhizarians are also provided in the table. Diatoms’ bSi standing stock is sourced from Leblanc et al. (2018), whereas data on total Si production are obtained from Tréguer et al.(2021). Data for rhizarians are sourced from

Llopis Monferrer et al. (2020).
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2.0 M NayCO3

0.1 M Na,CO; 0.2 M NayCO3 2.0 M Na,COs
MF 1989
Station
NP P
bSiO,

4 027 0.02 0.39 0.03 0.21 0.01 0.51 0.18 0.44 013 065 0.09 095 0.04
c7 0.17 0.03 047 0.03 0.14 0.05 0.56 0.02 0.18 003 052 0.10 078 0.02
c12 141 0.09 1.40 0.16 1.46 0.03 2.10 0.07 128 022 231 034 275 0.12
F2 055 004 072 0.13 0.55 0.03 118 007 0.86 005 142 023 174 0.08
F8 041 001 079 0.08 0.76 0.10 1.33 0.03 122 027 1.50 0.10 1.89 0.05
DC 0.80 0.04 135 0.07 0.84 0.04 1.39 0.07 1.24 034 171 029 215 0.11
Ave. 056 042 0.90 049 0.66 045 117 0.56 0.84 046 135 067 172 071

The standard deviations were based on triplicate digestion. Detailed information on the digestion conditions (S/L, temperature, concentration of alkaline solution) and pretreatment
process was described in section 3 (i.e., Materials and methods). The averaged bSiO,% of C4 (0.49 + 0.25%), C7 (0.40 + 0.23%), C12 (182 + 0.56%), F2 (1.00 + 0.44%), F8 (1.13 + 0.49%),
DC (1.34 + 0.57%) determined using different concentrations of alkaline solution (0.1 M, 0.2 M, 2.0 M Na,COs, P vs. NP), showed a large variation of standard deviation (30 — 60%),
which was alo reported previously in Conley (1995). ART ANOVA analysis showed a signifcant diference (p < 00001) of the bs.o,% determined using different concentrations of
Na,COj (P and NP). MF 1989 represents the bSlOz% determined following the method described by M el

comparison with the 2.0 M Na,COj; digestion that applied a mineral correction.

ch (1989), this method (no mineral correction) is presented for
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Diatom Sponge

Total bSiO, bSO, bSiO, Total bSiO, = Total bSiO,
digestion time (h 5 20
Station bSiO, bSiO,
B0l 022 002 | 025 002 027 | 001 | 05 | 001 043 001
B10 024 | 002 | o0x | 003 02 | ool | o5t | 003 o043 | 004
Bohai Sea B19 025 0005 | 028 002 026 | 002 054 | 003 042 | 002
(=5 B23 037 | 001 | 042 001 039 | 001 080 | 003 067 | 003
BIS 043 002 | 015 0003 01l | 001 026 | 001 021 | 003
Ave. 024 | 008 | 027 009 | 026 | 005 | 053 | 018 | 043 | 015
B43 051 003 | o060 | 002 | o0 | ooz | 07 | 003 | 07 | oor
H20 013 | 003 | 015 000 025 | 003 040 | 003 028 | 003
B09 0.11 00t | ou | oot | o5 | oot | o1s | ool | o1z | oos
Siiow e B02 020 001 | 034 002 038 00l 072 | 003 057 | 003
(=7) Ho6 020 | 005 | 021 | 008 050 001 071 | 007 047 | 007
H32 009 002 | 022 002 030 001 051 | 003 033 | 002
co7 009 | 001 | 023 001 034 002 05 | 001 040 002
Ave. 023 013 026 016 031 014 058 | 025 041 | 0.1
A09 005 | oot | 005 | ool | o016 | ooz | o2 | ool | o013 | 001
F10 013 | 005 | 017 | 002 039 | 002 057 | 004 034 | 002
6 002 | ool | 0003 | ool | 003 | o001 | oos | oot | oo1 | 00
DI 020 | 002 | 0z |ow | oar | oot | os |oo1 | oa | ool
D12 051 003 | 05 | 003 o048 | 002 | 107 | 003 | 073 | 005
A3 002 001 | 013 001 017 | 001 | 029 | 002 024 | 002
(F‘::tlzc)m"” e c4 0.09 001 | 011 001 020 | 001 031 | 001 027 002
c7 006 | 001 | 007 001 01l | 001 018 | 001 017 | 003
cl2 083 | 007 | 057 | o006 | 052 | 003 | 149 | 009 | 141 | 009
B8 004 | oot | 005 | oo | ou | 000 | ot |oor | o | oo
B2 020 | 003 | 025 | 003 033 | 002 05 | 005 055 | 004
F5 006 | 002 | 006 002 006 | 001 012 | 002 013 | 004
Ave. 019 | 023 | 023 027 | 025 | 017 | o048 | o4z | 038 | 037
f::‘zf)hm“ e Ave. 022 018 025 022 027 015 052 034 040  0.29
still Pond 131 009 155 010 043 | 013 198 | 010 200 005
Interlaboratory comparison sample ! .
R-64 406 | 007 | 430 003 157 043 | 58 | 044 550 | 0.10
The locations of the samples are shown in Figure 1. The different types of bSi determined (diatom, sponge and total bSIO) are specified according to the digestion time or method used.
The “n” represents the total amount of samples used for bSi determination. ART ANOVA analysis showed a significant difference (p< 0.0001) between the bSiO,% calculated at 5 h
intervals [DeMaster, 1981; Diatom bSiO,, Conley and Schelske (2001)], 8 h intervals (Liu et al,, 2002) and 20 h intervals (Conley and Schelske, 2001).
The bold values represent the average bSiO;% (Ave.) and the standard deviation (Std) of the bSiO,% at each region.
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. Optimum ExtrSi,A ExtrSi% TAIkEx$i TAIkExAI k! . k? . .
Station T (mg-Sl (mg-Sl (mg-Sl (mg-Sl (n11|n (min bSi0,%
) g) g) g) )
BO1 Model 2 0.82 2.34 6.13 2.89 1.90 0.08 440 | 183 0.07 213 0.18
B10 Model 2 1.26 3.73 1225 5.14 145 0.07 316 253 0.12 1.95 027
B19 Model 2 0.96 1.97 6.16 224 1.63 0.08 7.14 | 281 0.07 232 021
B23 Model 2 1.64 491 1488 5.79 1.66 008 1044 236 0.16 230 035
B18 Model 2 0.58 0.83 322 1.01 3.10 009 1283  3.08 0.03 245 0.12
B43 Model 2 1.49 6.01 1529 5.18 1.52 0.08 386 386 0.16 245 032
H20 Model 2 0.73 1.56 421 1.56 1.84 0.06 436 264 0.04 240 0.16
B09 Model 1 0.66 NA 1.58 036 0.69 NA 1071 NA 0.03 323 0.14
B02 Model 2 1.40 3.80 10.83 377 246 0.10 783 3.06 0.17 238 L11
H06 Model 2 1.46 4.50 1221 4.26 1.64 008 1189 281 0.16 245 031
H32 Model 2 1.10 1.69 5.83 1.94 223 009 | 1215 | 213 0.07 2.82 024
Co7 Model 2 1.04 248 7.00 229 279 0.08 9.01 | 288 0.08 2.65 022
A09 Model 2 0.46 0.68 2.19 0.65 246 0.09 805 | 344 0.02 2.66 0.10
F10 Model 2 0.88 1.74 7.50 272 217 0.11 675 281 0.11 245 0.56
A3 Model 2 0.66 0.64 2.92 1.02 250 010 1383 183 0.03 274 028
D1 Model 2 0.89 4.08 10.59 495 0.99 0.07 200 229 0.09 2.07 0.19
D12 Model 2 247 2.63 2331 373 1.89 0.12 894 | 7.84 0.08 5.07 1.09
DC Model 2 4.99 5.88 17.82 372 1.32 0.05 791 | 544 0.15 3.60 233
E6 Model2 0.40 0.16 0.97 024 332 013 | 2244 272 0.01 282 0.12
B8 Model 2 0.39 0.39 2.02 056 357 0.10 947 | 322 0.02 312 0.17
c4 Model 1 114 NA 2.97 120 0.06 NA 231 NA 0.03 271 024
c7 Model 2 0.25 0.39 2.25 0.68 450 0.09 921 | 335 0.02 298 0.05
c12 Model 2 5.29 5.67 17.10 354 117 0.06 786 479 0.10 3.80 113
F2 Model 2 0.90 3.52 9.15 3.93 1.52 0.07 480 | 209 0.09 227 0.19
E5 Model 2 0.39 0.44 1.68 051 256 0.08 692 326 0.02 2.69 0.08
F8 Model 2 2.50 4.62 10.69 277 1.06 0.05 7.35 | 415 0.08 2.70 0.54
Al Model 2 0.81 2.72 6.35 2.84 1.46 0.08 344 | 222 0.06 2.09 0.17
Ad Model 1 0.21 NA 0.65 0.14 1.34 NA 2502 NA 0.01 3.14 0.05
SP-1 Model 2 6.53 6.45 1873 442 1.49 0.13 9.96 450 0.10 247 278
SP-2 Model 2 7.44 5.18 17.11 481 050 0.05 588 518 0.09 1.79 2.70
R-64-1 Model 2 19.20 15.32 46.09 797 0.64 0.15 2039 637 0.19 249 7.40
R-64-2 Model 2 15.16 17.76 43.65 1126 1.26 0.18 2206  11.00 0.18 2.96 7.05

ExtrSi; (mg-Si g") is the concentration of each Si fraction dissolving nonlinearly, k; (min™") is their respective reactivity and Si: Al; ratio. Parameter b refers to the slope of the fraction
dissolving linearly. SP-1, SP-2 and R-64-1, R-64-2 represent duplicate digestions of sample Still Pond and R-64. TAIKExSi and TAIKExAI represent the total alkaline extracted Si and AL
The bSiO,% presented here is the bSi content in dry weight. NA represents data that is not available.
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Si/Al "
(0.5 M NaOH) burial flux

(Gmol-SiO; yr™) 14.82 + 5.80

0.23+0.13

54.03 £ 30.54

0.41 +0.11

96.31 + 25.84

0.58 + 0.25

136.24 + 58.73

0.36 + 0.34

84.36 + 79.67

0.19 £0.23
132 £ 112
62.76 + 75.98
0.38 £ 0.37
249 + 158
125.53 + 122.22
0.48 + 0.42
329 + 209
158.56 + 138.74
0.46 + 0.60
253 + 286

153.49 + 200.20

‘The total bSiO; burial flux of the East China seas equals the sum of the burial flux of the BH, YS, and ECS. The Si/time method (0.1 M Na;COs, NP) and the Si/Al method (0.5 M NaOH,
NP) was displayed for the determination of bSiO,%. The Si/Al method was defined as an optimum method due to an accurate correction of ISi.
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Biogenic silica types/abundance

Diatom Radiolarians Sponge spicules

Boliai Sea ++ - + This study

(n=5) 13.0' no data no data Other studies

Yellow Sea ++ - +* This study

(n=7) 17.0° ~0° no data Other studies

++ + +++° This study
113-199%* 0.02-7.3%¢ no data Other studies
A3 38 0 52 This study

East China Sea .

(n=16) F2 6.1 0.4 17.6 This study
C4 22 0 39 This study
c7 52 0.1 84 This study
C12 14.8 124 2317 This study

the numbers in the table are references. 1: Li et al,, 2020; 2: Wang et al., 2016; 3: Chen et al., 2014; 4: Li et al,, 2018; 5: Qu et al,, 2020a; 6: Liu et al., 2017; n represents the number of

samples used for evaluating the types of bSi of each region.

“47, “44”, “+++7; observation of bSi from low to high abundance; “~": not observed; * abservation of low abundance of small sponge spicules (length: 10 — 40 tm) of BH; % observation

of low abundance of sponge spicules with intermediate size (length: 50 — 300 um) of YS; % observation of high abundance of sponge spicules (length: 100 ~ 500 pm).Note that phytolith

and siliceous dinoflagellate are not counted in this study.
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MUC3 MUC5 MuUC8 MUC2 St.65 MUC9  MUC7
AR 434m 490m 500m 530m 604m  677m

Measured and modelled data

H,Si0, bottom water (umol L 7.5 0.0 7.1 15.0 12.5 10.5 226° 202 226
bSi content (wt%) 32 0.6 25 26 2 25 21 22 23
Sedimentation rate, SR (cm yr") 0.14 012°¢ 0.14 0.32 021°¢ 0.38 < 0.26 0.19 0.24°
bSi burial flux (mmol m™ yr) 460 150 340 790 390 850 490 360 410
H,Si0; benthic flux (mmol m™ yr) 670 ¢ 30 ¢ 600 ¢ 500 ¢ 660 420 5104 450 ¢ 590
Bioirrigation (%) © 43 33 43 42 45 43 41 49 42
bSi rain rate, bSi,, (mmol m yr™) f 1130 180 [ 940 1290 | 1060 1270 1070 1000 1000
bSi burial efficiency, bSip. (%) © 41 83 36 61 37 67 49 44 41
Integrated bSi dissolution (mmol m yr) © 670 30 600 500 660 420 510 450 590
Kinetic constant, By (mmol cm™®? yr') 0.40 0.06 0.28 0.26 0.35 0.26 0.32 0.27 042
Kinetic constant, B, (cm) 23 2.7 23 23 23 23 24 25 24
Kinetic constant, B (-) 26 -1.5 24 25 25 2.3 24 25 2.6
Bioturbation coefficient, Dgo (cm” yr™') 50 26 52 6 20 25 5 13 15
Bioturbation coefficient, x5 (cm) 20.0 40 19.5 3.0 2.5 23 1.5 30 3.0
Bioirrigation coefficient, Dyo (yr™) 39 24 33 22 33 19 17 32 23
Bioirrigation coefficient, x; (cm) 4.1 15 4.3 6.0 57 6.3 6.9 6.9 8.0
Porosity at sediment-water interface, ¢ (-) 0.85 0.50 0.86 0.87 0.89 0.89 0.90 0.88 0.89
Porosity in compacted sediment, ¢. (-) 0.73 0.49 0.76 0.74 0.75 0.77 0.76 0.78 0.80
Attenuation coefficient, px (cm) 0.12 0.10 0.11 0.10 0.14 0.17 0.15 0.13 0.11

“Bottom water H,SiO4 concentration at St. 65 was taken from the adjacent station MUC7.

®Biogenic silica contents are given as mean values for the whole sediment core.

“Sedimentation rates were taken from reported values measured in cores close to our stations: MUC2: Van Weering et al. (1993); MUC6: Van Weering et al. (1987); MUC7: Paetzel et al. (1994);
MUCS: Erlenkeuser and Pederstad (1984).

9H,8i0, benthic fluxes were calculated by the diffusive fluxes and the correction factor ¢ (Eq. 2).

“Bioirrigation contribution to total H,SiO4 benthic fluxes.

“In the model, bSi rain rates and burial efficiencies were prescribed using field data (Eq. 14, 15). Consequently, depth-integrated net bSi dissolution rates were also predefined and equal to the
H,8i04 benthic flux.

Stations are arranged with increasing water depth. Si fluxes in the table are rounded to two significant figures.
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Grain

CaCO3®  Lithogenic €

Station Latitude N gitude E Ul eleppi Porosity ® sizes ° 4
(m) (%) material (%)
Dso (um)

MUC1 57°27.030° 11° 30.480° 65 075 11 32 17 12.0 80
MUC6 57°38.086" 08° 23.998' 185 0.50 94 06 06 63 91
MUC3 58°44.876' 10° 13.437 215 077 11 25 20 14.1 78
MUCS | 57°45.191" | 08°17.173’ 434 | 077 | 9 26 I 21 13.8 78
MUC8 57°59.286" 09° 14.305' 490 077 14 20 25 140 77
MUC2 58°10.884" 09° 47.624' 500 078 9 25 25 134 77
St. 65 58°30.068" 09° 29.887" 530 079 : w2 125 79
MUCY 58°04.352' 09° 05.736’ 604 080 8 22 21 4 80
MUC7 58°18.785" 09° 34335’ 677 082 ‘ 7 23 21 114 81

BIGO-2-1 [ 58°10.969" 09° 47.423' 502 ‘

BIGO-2-2 58°18.778" 09° 34.362' 678

BIGO-2-3 57°59.220' 09° 14.300° 490

“Porosity, and contents of bSi (as wt% SiO,), total organic carbon (TOC) and CaCOj represent mean values for the whole core.
*Grain sizes are given as Ds, (50% of particles are smaller than this value), provided as average of all samples from the core.
“Lithogenic material was calculated as: Lithogenic material = 100 - (bSi + CaCOj + 2.8 - TOC), where the factor 2.8 converts the mass of TOC to total particulate organic matter (Sayles et al, 2001).
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Solubility Kaiss e Kgiss s Situ-Kgiss Situ-dSi Situ-dissolution rate  Reaction order

SR (umol/L) (yr") umol m2 h') (yr")P Concentration®

1 w26 153 025 102 191 021 132
2 27+18 0.99 027 0.63 170 0.14 L1

4 251+1 1.26 1.05 0.83 125 0.27 1.64
5 25242 091 082 054 108 021 168
7 519+ 1 149 022 03 419 0.001 342
10 283 + 14 0.89 » 0.57 165 0.25 1.8
13 329 £29 122 0.85 103 02 208
79 252428 0.67 05 230 0011 153

*Kinetic constant normalized by BET surface areas were calculated by using surface areas given in Table 1.

"k iss Kinetic constants were recalculated for situ-temperature assuming an activation energy of 60 kJ/mol by [Eq. (4)].

“Averaged of the dSi concentration in pore water at 0 - 2 cm. Note the situ-dSi concentration of station seven was sampled at the same site in June 2015.
dThe situ-dSi dissolution rate was reconstructed from the situ-ky;, and situ-dSi concentrations using [Eq. (2)].
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; e , Organic -
; Depth Temperature Sediment SSAP Mean grain size ~ bSiO, 9 < CaCOs Detritus®

Station o 2 0 matter o 5

(m) §e} (m~/g) (%) o (%) (%)
(%)

1 10 20.14 Clay - silt 11.634 6.52 123 2.58 34 92.8
2 54 19.46 Sand - silt 7.088 535 0.94 1.34 7.9 89.8
1 81 19.93 Silt - sand 2280 3.42 0.64 0.78 9.6 89.0
5 107 18.62 Silt - sand 2.106 3.93 073 0.64 12.6 86.1
7 733 638 silt 12439 6.72 2.06 2.63 215 73.8
10 99 19.59 Silt - sand - 691 07 0.64 135 852
13 36 2051 Clay - silt - 351 1.69 2.88 5.6 89.8
79 61 2135 Sand - silt = 5.86 14 227 4.9 91.4

"Shepard sediment classification.

"BET specific surface area.

“Assumes Redfield composition [Organic matter (%) = 2.8 x OC (%)] (Sayles et al., 2001).

IDetritus was the sample’s remaining mineral percentage, including authigenic aluminosilicates, once CaCOs, organic matter, and bSiO,. Contents were extracted (Rickert et al., 2002).
“«» means no data.
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C. muelleri
Proteins/carbohydrates C. weissflogii
P. tricornutum
C. fusiformis
C. muelleri
Proteins/lipids C. weissflogii
P. tricornutum
C. fusiformis
C. muelleri
Carbohydrates/lipids C. weissflogii
P. tricornutum

C. fusiformis

500 pM 51

0.89 £ 0.10
031 £0.03
0.79 + 0.14°
0.51 £ 0.11°
13.42 + 2.46°
5117 + 11.46"
937 + 1.70
6.63  0.61*
14.96 + 3.01°
169 + 57
11.92 +0.13°
13.26 + 1.72°

205 puM 51

098 +0.22
034 +0.08
1.84 £ 0.66™
1.79 + 0.07*°
1257 + 1.61°
6.80 + 0.44°
12.83 +3.83
873 + 1.81°
1321 + 1.36°
36.77. £ 2397
7.79 + 3.67°°
501 +0.99°

25 uM 51

072 +0.24
034 +0.02
218 £ 0.65"
224+ 1.18°
550 + 2.60"
6.09 + 0.26°
7.88 +225
231 +72°
7.45 £ 096"
18.04 + 147
3.63 + 005"
57.12 + 47.48°

Data are means of three replicates + SD. Letters represent significant differences among conditions in the same species (p < 0.05, one-way ANOVA followed by Tukey’s post-hoc test, results

in Table S3).
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FeCls 6H,0
ZnSO,- 7H,0
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Treatment Si concentration

Pre- to early diatoms 500 uM
Intermediate 205 uM
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C. muelleri
Specific growth rate (W, day™) C. weissflogii
P. tricornutum
C. fusiformis
C. muelleri
Cell volume (um®) C. weissflogii
P. tricornutum
C. fusiformis
C. muelleri
Fv/Fm C. weissflogii
P. tricornutum

C. fusiformis

Different letters indicate significant differences among conditions in the same species (p > 0.05, one-way ANOVA followed by Tukey’s post-hoc test, results in Table S3).

500 pM 51

0.13 + 0.04*
0.28 +0.03
029 + 0.01*
041 +0.09
581 +93°
1352 + 229°
266 + 50"
474 + 64*
0.10 £ 0.05°
0.61 +0.14
049 + 0.04*
0.25 + 0.05*

205 pM 51

048 + 0.08"
0.28 + 0.01
036 = 0.02°
052+ 0.05
470 + 55
1713 + 209"
143 +20°
363 + 28"
041 +0.06"
0.72 £ 0.02
0.67 £ 0.03"
0.60 +0.03°

25 M 51
054 +0.08°
0.25+0.03
058 +0.04°
047 +0.15
439 £ 56"
1459 + 160™
134 £ 50°
381 + 75
045 +0.08"
0.74 + 0.03
0.66 = 0.02°
0.65 = 0.01°
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C. muelleri

C. weissflogii

P. tricornutum

C. fusiformis

500 uM Si
205 uM Si
25 uM Si
500 uM Si
205 uM Si
25 M Si
500 uM Si
205 uM Si
25 M Si
500 uM Si
205 pM Si
25 uM Si

C: 51

13.56 + 3.14
11.23 + 1.90
16.13  6.65
238 + 1.90
122+0.38
1.60 + 0.84

20.90 + 7.26"

78.01 + 31.42°

93.77 + 1444°
3.57 + 1.60°
9.13 + 1.09°
529 + 1.66™

N: 51

266 + 0.97
244 £ 0.39
330+ 1.52
058 + 0.57
0.19 £ 0.08
0.19 £ 0.09
434 +0.54°
1194 + 4.36°
1293 +2.19°
0.68 + 0.29°
1.74 £0.23°
066 + 0.16"

P:d1

058 + 0.03
047 £0.13
028 £0.17

0013 + 0.002

0021 +0.001

0.012 + 0.007
0.50 + 0.07°
267 + 053"
347 £ 062°
0.16 + 0.02
0.15 £ 0.01
0.15 £ 0.03

S:d1

0.18 + 0.07
0.33 +0.09
0.26 + 0.07
0.04 £ 0.01
0.06 + 0.02
0.10 + 0.09
042 + 0.06°
3.01 + 0.42°
427 £ 073¢
0.11 + 0.08
0.11 + 0.01
0.35 +0.29

Fe:d1

0018 + 0.007
0.144 + 0.099
0022 + 0.002
0.001 + 0.001
0.006 + 0.002
0.004 + 0.001
0.083 + 0.006
0078 + 0013
0.076 + 0.006
0.034 £ 0.009°°
0.005 + 0.001°
0.016 + 0.009"

Data are means of three replicates + SD. Different letters indicate significant differences among conditions in the same species (p > 0.05, one-way ANOVA followed by Tukey’s post-hoc test

results in Table S3).
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Station Particulate biomass Dissolved macronutrients
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Season/ Cruise-period Shelf Area Riverine Si(OH), (mmol Si m? Jp (mmol Si m? Riverine Si(OH),4

Year discharge (m*s™) = (km?) d’) d") /lp
MB Autumn 2015 | 866 + 365 9000 047 £ 0.35 L15+ 114 0.41 £ 051
Spring 2016 3487 £ 1730 9000 249 £ 0.75 744522 033026
s Summer 2016 12987 + 1259 16500 878 + 116 954103 092+ 101
Spring 2017 25786 + 5316 16500 157 £3.62 251+ 197 0.62+ 051

MB discharge data are from Mobile Bay were aggregated from United States Geological Survey stations 02428400 (Alabama River) and 02469761 (Tombigbee River); these two rivers represent
~90% of the Mobile Bay discharge and were corrected to account for this volume difference as in Dykstra and Dzwonkowski (2020). LS discharge data are from the Mississippi River at United
States Geological Survey station 7374000. The MB and LS areas were estimated based on the main area encompassing the three CONCORDE meridional transects offshore of Mobile Bay (MB)
and the Mississippi River plume affected area of the LS (Ebner, 2019) without affects from the Atchafalaya River. Riverine Si(OH), for MB was estimated using the highest values quantified during
CONCORDE and average values for months at the FOCAL Mobile Bay stations (Sutton et al., 2023) from 2008-2012.
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Adjusted R?

MB Autumn 2015 Constant: 11.7 + 3.38 0.55 638 0.03
Si(OH),: -0.14 + 0.07
Salinity: -0.31 + 0.09

MB Spring 2016 Constant: 0.21 + 0.05 0.50 342 <0.01
NO;+NO;: 0.14  0.02

LS Summer 2016 Constant: 0.58 + 0.16 0.59 574 0.03
Si(OH)4. 0.05 + 0.02
SRP: -1.42 + 0.56

I Spring 2017 Constant: -1.14 + 0.44 097 862 <0.01
Si(OH),, 0.10 + 0.02
NO3+NO;: -0.02 + 0.01
Salinity: 0.04 + 0.01

Models started with all parameters and the most predictive were retained (coefficient shown). Also reported are the adjusted R? for the model and the associated F- and P-values from an Analysis
of Variance.
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Region/

Season

MB
Autumn

MB
Spring

LS
Summer

LS
Spring

Lat.(N)  Long.(E)  SurfaceSal  fZ(m)  [Si(OH)s (mmol m?)  [bSiO, (mmol m?)  fp (mmol m?>d")
29.85 -88.61 342 21 14.6 6.17 0.34
30.13 -88.13 337 18 28.7 29.0 1.95
29.77 -88.09 293 25 211 70.1 5.34
29.80 -88.13 29.7 27 85.2 50.8 4.86
29.72 -88.09 30.0 16 693 46.7 153
31.20 -88.14 262 9 122 60.8 12.1
28.87 -90.48 30.0 14 234 3.85 1.35
28.87 -90.47 311 18 187 A b g 0.27
28.87 -90.48 304 14 113 18.8 6.54
28.87 -89.46 16.7 14 242 2.7 6.16
29.01 -89.58 202 11 302 11.7 573
29.01 -89.58 e B 13 397 7.99 3.85
28.64 9111 311 16 240 24.5 16.2
28.45 -91.61 327 39 111 19.4 0.56
28.50 -91.61 339 48 144 26.3 1.14
28.70 -90.28 274 20 114 48.9 308
28.72 -90.17 287 35 205 48.1 159
28.87 -89.45 227 - 132 24.0 26.0
28.87 -90.50 276 11 89.7 57.7 262
28.86 -90.50 312 11 514 66.1 28.1
28.87 -90.49 27.0 7 68.9 36.8 398
29.07 -89.75 275 9 106 71.1 384
29.07 -89.75 263 11 116 86.5 54.9
29.07 -89.75 29.0 10 50.4 80.6 155
28.50 -90.83 305 11 18.8 31.8 5.85
28.50 -90.83 309 16 16.0 44.2 263
28.50 -90.83 31.6 16 13.6 45.4 9.78
28.95 -89.75 241 13 859 80.2 314
28.96 -89.75 244 11 47.5 109 215
28.95 -89.75 19.6 12 106 89.6 65.7
28.72 -90.18 285 19 54.6 34.6 10.6
28.27 -89.48 363 56 100 18.7 0.36

Note, because we did not do profiles among all sites in the MB, stations below represent a subset of the stations visualized in Figure 2.
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Station bSi Rhizaria (umol-Si m”) bSi Rhizaria (mmol-Si m™) bSi water column (mmol-Si m™) %

Leg-Stn 64-200 pm >200 pum >1000 pm Total

1-5 11 43 55.4 0.1 17 37
1-21 7.9 6.1 373 01 20 26
1-27 124 159 24.8 0.1 24 22
1-35 21.0 57 353 0.1 23 28
1-40 33.0 17.7 703 0.1 20 6.2
1-45 12.7 18.1 284 0.1 35 17
1-51 154 282 46.8 0.1 23 39
2-1 154 134 17.5 0.0 1.7 27
2-15 8.4 3.1 60.0 0.1 2.7 2.7
2-20 328 21.0 59.0 0.1 28 4.0
2-25 16 164 128 00 6.8 05
2-33 14.6 9.1 247 0.0 5.5 0.9
2-36 39.9 33 44.9 0.1 4.3 21
2-45 48 0.5 52 0.0 5.5 0.2
2-56 289 21 263 0.1 5.6 1.0
2-67 74 552 429 01 22 48

FlowCAM corresponds to 64-200 um, Zooscan to >200 um and UVP to individuals >1000 um. Biogenic silica (bSi) values integrated over the 0-DCM layer and the potential impact (%) of
Rhizaria to the total bSi bulk (net bSi/seawater bSi).
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Station Date Latitude Longitude Distance to the DCM Chl a Bottom Sea bSi

(°N) (°E) coast depth Temp.
YYYYMMDD km m mg m? m °C mmol-Si m™
1-5 20170901 4217 430 96 57 45 1909 218 17
1-21 20170905 43.15 815 78 71 17 2582 224 20
1-27 20170906 43.88 9.63 23 84 16 405 245 24
1-35 20170907 43.42 7.88 49 80 31 2330 23.0 23
1-40 20170908 43.53 7.62 28 70 22 2237 233 20
1-45 20170909 12.72 862 19 83 16 1558 238 35
1-51 20170910 42.15 7.68 76 83 11 2768 215 23
2-1 20170912 43.03 520 36 48 2 1109 16.1 17
2-15 20170914 40.20 4.18 14 95 20 839 254 27
2-20 20170915 41.62 3.63 50 86 29 954 238 28
2-25 20170916 4242 355 33 68 30 897 183 6.8
2-33 20170917 41.93 498 146 68 23 2352 193 55
2-36 20170918 4142 645 189 76 20 2690 216 43
2-45 20170919 40.00 8.03 29 90 20 1153 236 55
2-56 20170920 40.30 628 179 80 155 2828 231 56
2-67 20170921 43.00 6.00 13 42 NA 1005 187 22

NA, non available data.
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Station Size sampled

Leg-Stn 64-200 um >200 um >1000 um
Rhizaria concentration
(cell m™)
1-5 5.1 03 17
1-21 10.2 04 13
1-27 17.2 L1 1.8
1-35 425 03 1.0
1-40 417 L1 1.9
1-45 15.5 12 13
1-51 19.8 18 1.4
2-1 262 1.0 07
2-15 13.0 02 1.9
2-20 53.9 13 19
2-25 5.0 1 0.6
2-33 19.4 0.5 0.7
2-36 61.1 02 1.4
2-45 10.1 0.0 03
2-56 40.8 0.1 0.7
2-67 16.9 34 L5

FlowCAM corresponds to 64-200 um, Zooscan to >200 ym and UVP to individuals
51000 um.
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Taxonomic groups Nassellaria Spumellaria Challengeridare Aulacanthidae Coelodendridae Aulosphaeridae Other

Phaeodaria
Method I M I M I M I M I M I M I M
Leg-Stn
1-5 X x x x x X x X X
1-21 x X X X X x X X X x
1-27 x X x x X x x X X X x
1-35 X X x x x X X x X
1-40 X x X x X X X x X x
1-45 x X X x X X X X X
1-51 x X X b3 >4 X X X
2-1 X X X b X X 2 X X
2-15 X X X X X
2-20 X X x x X X X X x X
2-25 X X X X X
2-33 X x x X x X X X
2-36 X x x X x X X x X
2-45 X x x x X X x X X X
2-56 X X x x X X x X X X X x
2-67 X x X x X X b3 x X X

No metabarcoding data was available for stations leg2-05. For the imaging methods, Other Phacodaria includes the groups Castanellidae and Cannosphaeridae, for metabarcoding it
comprises other noncidentified Frotps:
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Total Elorn+Aulne Elorn Aulne

Annual Winter Spring Summer Autumn Annual Winter Spring Summer Annual Winter Spring Summer Autumn

River flux 277321 134074 | 20262 8417 110568 35239 13349 5163 2855 13872 242081 120724 19099 5562 96696
including SI(OH), flux | 80% 75% 83% 87% 75% 83% 85% 86% 90% 69% 7% 64% 80% 85% 81%
Deposition 38944 8570 10784 9622 9967 1973 211 2808 3303 3551 26971 6259 7976 6319 6416
Benthic fluxes 19135 3585 4586 6109 4555 6207 990 1259 2194 1764 12929 2595 3328 415 2791
including bioirrigation | 46% 0% 5% 9% 50% 66% 1% 68% 7% 66% 25% 15% 23% 30% 3%
Reprecipitation 168 r 120 3 5 2 16 1 2 4 144 2 1y 1 1
Subtidal burial 19639 4944 6078 3210 5407 5742 1304 1548 107 1783 13897 3639 4530 2104 3625
‘Tidal marsh burial 13473 3481 4092 248 3471 3939 985 985 985 985 9534 2496 3108 1443 2486

Export 244209 125649 14092 2779 101689 25558 11060 2630 764 11105 218650 114588 11462 2015 90585
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Station Tidal coefficient Casio
G - m m's?! - pmol I'*
February 2009
El 8 0 1 185 108 115
E2 7.6 17.5 2 157 106 72
E3 82 29 35 145 98 25
Al 7.7 0 25 646 85 95
A2 7.4 137 3 54.1 70 78
A3 8 20 175 19.7 54 51
May 2009
El 123 0 1 1.69 51 148
E2 134 21.7 L5 433 56 51
E3 12.8 I 335 6 424 64 5
Al 144 0 2 104 83 120
A2 14 225 3 9.95 85 44
A3 135 24.6 2 10.7 77 31
July 2009
El 16.7 0 05 279 88 100
E2 16.7 122 1 248 94 101
E3 17.7 335 6 177 102 6
Al 19.7 0 05 424 103 100
A2 195 27.5 15 5.01 105 70
A3 19.1 30.9 3 359 95 20
October 2009
El 15 0.8 05 145 38 120
E2 15.1 I 29.6 12 145 38 30
E3 153 34.2 8 142 49 10
Al 142 87 1 3.67 61 110
A2 155 29.9 1 347 72 28
A3 15 33 25 491 81 16

‘The tidal coefficient is a dimensionless number calculated from the tidal range, which characterizes the size of the tide on a scale from 20 to 120 (source: French Navy Hydrographic and
Oceanographic Service).
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Station

Parameter
February
0o - 0.76 0.84 0.84 0.85 0.86 0.87 obs
[ - 073 0.76 0.68 0.76 0.76 0.78 obs
coefy cm™ 025 0.25 025 0.25 0.25 0.25 obs
Do em’h! 5.71E-05 9.70E-05 6.85E-05 2.85E-06 2.28E-06 3.20E-05 obs
coefy, cm™ 1 1 1 1 1 1 obs
7 m 75 7.5 5 0 L5 2 obs
Cusieq pmol 1! 260 325 330 505 400 400 obs
Casieqs pmol I 260 325 330 505 400 440 obs
w emh! 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 obs
Pasie 0.5 0.5 0.5 0.5 0.5 0.5 obs/fitted
Zier m 8 12 15 0 0 10 obs/fitted
o 3.60E-02 1.80E-03 8.64E-04 0.00E+00 0.00E+00 1.15E-03 obs/fitted
Kasie KA 346E-05 4.00E-05 2.00E-05 2.08E-04 4.00E-04 2.50E-05 fitted
Kasis h! 3.46E-08 8.33E-06 5.00E-06 1.04E-06 4.17E-07 2.08E-06 fitted
Kp pmol I 1.00E-04 1.00E-07 1.00E-04 1.00E-06 1.00E-03 0.000001 fitted
Casieqp pmol I' 100 200 200 200 200 200 fitted
May
0o - 0.89 0.87 0.85 0.92 0.86 091 obs
[ - 0.81 0.74 0.72 0.81 0.62 0.79 obs
coefy em™! 0.81 0.25 027 0.13 0.12 0.86 obs
Dyo em’h! 9.13E-05 1.35E-04 1.0GE-04 5.71E-07 2.28E-06 320E-05 obs
coef;, am™! 1 1 1 1 i 1 obs
7 m 1125 1125 7 025 25 325 obs
CasieqP pmol I 200 300 300 425 365 470 obs
Cusieas pmol I 200 380 300 425 365 470 obs
w em h! 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 obs
Pasie 05 0.5 05 05 0.5 05 obs/fitted
Zirr cm 11 8 11 0 0 7 obs/fitted
o 3.60E-02 7.20E-03 3.60E-02 0.00E+00 0.00E+00 432E-02 obs/fitted
Kysi B 4.17E-04 3.00E-05 5.00E-05 5.00E-05 2.00E-05 3.00E-05 fitted
Kasis B? 4.17E-06 5.00E-07 1.39E-06 5.00E-07 4.17E-07 2.00E-06 fitted
K, pmol I' 1.00E-04 1.00E-05 1.00E-07 1.00E-06 1.00E-03 1.00E-06 fitted
Casicqp pmol I 200 200 200 200 200 200 fitted
July
90 - 0.88 0.88 0.81 0.93 0.75 0.81 obs
[ - 0.77 0.77 0.72 0.85 0.72 075 obs
coefy em™! 0.16 0.54 056 025 0.25 025 obs
Do em?h! 1.26E-04 1.71E-04 143E-04 5.71E-07 1.71E-06 1.71E-06 obs
coefy, cm™ 2 2 2 2 2 2 obs
S cm 15 15 9 0.5 35 35 obs
Casieqr pmol I 290 275 400 325 260 520 obs
Cusieqs pmol 1! 290 275 400 325 260 520 obs
w em bt 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 obs
Pasir 05 05 05 05 05 05 obs/fitted
Zie cm 13 11 8 0 4 7 obs/fitted
o 7.20E-03 1.08E-02 7.20E-03 0.00E+00 6.48E-03 6.12E-03 obs/fitted
Kasi ht 1.00E-04 3.00E-05 6.00E-05 4.00E-05 2.00E-05 4.00E-05 fitted
Kasis bt 2.08E-07 4.17E-06 1.04E-06 1.00E-06 2.08E-06 2.00E-08 fitted
K, pmol 1! 5.00E-04 1.00E-06 1.00E-07 1.00E-07 1.00E-05 1.00E-07 fitted
Casiegp pmol 1! 200 200 200 200 200 200 fitted
October
6o - 0.90 0.87 077 0.90 0.80 094 obs
0. - 0.72 072 0.72 0.83 0.72 079 obs
coefy em’! 0.18 028 025 0.10 0.10 117 obs
Dyo cm®h! 9.13E-05 1.35E-04 1.06E-04 5.71E-07 2.28E-06 3.20E-05 obs
coefy, cm™ 2 2 2 2 2 2 obs
7 m 1125 1125 7 025 25 325 obs
Casieqr pmol 1! 320 300 425 250 285 420 obs
Casieqs pmol 1! 320 300 425 250 285 420 obs
w eamh! 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 2.00E-04 obs
Pasie 05 05 05 05 0.5 05 obs/fitted
Zire m 19 12 6 0 5 8 obs/fitted
o 6.12E-03 6.12E-03 8.00E-03 0.00E+00 9.00E-03 1.80E-03 obs/fitted
Kusie bt 2.00E-05 3.00E-05 2.00E-05 2.00E-05 1.07E-05 2.00E-05 fitted
Kusis ht 2.08E-07 4.17E-06 1.00E-06 833E-07 2.08E-07 1.O0E-06 fitted
K, pmol 1! 2.00E-04 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-07 fitted
Casieqp pmol 1! 200 200 200 200 200 200 fitted






OPS/images/fmars.2022.895995/fmars-09-895995-g001.jpg
2
Q
>
&
Q
3
o
ol






OPS/images/fmars.2022.895995/fmars-09-895995-g002.jpg
UVvP

Zooscan

Flowcam

10%%

5mm





OPS/images/fmars.2022.895995/fmars-09-895995-g003.jpg
Relative Biovolume Relative abundances

Relative abundances

Imaging Imaging

Metabarcoding

Phaeodaria
M Aulacanthidae
M Aulosphaeridae

0.75

1.00 _- - ] -_-_ Polycystine
Nassellaria
Spumellaria

M Cannosphaeridae

0.50 | Castanelllda_e
Coelodendridae
Challengeridae
Other

0.25

0.00

1.00

) II I I I

0.50

0.25

0.00

o

=]

0.25

1.00 l I
0.7 I I I I I
0.5

0.00
e T N B o L E T B o W oo e B o9 K
Y9 8 F YL LT Y] QT 8s
e - - - = b N o~ o N o N o~ N

Stations





OPS/images/fmars.2022.875415/M5.jpg
F(bSiy) + F(bSip)





OPS/images/fmars.2022.875415/M6.jpg
1Sip% = X 100% ©

TS





OPS/images/fmars.2022.875415/table1.jpg
Station Sampling Longitude Latitude Deployment

period

SCS-NW  2012-2013

2015-2016
2015-2016
SCS-B 2017-2018
SCS-C 2017-2018

(E)

110.50
116.00
116.00
11317
119.21

(°N)

1750
1850
1850
17.96
2113

depth (m)

1000
1000
3000
1000
1000

‘Water
depth (m)

1500
3736
3736
1650
1730

Number of valid  Volume of the sam- Collecting
pling bottles (L)

sampling bottles

16
20
20
10°

17

“No sinking particle samples were collected due to uncontrollable factors during the second half of the sampling year.

The dissolution time of bSi started from the sampling time of each bottle to the supernatant separation time in the laboratory.

050
025
025
050
050

area S,
(m?)

051
051
051
051
051

Sampling
interval At
(day)

7,15 or 30
17
17
18
18

Supernatant
separation time

No records
2016/05/19
2016/05/19
2018/07/07
2018/07/07

Dissolution
time** (day)

52-375
52-375
241-421
69-411
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Station

SCS-N

SCS-NW
SCS-B
SCs-C

Depth of the sediment trap (m)

1000
3000
1000
1000
1000

Silicate concentration (umol-L™)

Range

768.2-1186.0

683.8-1107.0

564.7-1365.8
161.4-377.3
122.6-435.6

Mean

984.5
949.1
10155
304.2
2238

bSip, flux
(mg-m?>.d™)
Range Mean
1523 19
13-22 18
2.1-6.0 42
0.6-14 L1
05-16 08

bSip flux
(mg-m‘z-d'l)
Range Mean
7.5-48.4 243
29-333 224
103-152.7 452
3.0-18.6 100
14-37.7 141

bSiy flux
(mg:m>d™)
Range Mean
9.0-50.6 263
42-354 243
156-157.7 508
43-198 112

2.0-382

14.9
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