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Silicon Isotope Signatures of Radiolaria Reveal Taxon-Specific Differences in Isotope Fractionation
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The global silicon (Si) cycle plays a critical role in regulating the biological pump and the carbon cycle in the oceans. A promising tool to reconstruct past dissolved silicic acid (DSi) concentrations is the silicon isotope signature of radiolaria (δ30Sirad), siliceous zooplankton that dwells at subsurface and intermediate water depths. However, to date, only a few studies on sediment δ30Sirad records are available. To investigate its applicability as a paleo proxy, we compare the δ30Sirad of different radiolarian taxa and mixed radiolarian samples from surface sediments off Peru to the DSi distribution and its δ30Si signatures (δ30SiDSi) along the coast between the equator and 15°S. Three different radiolarian taxa were selected according to their specific habitat depths of 0–50 m (Acrosphaera murrayana), 50–100 m (Dictyocoryne profunda/truncatum), and 200–400 m (Stylochlamydium venustum). Additionally, samples containing a mix of species from the bulk assemblage covering habitat depths of 0 to 400 m have been analyzed for comparison. We find distinct δ30Sirad mean values of +0.70 ± 0.17‰ (Acro; 2 SD), +1.61 ± 0.20 ‰ (Dictyo), +1.19 ± 0.31 ‰ (Stylo) and +1.04 ± 0.19 ‰ (mixed radiolaria). The δ30Si values of all individual taxa and the mixed radiolarian samples indicate a significant (p < 0.05) inverse relationship with DSi concentrations of their corresponding habitat depths. However, only δ30Si of A. murrayana are correlated to DSi concentrations under normally prevailing upwelling conditions. The δ30Si of Dictyocoryne sp., Stylochlamydium sp., and mixed radiolaria are significantly correlated to the lower DSi concentrations either associated with nutrient depletion or shallower habitat depths. Furthermore, we calculated the apparent Si isotope fractionation between radiolaria and DSi (Δ30Si ∼ 30ε = δ 30Sirad − δ 30SiDSi) and obtained values of −1.18 ± 0.17 ‰ (Acro), −0.05 ± 0.25 ‰ (Dictyo), −0.34 ± 0.27 ‰ (Stylo), and −0.62 ± 0.26 ‰ (mixed radiolaria). The significant differences in Δ30Si between the order of Nassellaria (A. murrayana) and Spumellaria (Dictyocoryne sp. and Stylochlamydium sp.) may be explained by order-specific Si isotope fractionation during DSi uptake, similar to species-specific fractionation observed for diatoms. Overall, our study provides information on the taxon-specific fractionation factor between radiolaria and seawater and highlights the importance of taxonomic identification and separation to interpret down-core records.
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INTRODUCTION

Dissolved silicic acid (DSi) is a crucial component for the growth of phytoplankton, such as diatoms, which are responsible for exporting half of the marine organic matter that is sequestered in marine sediments (Nelson et al., 1995; Tréguer and De La Rocha, 2013). Information on silicon (Si) cycling in the ocean is of major interest due to its important control on the oceanic biological pump that transports nutrients and fixed carbon out of the surface ocean into deep waters (Sabine et al., 2004), thereby strongly influencing the global climate on various timescales. Quantifying past changes in DSi supply to surface waters is thus essential to estimate past changes in the biological pump, as well as carbon cycling and the global climate.

In recent years the interest to reconstruct changes in the marine nutrient cycle for the past has gained significant importance. To study the behavior of nutrients, proxies such as the stable silicon isotope composition (δ30Si) of diatoms (De La Rocha et al., 1997) and sponges (Hendry et al., 2019) can be applied. The biological uptake of DSi and the subsequent formation of biogenic opal (BSi) discriminate against the heavier Si isotopes (30Si), resulting in BSi with a lighter isotope composition compared to the surrounding seawater. Because burial of BSi is by far the main output of Si from the ocean (Tréguer and De La Rocha, 2013; Tréguer et al., 2020), δ30Si compositions in marine organisms, such as diatoms and marine sponges, have proven useful for reconstructions of the spatial and temporal variability of the marine silica cycle, from DSi utilization in surface waters (De La Rocha et al., 1998; Egan et al., 2012) to the variability in the Si inventory of the deep ocean (De La Rocha, 2003).

The Si isotope signatures of radiolaria (protozooplankton) present a rarely exploited window into the subsurface and deeper water DSi conditions. Polycystine radiolaria (Collodaria, Spumellaria, and Nassellaria) produce skeletons of opaline silica (Suzuki and Not, 2015), which are hardly affected by dissolution in the water column (Takahashi, 1981). Thus, they reach the sediments without substantial alteration of the species composition (Takahashi and Honjo, 1983). Today radiolarians are globally distributed in the shallow to deep oceans and dispersed horizontally from the high latitudes to subtropical and tropical waters, and vertically from the surface to deep waters of more than 4000 m water depth (WD; Suzuki and Aita, 2011; Suzuki and Not, 2015). The distribution of living radiolarians is generally related to specific hydrographic conditions such as sea-surface temperature, salinity, and nutrients (Kling and Boltovskoy, 1995; Abelmann and Gowing, 1996; Ikenoue et al., 2015). Therefore, radiolaria obtained from sediments provide crucial information about their marine environment (Moore, 1978; Zhang et al., 2018). Radiolaria are extremely abundant and diverse in the Pacific Ocean. Many species are restricted to specific environments (e.g., Kruglikova, 1989), which has led to intensive investigations of radiolarian assemblages for paleoenvironmental reconstructions (Petrushevskaya and Björklund, 2011). For example, in coastal upwelling regions, particular radiolarian assemblages and distinct species occur as a function of environmental conditions (Nigrini and Caulet, 1992).

There is potential for radiolarian δ30Si (δ30Sirad) to be used as a tool to constrain surface to mid-depth DSi concentrations, which will allow a more detailed reconstruction of the past silicon cycle. However, only a few studies have been carried out on the stable isotope composition of radiolarian opal (Egan et al., 2012; Hendry et al., 2014; Abelmann et al., 2015; Fontorbe et al., 2016, 2017, 2020). Radiolarian Si isotope fractionation factors are challenging to constrain given that it has so far not been possible to grow radiolarians through a reproduction cycle in culture (Kouduka et al., 2006; Krabberød et al., 2011), and short-term culture experiments have only been successful for certain species, such as spongodiscids (Sugiyama and Anderson, 1997; Ogane et al., 2010). Only one study has yet attempted to constrain an apparent Si isotope fractionation (Δ30Si ∼30ε = δ30Sirad −δ30SiDSi) between seawater and core-top or downcore radiolarians (ca. −0.5 ‰ to −0.9 ‰; Abelmann et al., 2015), which have been estimated to be similar to the fractionation range for modern diatoms. Studies that focus on the past δ30Sirad record thus have to revert to assumptions about the Si fractionation in radiolaria (Hendry et al., 2014; Fontorbe et al., 2016, 2017, 2020).

Based on surface sediments from the Southern Ocean, a first application has been presented by Abelmann et al. (2015) that has indicated an inverse relationship of DSi concentrations of the assumed radiolarian habitat depth with δ30Sirad. These authors observed a difference in δ30Sirad depending on the size fraction. While the > 250 μm fraction consisted of > 90% Actinomma antarctica and 1–10% Spongotrochus glacialis, both living within the upper 400 m of the water column, the 125–250 μm size fraction consisted of a more diverse radiolarian assemblage (for example, Spongopyle osculosa, Spongogurus pylomaticus, and Cromyecheinus Antarctica) with habitat depths generally deeper than 400 m. The isotopic differences between the two size fractions amounted to up to 1.5‰ in downcore records and were at least partly attributed to the smaller fraction’s deeper habitats. However, the differences could not be attributed to either species-related isotope effects or seasonal effects (Abelmann et al., 2015). The cause for this difference is not really known. Still, several processes might have an effect (i) the species dominating each size fraction grow at different water depths and time of the year and, consequently, tap various sources of DSi, and/or (ii) the fractionation associated with radiolarian BSi production varies with species or growth rate.

One of the main problems to apply δ30Sirad in downcore records is the unknown fractionation factor between radiolaria and seawater. Previously, different approaches were chosen to solve this issue. Hendry et al. (2014) used an offset of −1.1‰ to −2.1‰, assuming that radiolaria fractionate similar to diatoms in the Sargasso Sea to model DSi cycling during the most recent Heinrich Stadial (17 ka BP). A study by Fontorbe et al. (2017) used fractionation factors ranging from −0.8‰ to −1.5‰ for their DSi reconstructions of the deep equatorial Pacific during the Eocene-Oligocene (∼50–23 Ma ago) based on core-top estimations given by Abelmann et al. (2015) from the Southern Ocean. The range of Si fractionation of −0.8‰ to −1.5‰ was further shown to result in estimated differences in DSi concentrations of 30 to 70 μM when applying Holocene and glacial δ30Sirad values (Abelmann et al., 2015). This considerable range for DSi reconstruction clearly highlights the need for more precise values of Si fractionation to enable the use of δ30Sirad as a reliable tool to reconstruct past DSi concentrations.

To improve our knowledge on the Si isotope fractionation of radiolaria in a modern system, we analyzed the δ30Si values of three single radiolarian taxa (A. murrayana, Dictyocoryne sp., Stylochlamydium sp.) as well as from mixed-species samples from surface sediments of the Peruvian shelf, a region well studied in the context of modern and past Si cycling (Ehlert et al., 2012, 2013, 2015, 2016a; Grasse et al., 2013; Doering et al., 2016a, b; Grasse et al., under review). These radiolarian taxa have been selected according to their high abundance in the sediment samples and their respective habitat depths in surface, subsurface, and intermediate waters. The δ30Si signatures of the different radiolarian samples are then compared to recent DSi concentrations and δ30SiDSi values of the modern water column to infer potential correlations and to constrain the Si isotope to improve the potential for reconstructions of past DSi concentrations and δ30SiDSi of water masses along the Peruvian shelf.


Regional Setting

Along the Peruvian coast, strong annual upwelling delivers high nutrient subsurface waters to the surface, inducing intense surface productivity (Messié and Chavez, 2015). Along the shelf, the main water masses are the northward-flowing Peru Coastal Current (PCoastalC) at the surface and the southward flowing Peru-Chile Undercurrent (PCUC) (Brink et al., 1983; Toggweiler et al., 1991) in the subsurface (Figure 1A; Huyer et al., 1987; Karstensen and Ulloa, 2009). The PCUC is partly fed by the eastward flowing waters of the Equatorial Undercurrent (EUC) (Lukas, 1986; Penven, 2005; Kessler, 2006) and prevails at 50–150 m water depth (Huyer et al., 1987). The PCUC is the source of the upwelled waters with mean DSi concentrations of 15–20 μmol L–1 and a mean δ30SiDSi of +1.5 ± 0.1 ‰ (2s SEM; Ehlert et al., 2012; Supplementary Tables 1, 2; Figures 2B,G). Along the Peruvian coast between the equator and 10°S the DSi concentrations and δ30Si signatures within the PCUC remain relatively constant at 18 ± 11 μmol L–1, and +1.5 ± 0.4‰ (2SD), respectively. Further south, the DSi concentrations can increase to up to 30–40 μmol L–1, and δ30SiDSi signatures decrease slightly to +1.25 ‰ (Figures 2B,G). Overall, the subsurface water masses (50–150 m) in the offshore regions of the EEP and along the shelf of Peru are characterized by homogenous δ30SiDSi signatures of around +1.5 ± 0.3‰, but varying DSi concentrations (Beucher et al., 2008, 2011; de Souza et al., 2012a; Ehlert et al., 2012; Grasse et al., 2020; Grasse et al., under review). Therefore, the marked increase in DSi concentrations within the subsurface waters from 15 to 40 μmol L–1 (Bruland et al., 2005) along their southward flow path accompanied by nearly invariant δ30SiDSi signatures is most likely the combined result of remineralization processes in the water column and high benthic Si fluxes originating from the shelf sediments (Ehlert et al., 2012, 2016a; Franz et al., 2012).
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FIGURE 1. (A) Map of surface sediment sampling stations for radiolaria taken during cruises M77/1 and M77/2. Surface currents (white solid lines) are indicated for the equatorward flowing Peru Coastal Current (PCoastalC) and the South Equatorial Current (SEC), the main subsurface currents (indicated by dashed black lines) are the Equatorial Undercurrent (EUC) and the Peru-Chile Undercurrent (PCUC) flowing in 50–150 m water depth. (B) Global water column abundance peaks of Acrosphaera murrayana, Dictyocoryne profunda/truncatum, and Stylochlamydium venustum between 30°N and 30°S (individuals per m3; modified from Boltovskoy et al., 2010).
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FIGURE 2. Water sampling locations for (A) DSi concentrations (μmol L–1) and (C) δ30Si values of DSi (δ30SiDSi) along the Peruvian coast; (B). North-South sections of mean DSi concentrations from cruises M77, M90, M93, M136, M137, and M138 for all water stations from 0–400 m water depth; (D) North-South sections of δ30SiDSi for all water column stations occupied during cruises M77 and M93, white dots indicate shelf stations, red dots indicate offshore stations; please note that offshore stations were only incorporated into data for 200–400 m due to the few data available for these depths of the shallow shelf stations (white dots); (E) Seasonal water sampling locations for DSi concentrations (μmol L–1) during cruises M136, 137, and 138 from April to June 2017 (El Niño); (F) DSi concentrations along the North-South transect during cruises M136, 137, and 138 from April to June 2017 (El Niño); Sections were plotted applying the DIVA interpolation of Ocean Data View (Schlitzer, 2020); (G) Comparison of the calculated DSi concentrations and measured Apr-June (2017) DSi concentration per degree latitude (as given in Table 2); (H) Comparison of the calculated DSi concentrations and measured Nov-Mar (2008/9 and 2012/13) DSi concentration per degree latitude; DSi concentrations are differentiated into minimum (orange), mean (yellow), and maximum (blue) and differentiated into the habitat depth of the studied radiolaria taxa of 0-50 m (diamonds), 50–100 m (triangles), 200–400 m (circles), and 0–400 m (squares). DSi concentrations are given as minimum (orange), mean and maximum; Correlations are performed for each habitat depth of 0–50 m (A,B), 50–100 m (C,D), 200–400 m (E,F), and 0–400 m (H,G). The size of the symbols indicates the latitude, with the smallest symbols representing stations close to the equator and the largest circles marking stations at 16.5°S. The black line indicates the 1:1 ratio.



On interannual time scales, the marine ecosystem off Peru can be modified substantially by local and/or remote forcing (Morales et al., 1999; Gutiérrez et al., 2008). Strong El Niño (EN) events affect circulation and water mass distribution, causing the deepening of the thermocline and the occurrence of large oxygenation events in the water column (Morales et al., 1999; Gutiérrez et al., 2008). During the EN events, a decrease in upwelling strength and enhanced stratification leads to increased in sea surface temperature, reduced nutrient availability in the surface, oxygenated subsurface waters, and decreased nitrogen loss processes off the coasts of Peru and Ecuador. At the beginning of 2017, a strong coastal El Niño took place. During this event, coastal waters off Peru showed a pronounced positive sea surface temperature anomaly of up to 4°C (Echevin et al., 2018; Garreaud, 2018), as a result of strong local alongshore wind anomalies and equatorial Kelvin waves propagating towards the Peruvian coast (Echevin et al., 2018; Peng et al., 2019). Due to a deepening of the thermocline, nutrients, such as DSi, do not upwell to the surface, causing nutrient-depleted conditions and a shift in the phytoplankton community from diatom-dominance (Blasco, 1971; Estrada and Blasco, 1985; DiTullio et al., 2005) to species such as dinoflagellates (Sanchez et al., 2000; Bach et al., 2020). During the coastal EN in 2017 remained lower in the surface ocean ranging on average from 4 to 16 μmol L–1 from north to south, with lowest DSi of 4 to 6 μmol L–1 north of 3.5°S and higher concentrations of 9.0 to 15.9 μmol L–1 between 10 and 15°S (Figure 3D). While the North-South increase in DSi concentration still persists during this season (EN 2017), the highest observed DSi concentrations only reach 26 μmol L–1 at the beginning of austral winter (Apr-Jul; Figure 2F) in comparison to 50 μmol L–1 during the normally occurring strong upwelling during austral summer (Nov-Mar; see also Supplementary Tables 1, 3). δ30Si signatures of the water masses during EN events are so far not available.
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FIGURE 3. (A–D) δ30Si signatures of radiolaria and the DSi concentrations of their respective habitat depth over latitude – A. murrayana (diamonds) 0–50 m, Dictyocoryne sp. (triangles) 50–100 m, Stylochlamydium sp. (dots) 200–400 m, mixed radiolaria (squares) 0–400 m water depth (WD). The DSi concentrations are given as mean (solid line), maximum (dotted line), and minimum (thin dashed line) values. The δ30SiDSi signatures from the respective water depths are indicated as black dashed lines. The gray shaded area indicates the main upwelling area along the coast. (E–H) Correlation of the δ30Si of each radiolarian group with minimum (orange), mean (yellow), and maximum (blue) DSi concentrations from their habitat depths (Table 2); (I–L) Correlation of δ30SiDSi signatures from the respective water depth with the δ30Si for each radiolarian group. The gray shaded areas indicate the 2 SD error range of external reproducibility for each variable. Black solid lines indicate the linear regression, dashed lines show the confidence intervals. Pictures are representative of the respective species, as presented in Figure 1. For better readability, all statistical values for regressions are given in Table 3.





MATERIALS AND METHODS


Sample Locations

Surface sediments from 14 stations along the Peruvian shelf area between the equator and 15°S were analyzed (Table 1 and Figure 1B). Sediment samples were retrieved during cruises M77/1 and M77/2 with the German RV Meteor in 2008 from 200 to 1250 m depth (Table 1) [for further information, see Ehlert et al. (2012) and Doering et al. (2016a)].


TABLE 1. Sampling locations of Si isotope data (δ30Si, in ‰) for mixed radiolaria, A. murrayana, Dictyocoryne sp. and Stylochlamydium sp. and δ30SiDSi values (‰).
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Sample Preparation

In total, 42 radiolarian samples were analyzed for their δ30Si composition. The sample material of the upper centimeter of sediment was freeze-dried, wet-sieved through a 63 μm sieve, and the coarse fraction was further size-fractionated. From the 125–250 μm fraction, between 100 and 200 radiolarian tests were handpicked under a light microscope. Following previous studies (Hendry et al., 2014; Abelmann et al., 2015; Fontorbe et al., 2016, 2017, 2020), first, radiolarian samples were picked to represent the typical bulk radiolarian community, i.e., mixed radiolarian samples. The mixed radiolarian samples mainly contained species dwelling between 0–50 m (e.g., Spongurus sp., Tetrapyle octacantha) and 50–150 m (e.g., Lamprocyclas sp., Dicytocoryne sp.) water depth and only a few taxa dwelling between 150–500 m (e.g., Euchitonia sp., Stylochlamydium astericus; Figure 1B; Supplementary Table 4; Boltovskoy et al., 2010). Note that Acrosphaera murrayana was not included in the mixed radiolarian samples. In a second step, samples from three different taxa representing the dominant groups for the different water depths were handpicked and analyzed as well: Acrosphaera murrayana (Haeckel; Acro; 0–50 m), Dictyocoryne profunda, and Dictyocoryne truncatum group (Ehrenberg; Dictyo; 50–100 m), and Stylochlamydium sp. (Bailey; Stylo; 200–400 m). Dictyocoryne profunda and truncatum are rarely separated in the literature. Thus, we will refer to the Dictyocoryne profunda/truncatum group as Dictyocoryne sp., not differentiating between both species. Detailed species descriptions are given at the end of the main text. A list of all identified radiolarian species for six samples is given in Supplementary Table 4 of the supplement.



Sample Digestion and Silicon Isotope Analyses

All radiolarian samples received ultrasonic treatment in ethanol followed by rinsing in MilliQ water (Merck Millipore, 18.2 MΩ cm–1) before being transferred into 7 ml Savillex® PFA vials and dried down at 80°C. Subsequently, samples were dissolved in 500 μl 0.1 M NaOH (Merck, Suprapur®) at 120°C for 36 to 48 h and afterward dried down, treated with 200 μl H2O2 (Merck, Suprapur®) for 1-2 h before being dissolved again in 500 μl 0.1 M NaOH at 120°C for 36 to 48 h and diluted with 2 ml MilliQ water. Final sample solutions were neutralized with 75 μl 1 M HCl, followed by chromatographic purification with 1 ml pre-cleaned AG50W-X8 cation exchange resin (BioRad, mesh 200–400). The Si isotope ratios of the purified Si solutions were measured at 0.6 ppm using a multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS, Nu Plasma, GEOMAR) via standard-sample bracketing. The Si isotope compositions are reported in δ-notation using the reference standard NBS28 in parts per thousand (δ 30Si = [(Rsample/Rstandard) - 1) ∗1000], where Rsample is the 30Si/28Si ratio of the sample and Rstandard is the 30Si/28Si ratio of the RM8546 - NBS28 silica sand standard. All δ30Si samples were run at least three times (during three or more analytical sessions) and always measured as four standard-sample brackets (i.e., four times per analytical session), which resulted in reproducibilities between 0.06‰ and 0.23‰ (2 SD, Table 1). Repeated measurements of reference materials NBS28, IRMM018, Diatomite and BigBatch gave average δ30Si values of 0.00 ± 0.23‰ (2 SD, n = 17), −1.43 ± 0.21‰ (2 SD, n = 14), 1.23 ± 0.20‰ (2 SD, n = 10) and −10.59 ± 0.26‰ (2 SD, n = 7), respectively. δ30Si values for solid standard material are in good agreement with values obtained by the inter-laboratory comparison study of Reynolds et al. (2007). Additionally, two in-house matrix standards have been measured. The radiolarian matrix standard (consisting of a mixture of ten samples) yielded an average δ30Si value of 0.95 ± 0.19‰ (2 SD, n = 17), and a diatom matrix standard (consisting of pure Ethmodiscus rex) gave −0.99 ± 0.17‰ (2 SD, n = 11). Error bars in the figures indicate the uncertainty of the external reproducibility of NBS28 (2 SD).

Twelve samples (4 samples for each taxon) were additionally measured on the Neptune Plus MC-ICP-MS (Thermo FisherTM) at the ICBM, University of Oldenburg, which allows a higher precision compared to the Nu Plasma (Table 1). Sample preparation was performed in the same way as for the Nu Plasma measurements, but samples were measured at higher Si concentrations of 0.8 ppm Si and in wet plasma mode. Additionally, samples were doped with an Mg solution at a concentration of 0.5 ppm to correct for isotope mass bias effects (for details, see Ehlert et al. (2016b). All δ30Si samples were measured three times in one session (n = 1), which resulted in internal reproducibilities between 0.03‰ and 0.13‰ (2 SD, Table 1, and Supplementary Figure 5). Measurements of the reference material between 2017 and 2019 gave average δ30Si values of 0.00 ± 0.15‰ (2 SD, n = 16, NBS28), 1.22 ± 0.15‰ (2 SD, n = 11, Diatomite), and −10.76 ± 0.27‰ (2 SD, n = 17, BigBatch). More details on the measurements are provided in the supplement.



Dissolved Silicic Acid Concentrations

The data presented in this study are based on the comparison of surface sediment samples with previously published DSi concentrations and δ30 SiDSi water column data from different stations along the Peruvian coast. All data were obtained during cruises conducted in the frame of the SFB 754 (M77, M90, M93, M136-M138) representing conditions covering the normal upwelling season (Nov-Mar, 2008-2009 and 2012-2013; M77/3: 10.1594/PANGAEA.81996; M77/4: 10.1594/PANGAEA.79315; M90: 10.1594/PANGAEA.85794; M93: 10.1594/PANGAEA.90555) as well as an El-Niño event (Apr-Jun, 2017; M136: 10.1594/PANGAEA.90440; M137: 10.1594/PANGAEA.90440) in the Peruvian upwelling region (see Figure 2). Analytical precision for DSi measurements obtained from replicate measurements ranged between 0.2 and 1% (1 SD). As replicate measurements are not available for all stations, we used a more conservative uncertainty of 5% for all data according to JGOFS Analytical protocols.

A high latitudinal resolution of DSi concentrations is available between 2°N and 17°S sampled under normal upwelling conditions in austral summer (Nov-Mar), while no data is available between 5°S and 10°S for the EN event in 2017 (Figure 2C). Given that there are no direct observations of the preferred seasonal or interannual occurrence of any radiolarian species from the study area, we choose to compare our radiolaria data set to this data set of DSi concentrations that represents normal to strong upwelling intensities generally observed during austral summer (Nov-Mar), while generally weaker upwelling conditions persist during austral winter. The Nov-Mar data is complemented with data from an El Niño event in Apr-Jun 2017. While the latter is not representative of the normal weaker upwelling conditions, it provides a comparison to even more extreme nutrient depletion in the surface waters to evaluate potential biases induced by the data selection. We compared the latitudinally averaged DSi concentrations for the Nov-Mar and Apr-Jun with the entire data set (Figure 3G,H). Due to the larger dataset from strong upwelling conditions, the data set used here overestimates DSi concentrations in the main upwelling region. This also holds compared to the annual data set for DSi concentrations available from the World Ocean Atlas (WOA13), which includes all nutrient data until 2013 collected in the World Ocean Database (Garcia et al., 2014).

From the entire DSi data set available (i.e., Nov-Mar 2008/9 and 2012/13, and Apr-Jun 2017), only water stations were selected that are located close to surface sediment stations used for δ30Sirad measurements (see Figure 2A for water stations and Figure 1A for surface sediment stations). All DSi data was sorted in 1°S latitude steps (i.e., 6.5°S includes all stations between 6°S and 7°S) and for all stations included in this 1° latitude grid mean, maximum and minimum DSi concentration values were calculated for the different habitat depths of the radiolarian taxa (i.e., 0–50 m, 50–100 m, 200–400 m, and 0–400 m). A list of the calculated mean values from −0.5°S to 16.5°S (in 1° latitude steps) for the following comparison and calculations is provided in Table 2. An additional overview of all mean, minimum, and maximum DSi concentrations in 1° steps for Nov-Mar, Apr-June and all DSi data for 0–50 m, 50–100 m, 200–400 m, and 0–400 m (Figure 2D) is given in Supplementary Table 3. As surface sediment stations deviate from this 1°S grid (i.e., stations at 9.3°S and 12.1°S), a simple linear regression between was used to calculate mean, minimum and maximum DSi concentrations for the exact latitudes of surface sediment stations (e.g., linear regression between 8.5°S and 9.5°S calculated to drive value for 9.3°S).


TABLE 2. DSi concentrations (μmol L–1) versus latitude for all water stations presented in Figure 2.
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δ30SiDSi of the Water Column and Calculation of Δ30Si

The dataset of δ30SiDSi values presented here mainly consists of previously published data from cruises M77/3 and M77/4 (Ehlert et al., 2012; Grasse et al., 2013, 2016; 10.1594/PANGAEA.81996) and has been complemented by new data from cruise M93 covering stations from the southern shelf between 11°S and 15°S (data is published separately in Grasse et al., under review at Frontiers in Marine Sciences, 2021; Figures 1A, 2C,D; 10.1594/PANGAEA.90555). For comparison with the δ30Sirad data, all δ30SiDSi values have been grouped according to radiolarian habitat depths (0–50 m, 50–100 m, 200–400 m, and 0–400 m) and subsequently averaged for 1° latitude steps (Table 1). These values have been interpolated over latitude to match radiolarian sampling sites.

In agreement with previous studies (Abelmann et al., 2015; Fontorbe et al., 2016), we assume that radiolarians build their Si skeletons in equilibrium with the surrounding seawater. This means that DSi uptake by radiolaria does not significantly impact the DSi pool (DSi utilization approximately < 10 %). Under low substrate utilization, the isotopic difference between the substrate (DSi) and the product (BSi) is assumed to be equal to the enrichment factor ε, given by the following equation:

[image: image]



Statistical Analyses: Linear Regression and Deming Regression

Statistical evaluation of correlations between δ30Sirad samples with different (mean, maximum, and minimum) DSi concentrations was performed by ordinary linear regression and Deming regression. The linear regressions model tests the null hypothesis that the independent variable has no correlation with the dependent variable. If the p-value is less than the significance level (0.05 or 5%), the data provide sufficient evidence to reject the null hypothesis and, thus, the regression model is reliable (statistically significant). Significant linear regressions with the highest correlation (r2) are indicated in Figures 3E–H). Correlations between DSi concentrations and Δ30Si of radiolaria have only been performed for DSi concentrations that resulted in the best fits for each radiolarian taxon or group.

Deming regressions have been estimated for the best-fitted DSi concentrations and δ30Sirad and Δ30Si indicated by linear regression. The Deming regression model differs from the linear regression as it accounts for the errors in observations on both the x and the y variable. Error estimations are based on the 2 SD of repeated sample measurements for δ30Sirad values, the propagated error of Δ30Si, based on the 5% uncertainty considered for absolute DSi concentrations and based on the 1 SD for mean DSi concentrations. Deming regressions were performed using the cran ‘deming’ package in ‘R’ (R Core Team, 2018). Deming regressions are generally thought to be the least affected by biases (i.e., range of measurements, imprecision profiles, or incorrect error estimates; Haeckel et al., 2013; Wu and Yu, 2018). The ‘R’ script, as well as the data tables for calculations of linear and Deming regressions, can be found in the supplements (Supplementary Text 6, Supplementary Tables 6.1, 6.2).



RESULTS


Silicon Isotope Signatures and DSi Concentrations

The analyzed δ30Si values of all radiolarian samples range from +0.59‰ to +0.83‰ for A. murrayana (Neptune: +0.54‰ to +0.75‰), from +1.42‰ to +1.75‰ for Dictyocoryne sp. (Neptune:+1.24‰ to +1.69‰), from +0.95‰ to +1.41‰ for Stylochlamydium sp. (Neptune: +0.7‰ to +1.4‰) and from +0.82‰ to +1.22‰ for mixed radiolarian samples (Figure 3 and Table 1).

The δ30Si values measured on the Neptune and the Nu Plasma are identical within the external reproducibility of the measurements (0.23‰ and 0.15‰, 2 SD) (for further details, see Supplementary Material 5). To compare δ30Sirad with DSi concentrations, we only use data measured on the Nu Plasma for consistency. The DSi concentrations for the different habitat depths are given as mean, minimum, and maximum for latitudes along the shelf and offshore stations close to the equator. DSi concentrations are highest in deeper waters (300–400 m), reaching up to 60 μmol L–1, and lowest at the surface (upper 10 m) where concentrations between 0 and 5 μmol L–1 prevail. In the main upwelling region (10°S to 15°S), high DSi concentrations of up to 50 μmol L–1 are reached in surface waters during recent upwelling events (Figure 2B).

Strong seasonal upwelling occurs during Nov-Mar (within the available data set), causing an increase in DSi concentration of up to 60 μmol L–1 reaching surface waters between 11°S and 16°S, but also increases DSi concentrations to up to 30 μmol L–1 in 50 to 300 m water depth between 8°S and 10°S. In contrast, during intra-seasonally occurring El Niño events, such as the coastal El Niño observed during Apr-Jun 2017 (Figure 2F), DSi was generally more depleted in the surface waters, ranging between 1.5 and 10 μmol L–1, but occasionally still reached values of up to 25 μmol L–1 in the upper 50 m and 18 μmol L–1 in the upper 10 m between 12°S and 14°S.


A. murrayana (Surface-Dwelling, 0–50 m)

The δ30SiAcro values show a decreasing trend from +0.83‰ at 0.2°S to +0.59‰ at 12°S (Figure 3A, white diamonds). The mean DSi concentrations at 0 to 50 m water depth range between 4.5 and 13.8 μmol L–1, concentrations are lowest between 4.5 and 6.9 μmol L–1 in the north between the equator and 4.5°S and increase to up to 13.8 μmol L–1 between 5.5°S and 16.5°S (Figures 2B, 3A and Table 2). The maximum DSi concentrations indicate a consistent southward increase as well with lowest concentrations of 9 to 18 μmol L–1 between the equator and 10°S, followed by a marked increase to up to 50 μmol L–1 at 12°S in the main upwelling area. Concentrations remain high at 26 μmol L–1 further south at 16.5°S. The minimum DSi concentrations are unaffected by upwelling intensity and remain between 0 and 13 μmol L–1, with highest concentrations between 5°S and 9°S and at 15.5°S. Seasonal DSi concentrations are similar in regard to minimum and mean concentrations per latitude in different years. However, maximum DSi concentrations are highest during upwelling events, thus overestimating values in comparison to non-upwelling seasons/El Nino conditions.



Dictyocoryne sp. (Surface to Subsurface Dwelling, 50–100 m)

The δ30SiDictyo are on average +1.61 ± 0.20‰. Over latitude, the δ30SiDictyo values are highest between the equator and 2°S and between 11°S and 15°S, reaching values between +1.60‰ and +1.75‰ and decrease to +1.42‰ between 5°S and 10°S. Over latitude, the δ30SiDictyo values are highest between the equator and 2°S and between 11°S and 15°S, reaching values between +1.60‰ and +1.75‰ and decrease to +1.42‰ between 5°S and 10°S (Figure 3B, white triangles). Mean DSi concentrations remain close to 13 μmol L–1 between 0°S and 3.8°S before increasing to ∼18 μmol L–1 between 4°S and 10°S and reaching the highest values of 23 μmol L–1 further south. The maximum DSi concentrations show a similar southward increase; however, maximum values between 10°S and 17°S can be as high as 59 μmol L–1 caused by coastal upwelling. In contrast, minimum DSi concentrations only show only a slight increase in concentrations from 11 to 18 μmol L–1 between the equator and 8°S before values decrease to 3 μmol L–1 at 12°S and 17°S.



Stylochlamydium sp. (Subsurface to Intermediate Waters, 200–400 m)

For comparison of δ30SiStylo with DSi concentrations and δ30SiDSi signatures of 200–400 m water depth, data from offshore stations (M77 stations: 004, 007, 117, 134 and 93; Grasse et al., 2013; Figure 2C, red dots) had to be included for calculations of mean values per latitude given that the shelf water stations only reached a maximum depth of about 200 m. The δ30SiStylo are on average +1.19 ± 0.31 ‰ and indicate the highest variability of all radiolarian taxa investigated here. Over latitude, the δ30SiStylo are highest with values of + 1.17‰ to +1.48‰ between 0°S and 3.4°S and +1.26‰ to +1.38‰ between 9°S and 11°S but decrease to +0.95‰ between 5°S and 8°S. Over latitude, the δ30SiStylo are highest with values of +1.17‰ to +1.48‰ between 0°S and 3.4°S and +1.26 h to +1.38‰ between 9°S and 11°S but decrease to +0.95‰ between 5°S and 8°S (Figure 3C, white dots). The mean DSi concentrations range between 26 and 36 μmol L–1 reaching the highest values at the equator, between 5.5°S and 8.5°S and at 15.5°S. Maximum DSi concentrations show a southward decrease from 49 μmol L–1 to 36 μmol L–1 at 15.5°S, only at 10.5°S and 16.5°S values are as low as 30 and 20 μmol L–1. Minimum DSi concentrations range between 18 and 28 μmol L–1 and remain close to 20 μmol L–1 throughout the transect, and highest values of 26 to 28 μmol L–1 are observed at 5.5°S to 6.5°S and 15.5°S.



Mixed Radiolarian Samples (Integrated Surface to Intermediate Waters, 0–400 m)

δ30Simixed are on average at +1.04 ± 0.19‰, over latitude highest δ30Simixed values of +1.15‰ are observed between 0.2°S and 2°S, and between 11°S and 13°S. Between 3°S to 9°S and further south, the δ30Simixed values are all lower than +1‰ before slightly increasing up to 1.22‰ at 12°S. The mean DSi concentrations show little variability and only slightly increase from 18 μmol L–1 at the equator over 20 μmol L–1 at 4.5°S to 25 μmol L–1 at 15.5°S. Maximum DSi concentrations slightly decrease from 49 μmol L–1 at the equator towards 28 μmol L–1 at 9.5°S and show peak values of 59 μmol L–1 at 12.5°S before decreasing to 32 μmol L–1 at 16.5°S. Minimum DSi concentrations range between 0 and 12 μmol L–1, with highest values of 8 to 12.2 μmol L–1 only occurring between 4.5°S and 8.5°S.



Correlation of DSi Concentration and δ30Sirad and Δ30Sirad:


Linear Regressions

For A. murrayana, the linear regression of average δ30SiAcro (see Table 1) with DSi concentrations shows a significant negative relationship with mean DSi concentrations of surface waters (0–50 m; r2 = 0.766, p < 0.05; Figure 3I). Similarly, maximum DSi concentrations indicate a significant negative correlation (r2 = 0.57, p < 0.05). However, δ30SiAcro signatures do not correlate with minimum DSi concentrations (r2 = 0.001, p = 0.9; Figure 3E and Table 3).


TABLE 3. Comparison of linear regression and Deming regression results for the different radiolaria species and their respective δ30Si and Δ30Si with different DSi concentrations of Peru.
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For Dictyocoryne sp., we observe a negative correlation of average δ30SiDictyo with minimum DSi concentrations (50–100 m; r2 = 0.79, p < 0.01; Figure 3J) but no significant positive correlation of δ30SiDictyo with mean (r2 = 0.04, p = 0.6) and maximum (r2 = 0.29, p = 0.13) DSi concentrations (Figure 3F and Table 3).

For Stylochlamydium sp. linear regression of δ30SiStylo with minimum DSi concentrations show a significant negative correlation (200–400 m; r2 = 0.84, p < 0.05; Figure 3K) but no significant correlation with mean (r2 = 0.41, p = 0.12) and maximum (r2 = 0.03, p = 0.7) DSi concentrations (Figure 3G and Table 3).

For mixed radiolaria the linear regression of average δ30Simixed with minimum DSi concentration show a significant negative correlation (0–400 m; r2 = 0.87, p < 0.01; Figure 3L) but is not significant for mean DSi concentrations (r2 = 0.07, p = 0.5), and maximum DSi concentrations result in a non-significant positive relationship (r2 = 0.24, p = 0.27; Figure 3H and Table 3).



Deming Regressions

For our data comparison, the linear fits obtained from Deming regressions are generally similar in intercept and slope compared to fits obtained by linear regression for estimates based on δ30Si and Δ30Si (see Table 3). Differences in the mean values for intercepts and slopes range between 0.008 and 0.491 and between 0.001 and 0.029. The largest difference is observed for the correlation of Δ30Si of mixed radiolaria and minimum DSi concentrations, with a considerably flatter slope indicated by the Deming fit. As both the linear and Deming regression model yield very similar results, the model choices is not critical in this case. However, we will refer to the equations based on the Deming fit throughout the discussion.

For all Deming regressions, p-values were calculated to test if the slope is significantly different from zero (i.e., null hypothesis = slope is zero). All Deming regressions for δ30Sirad correlated to DSi concentrations indicate a significant relationship (p < 0.05). For Δ30Sirad, Deming regressions are only significant in cases of Δ30SiAcro and Δ30SiDicyto [(p < 0.05), but not for Δ30SiStylo and Δ30Simixed (p = 0.09 and p = 0.07; Table 3].



Apparent Si Isotope Fractionation

By applying equation (1), we arrive at mean apparent fractionation factors (Δ30Si ∼ε = enrichment factor) of −1.18 ± 0.17‰ for δ 30SiAcro, −0.05 ± 0.25‰ for δ30SiDictyo, −0.34 ± 0.27‰ for δ30SiStylo and −0.62 ± 0.26‰ for δ30Simixed (Table 1 and Figure 4B). Except for Dictyocoryne sp., the Δ30Si values agree well with the values observed in a previous study (Abelmann et al., 2015), ranging between −0.54 and −0.91‰.
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FIGURE 4. (A,B) δ30Si and Δ30Si values of radiolarian groups (δ30Sirad) compared to DSi concentrations (same as marked in bold in Figures 3E–H and in Table 3). Colors refer to different radiolarian taxa (red: A. murrayana, green: Dictyocoryne sp., blue: Stylochlamydium sp., purple: mixed radiolaria). Colored lines indicate linear regressions for each group, dashed lines indicate the Deming regressions. Error bars indicate the external reproducibility in (A), in (B), the propagated error is given for values on the y-axis. For better readability, all statistical values for regressions are given in Table 3.




DISCUSSION

The new δ30Sirad data of different radiolarian taxa presented here reveal values ranging from +0.6‰ to +1.8‰ and are thus in the range of previously published data from surface sediments (+0.7‰ to +1.3‰; Abelmann et al., 2015) and sediment cores (+0.3‰ to +2.0‰; Hendry et al., 2014; Abelmann et al., 2015; Fontorbe et al., 2016, 2017, 2020). However, our results show systematic isotopic differences between the mean δ30Si signatures of the different radiolaria taxa of up to 0.9‰ (mean δ30SiAcro = +0.7‰; mean δ30SiDictyo = +1.6‰). The differences observed in the δ30Sirad of the taxa further result in substantially different enrichment factors between radiolaria and their surrounding seawater, with Δ30Si for all taxa ranging between −0.1‰ and −0.8 ‰. When correlating the δ30Si of all radiolarian taxa with DSi concentrations (mean or minimum values for the respective water depth, according to Figures 3E–H), there is no consistent best fit for all radiolarian signatures (Figure 4A).


Environmental Adaptation of Radiolaria and Their Association With DSi and δ30SiDSi in the Water Column

Radiolaria are assumed to fractionate Si isotopes depending on the DSi concentration of the surrounding seawater. Therefore, δ30Si of radiolaria can be used as an archive to reconstruct past DSi concentrations. However, very little is known about the Si isotope fractionation in radiolaria. This is due to the lack of information on environmental conditions of living radiolaria and difficulties in cultivation that have so far prevented in situ experiments. It was shown that the availability of DSi is a prerequisite, but their global distribution is thought to be affected by several variables (e.g., temperature, salinity, nutrients, and Chl a) and often associated with specific water masses (Kling and Boltovskoy, 1995; Abelmann and Gowing, 1996; Ikenoue et al., 2015). Knowledge on the occurrences of radiolarian taxa for the Peruvian coastal upwelling region is derived primarily from micropaleontological studies of the sediments (Molina-Cruz, 1977; Nigrini and Caulet, 1992). Accordingly, the relationship of occurrences with different water depth and upwelling conditions is only inferred from investigations of past radiolarian assemblages as follows. Among the three selected taxa investigated here, Acrosphaera murrayana is the only species/taxon associated with cold waters or coastal upwelling conditions (Molina-Cruz, 1977; Nigrini and Caulet, 1992). It is a surface-dwelling radiolarian species with the highest abundance in the upper 50 m of the water column. Here, we do not consider the abundance beneath 50 m water depth indicated by the global distribution (Figure 1B), as sampling procedures not commonly considered separation between living and dead cells, thus decreasing numbers with depth often occur simply by the accumulation of sinking dead cells. The genus Acrosphaera consists of colonial radiolarians that can grow up to several millimeters (Latz et al., 1987; Anderson and Gupta, 1998). Such colonial radiolarians, mainly of the order Collodaria, have also been observed by in situ imaging of organisms > 600 μm in the upper ocean or epipelagic zone (mean vertical niche = 35 m) of well-oxygenated and silicon-depleted waters of the California Current ecosystem (Biard et al., 2016; Biard and Ohman, 2020).

Dictyocoryne sp. appears to indicate warm water mesotrophic subtropical conditions (Matsuzaki et al., 2014), reaching its highest abundances between 50 to 100 m (Boltovskoy et al., 2017). Stylochlamydium venustum occurs both in warm and cold waters with a shallower abundance maximum in cold waters between 30°N–30°S and absolute abundances that vary widely (0.001–12 individuals L–1) (Boltovskoy et al., 2017). It is a ’tropical submergence’ taxon (Ishitani et al., 2008) and in the subtropics generally dwells in subsurface to intermediate water masses below 200 m water depth (Boltovskoy et al., 2017).

All habitat depths indicated are based on global compilations of data for plankton tows, sediment traps, and surface sediment samples (Boltovskoy et al., 2010; Boltovskoy and Correa, 2016). The habitat depths for all radiolarian species are defined based on their respective abundance peaks in the vertical profiles assumed to pinpoint each species’ preferred habitat (Boltovskoy et al., 2017). Due to missing sediment trap studies from the Peruvian Coastal Upwelling region, we could not to apply more regional information on radiolarian habitat depth and consequently rely on observations from the sediment records and associations with sea-surface temperature and nutrient availability from other regions (Figure 1B).

The DSi concentrations and the δ30SiDSi signatures used for comparison to the sediment data are from water stations previously published (Ehlert et al., 2012; Grasse et al., 2013), complemented by DSi concentrations obtained during RV Meteor research cruises in November to December 2012 (M90), February to March 2013 (M93) and April to July 2017 (M136, M137, M138). This dataset represents high-resolution data of both the period of strong upwelling (November-March) and weak/non-upwelling conditions (El-Niño, April-Jun).



Different Silicon Isotope Signatures for Different Radiolarian Species: Do They Reflect Water Column DSi Concentrations?

To test the applicability of δ30Sirad signatures as a proxy for past DSi concentrations, we investigate how well the δ30Si compositions of each species correlate to modern DSi concentrations and δ30SiDSi values in the Peruvian Upwelling (Table 2; Ehlert et al., 2012; Grasse et al., 2013). In the study area, surface δ30SiDSi signatures range from +1.7‰ to +3‰, with lowest δ30SiDSi corresponding to highest surface DSi concentrations of 15 μmol L–1 and highest δ30SiDSi to lowest DSi concentrations of 2 μmol L–1 (Figures 2B,G). At the subsurface to intermediate water depths, no significant correlation is observed between the high DSi concentrations and (lower) δ30SiDSi. This is in agreement with the global data set, where within the euphotic zone (upper 20 m of the water column), DSi uptake by diatoms leads to the highest δ30SiDSi values ranging from +1.2‰ to +4.4‰ (Figure 2G; Varela et al., 2004; Reynolds et al., 2006; Fripiat et al., 2011; de Souza et al., 2012a, b; Grasse et al., 2013). Below the euphotic zone, the δ30SiDSi values decrease with depth, mirroring the increase in DSi concentrations.

We only find correlations of the δ30Si signatures of the different radiolarian groups with specific DSi conditions. Accordingly, A. murrayana shows a significant correlation (p < 0.01) with the mean DSi concentration at 050 m water depth (Figure 3I), in agreement with the assumption that this species dwells in the upper water column and that the species is associated with high nutrient or potentially upwelling conditions (Molina-Cruz, 1977; Nigrini and Caulet, 1992). Accordingly, δ30SiAcro signatures also show a good correlation (r2 = 0.54) with maximum DSi concentrations, but nearly no correlation (r2 = 0.001) with minimum DSi from the same water depth (Figure 3E), which would reflect weak or relaxed upwelling conditions.

In contrast, the δ30Si signatures of Dictyocoryne sp. and Stylochlamydium sp. best correlate with minimum DSi concentration of their respective habitat depth (50–100 m and 200–400 m water depth; Figures 3J,K). These subsurface waters are not low (i.e., < 1 μmol L–1) in DSi compared to surface waters but remain between 10 and 15 μmol L–1 (50–100 m) and 20 to 35 μmol L–1 (200–400 m) throughout the year. The minimum DSi concentrations (Figure 2B, dashed line) show a decrease to values < 10 μmol L–1 south of 10°S, in contrast to mean and maximum DSi concentrations, all of which indicate a southward increase in DSi. These ‘low’ subsurface DSi concentrations are observed during both investigated seasons Nov-Mar and Apr-Jul (Supplementary Table 3). Given that the DSi concentration of the subsurface water mass (PCUC) is generally not expected to decrease along the shelf, a potential mechanism explaining these “decreasing” concentrations could be the entrainment of Si-depleted offshore water masses into the subsurface layer via anticyclonic eddy formation (José et al., 2017). Such anticyclonic eddies have been reported to preferentially form downstream of sharp topographic bends (Thomsen et al., 2016), which can be found in the southern section of the Peruvian shelf between 12°S and 17°S. Again, this is in agreement with studies indicating that Dictyocoryne sp. is associated with warm water conditions (Matsuzaki et al., 2014), and Stylochlamydium sp. is a ’tropical submergence’ taxon (Ishitani et al., 2008) that dwells in the subsurface to intermediate water masses between 200 m and 400 m in the subtropics (Boltovskoy et al., 2017). Furthermore, the correlation of δ30SiStylo with minimum DSi concentrations suggests that this taxon likely dwells in slightly shallower waters between 200–300 m, where annual and seasonal DSi concentrations are generally lower than in 300–400 m water depth (Figures 2A,E). This is further supported by the disappearance of Stylochlamydium sp. specimen on the shallow shelf south of 12°S, where no/not enough specimen from the available samples could be obtained for isotope analysis. The disappearance of Stylochlamydium sp. specimen on the shallow shelf agrees with the assumption that this species remains in the deeper waters and does not dwell on the shallow shelf, in particular not in the area of the strongest present-day upwelling.

Lastly, for the mixed radiolarian samples representing the entire range of habitat depth of 0–400 m, the best correlation is also found for minimum DSi concentrations. The available counting of radiolaria species shows that Dictyocoryne sp. and Stylochlamydium sp. make up 13% to 34% of the picked radiolaria species (Supplementary Table 4). Considering their massive skeleton compared to spherical species, such as A. murrayana, the δ30Simixed can be partially affected by heavier δ30SiDictyo and δ30SiStylo signatures. However, we do not observe a strong shift towards heavier signatures in δ30Simixed values.

The results of distinct δ30Si signatures of radiolarian taxa could substantially impact downcore records of mixed radiolaria samples if the radiolarian assemblage is changing. A simple calculation shows the following: if we assume that 87% of the radiolaria in a sample have a δ30Si value of +0.70‰ (mean for δ30SiAcro) and 13% have a δ30Si value of +1.45‰ (average of all δ30SiDicyto and δ30SiStylo), the mixed sample will have a signature of +0.8‰. By increasing the abundance of the species with the higher isotope signature of +1.45‰ to 34%, the overall signature will increase to +0.96‰. Furthermore, the species’ volume has to be taken into account. Should the species with the high δ30Si value be twice as large in comparison to a species with a lower isotope signature (+0.7‰), the δ30Si value of the mix will increase to +0.87‰ for 13% abundance and +1.08‰ for 34% abundance. This demonstrates the importance of considering the composition of the radiolarian assemblages in the interpretation of mixed radiolarian δ30Si values.



Mechanisms Controlling the Silicon Isotope Fractionation of Radiolaria

There is no detailed information on how radiolaria incorporate DSi into their tests, as laboratory investigations have been limited to short-term culture experiments (Sugiyama and Anderson, 1997; Ogane et al., 2010). The only available data on apparent Si isotope fractionation is based on a correlation between seawater and core-top radiolarians (ca. −0.5‰ to −0.9‰; Abelmann et al., 2015), similar to the approach presented here. Investigations on the formation process of polycystine skeletons are currently mainly based on examination of skeletons in various growth stages (Suzuki, 2006), incomplete growth shells (Anderson et al., 1987, 1988), and cross-sections of skeletons (Hurd and Theyer, 1977; Nishimura, 1990).

However, even with this limited information, we know that there is a fundamental difference in biosilicification between radiolarian orders such as Spumellaria and Nassellaria. Two major types of skeletal shell formation are known: (1) bridge growth and (2) rim growth (Afanasieva, 2006). Accordingly, the skeletal tissue in Spumellaria (Dictyocoryne and Stylochlamydium) is formed by (1) bridge growth, while the skeleton of Nassellaria, especially in spherical polycystine radiolarians such as A. murrayana, is formed by (2) rim growth. Due to the limited knowledge about the processes associated with skeleton formation in radiolaria, we will discuss potential factors for Si fractionation based on the Δ30Si values for the different radiolarian taxa and their potential correlation with DSi concentrations. The mean apparent fractionation factors (Δ30Si∼ε) were calculated based on eq. (1) and range between −1.18 ± 0.17‰ (Δ30SiAcro) and −0.05 ± 0.23‰ (Δ30SiDictyo). These values for isotopic fractionation of Si in radiolaria are slightly smaller than those found for cultured diatoms (−1.1‰, De La Rocha et al., 1997; −1.5‰, Milligan et al., 2004; −0.5‰ to −2.1‰, Sutton et al., 2013; Sun et al., 2014) and much smaller compared to sponges (−1.5‰ to −5.3‰; Wille et al., 2010; Hendry and Robinson, 2012) and cultured choanoflagellates (−5‰ to −7‰; Marron et al., 2019). In addition, we find a significant difference between the Δ30Si of A. murrayana (Nassellaria) and mixed radiolarians compared to Dictyocoryne sp. and Stylochlamydium sp. This difference in Δ30Si persists when comparing the Δ30Si of the different taxa with DSi concentrations (Figure 4B). Our results of all single taxa, as well as mixed radiolarian samples, indicate a significant correlation with DSi concentrations (Figures 3I–L) which can be described by the following equations derived from the Deming regressions (Figure 4B and Table 3):
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Overall, the mean Δ30Si values for each taxon or group (calculated from taxon-specific Δ30Si values as given in Table 1) indicate that Spumellaria (Dictyocoryne, Stylochlamydium) only show a small (−0.05‰ to −0.34‰) apparent fractionation and Nassellaria (Acrosphaera) a stronger (−1.2‰) apparent fractionation effect between the radiolaria and the seawater. Similar differences have been found on a species-specific level for diatoms (Sutton et al., 2013). There is no experimental evidence of what causes this difference between species, but it is likely directly connected to the Si uptake and transport within the organism. Si isotope fractionation has been investigated previously for diatoms and sponge spicules (Milligan et al., 2004; Wille et al., 2010; Cassarino et al., 2018). We will discuss observations from these siliceous groups and evaluate similar processes in radiolaria based on the Δ30Si and linear relationships given by the Deming regressions (Figure 4B) derived in this study.

The three most important fluxes controlling isotope fractionation are (1) transport across cellular membranes during DSi influx, (2) incorporation of Si via polymerization, and (3) efflux of excess DSi from the cell (Popp et al., 1989; Martin-Jézéquel et al., 2000; Milligan et al., 2004; Hildebrand, 2008). According to Milligan et al. (2004), the overall isotopic fractionation effect is related to the flux ratio given by the equation:
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where εf is the total Si isotopic fractionation factor, εt1 is the Si isotopic fractionation associated with transport into the cell, εp is the Si isotopic fractionation associated with polymerization, and εt2 Si isotopic fractionation associated with transport out of the cell; v[Si],E is the rate of Si efflux and v[Si],I is the rate of Si influx. Given the assumption of an intercellular isotopic discrimination step, fractionation would be at maximum at a high efflux:influx ratio because a high efflux rate decreases the likelihood that the heavy isotope (30Si) will be incorporated into the biogenic silica before it is removed from the cell (Milligan et al., 2004). A low efflux:influx ratio increases the likelihood that the heavy isotope will react within the cell and become incorporated, resulting in diminished fractionation. Hence, the overall effect should be a linear function of the flux ratio (Milligan et al., 2004).

Accordingly, under low DSi concentrations, most or all the Si entering the cell is consumed, resulting in a neglectable efflux (v[Si], E = 0), causing the last term of eq. (2) to become zero, and εf = εt1 (Wille et al., 2010). Consequently, the εt1 equals the intercept values indicated by the linear functions for single and mixed taxa radiolaria Δ30Si correlated to DSi concentrations (Figure 4B, Deming regression). The positive εt1 of +0.22‰ and +0.44‰ for Dictyocoryne and Stylochlamydium likely result from missing δ30Sirad values for lower DSi concentrations, which do not decrease further in the respective habitat depth in our study area. Therefore, it is more appropriate for these taxa to assume εt1 based on their Δ30Si under the lowest observed DSi concentrations. Accordingly, the lowest observed minimum DSi concentration is 3.95 μmol L–1 associated with a Δ30SiDicyto value of -0.07 ± 0.2‰ (Tables 1, 3 and Figure 4B) and a minimum DSi concentration of 18.7 μmol L–1 associated with a Δ30SiStylo value of −0.19 ± 0.2 ‰ (Table 1 and Figure 4B), resulting in εt1 of −0.07 ± 0.2 ‰ (Dictyo) and −0.19 ± 0.2 ‰ (Stylo).

Previous studies have shown that the isotope fractionation during uptake (εt1) in sponges varies between −1.34‰ and −1.55‰ (Wille et al., 2010; Hendry and Robinson, 2012). For diatoms, it was shown that a change in the efflux does not impact ε (Milligan et al., 2004), and a constant fractionation factor (εt1) between the diatom silica and the ambient DSi is assumed, ascribing variations of δ30Si of diatoms to fractionation within a closed or open-system (De La Rocha et al., 1997; Varela et al., 2004; Reynolds et al., 2006; Cardinal et al., 2007).

Still, the question remains what causes the correlation of Δ30Si of radiolaria with DSi concentrations. A non-linear relationship of Si isotope fractionation with DSi is observed for sponges, likely due to a dependence of the sponge growth rate on DSi availability (Wille et al., 2010; Hendry and Robinson, 2012). The fractionation during spicule polymerization (or more precisely εp - εt2) has been calculated based on data from laboratory experiments (Reincke and Barthel, 1997) to be as strong as −5.4‰ (Hendry and Robinson, 2012). However, while radiolaria can incorporate DSi from seawater under low ambient concentrations, it has been shown in laboratory experiments that DSi supplementation does not increase the mean weight of silicate deposited in specific species, like D. trunctatum (Anderson et al., 1989, 1990; Matsuoka, 1992; Sugiyama and Anderson, 1997; Suzuki et al., 2013). Instead, some pylonioid Spumellaria dispel formed siliceous fragments at concentrations of 10 μM (Suzuki et al., 2013), while extremely high DSi concentrations (up to 150 μM) can be lethal for flat-shaped radiolarians (Sugiyama and Anderson, 1997). Consequently, variations in DSi concentration may not directly affect radiolarian growth, contrary to observations for sponges. Therefore, we suggest that it is more likely that the relationship between Δ30Si and ambient DSi concentrations is driven by the impact of DSi variations on the efflux:influx ratio on potential fractionation during polymerization and efflux as proposed by eq. (2) (Popp et al., 1989; Milligan et al., 2004). The assumption is that under increasing ambient DSi concentrations, the efflux increase will at some point equal the influx of DSi, and thus the efflux:influx ratio (v[Si],E / v[Si], I) will equal 1. Assuming this will be the case at the highest DSi concentrations associated with Δ30Si for each radiolarian taxon, mixed radiolaria, and Spumellaria we arrive at values of −0.39‰ (Acro), −0.36‰ (Dictyo), −0.36‰ (Stylo), −0.21‰ (mixed) and −0.79‰ (Spumellaria) for the term εp - εt2 in eq. (2). These values indicate the maximum fractionation that could occur either during polymerization or efflux from the cell for each radiolarian group based on our data.

Overall, the Si isotope fractionation in radiolaria seems more comparable to diatoms than to sponges or choanoflagellates, with differences between species and taxon/order most likely associated with initial fractionation during uptake or transport. Although experimental observations for DSi transport mechanisms in radiolaria are limited, there are some observations from both diatoms and radiolaria that support this hypothesis. For example, for diatoms, it is known that they can actively transport DSi across the cell membrane via silicon isotope transporters (SITs) and transfer the newly acquired DSi into the silica deposition vesicle (SDV), where it is polymerized into BSi (Hildebrand, 2008). Both SITs (Marron et al., 2016) and SDVs or similar structures might also exist in polycystines, as indicated by images of probable silica aggregate granules based on transmission electron microscopy (Ogane et al., 2009). Furthermore, it was shown for diatoms and sponges that Si transport across the cell membrane could result in Si fractionation by active or passive membrane proteins (Thamatrakoln and Hildebrand, 2007; Maldonado et al., 2011; Marron et al., 2016). If the species-specific Si isotope fractionation in diatoms is associated with SDVs and transport via proteins between species, there might be similarities in the mechanism driving the different Δ30Si values observed here for radiolarian orders (i.e., Nassellaria and Spumellaria).



Paleoceanographic Application

Paleoceanographic studies on downcore δ30Sirad records have focused on analyses of bulk species samples and the comparison with the isotopic signatures of sponge spicules. This comparison was used to evaluate differences in the Si cycling of deep and intermediate (subsurface) water masses and potential changes in their DSi concentration. δ30Sirad has been mainly applied as paleoceanographic proxy for DSi concentrations based on specimen retrieved from marine sediments since the last glacial maximum (last ∼25 kyrs BP; Hendry et al., 2014) and since the Palaeogene (30–60 Myrs ago; Fontorbe et al., 2016, 2017, 2020). However, to apply δ30Si as a direct proxy for DSi concentrations of specific water masses or water depth, detailed knowledge of the fractionation factor and a proper calibration for DSi concentrations has been lacking.

The new radiolaria δ30Si data extracted from surface sediments presented here show significantly different signatures for each taxon. These differences are likely caused by different fractionation factors, potentially on order level (i.e., Spumellaria and Nassellaria). This observation needs further investigation and needs to be considered when interpreting the δ30Si of radiolaria from sediment cores.

The comparison with a recent DSi dataset revealed inverse statistical significant correlations between DSi concentrations for all single taxa. However, we find that the selected DSi (i.e., upwelling or non-upwelling season and corresponding to maximum, mean, or minimum values) has a significant impact on the correlation between the δ30Si, which is particularly visible in the highly variable data for DSi off Peru (Figures 3E–H). In addition to the importance of sufficient resolution of DSi concentrations and δ30Sirad signatures for correlations, the precision of the measurements of the isotope ratios has a large influence on the precision of the reconstructed DSi Concentrations as well. Based on the Deming regressions derived for δ30Sirad and DSi concentrations (Figure 4A) and an external reproducibility of 0.23‰ (2 SD) for δ30Sirad, we calculated that the range in DSi concentrations must be at least 8 μM (Stylochlamydium sp.) to 15 μM (A. murrayana). Please note that due to the small range in δ30SiAcro signatures (+0.59‰ to +0.83‰), associated DSi concentrations only range within 10 μM and are thus lower than the needed range difference of 15 μM, limiting the reliable application of δ30SiAcro as a paleo-proxy for DSi concentrations based on the correlation presented here. However, further investigations of δ30Sirad signatures in different ocean areas could improve the correlation and thus its application.

Positive though, due to their considerable size (> 100 μm), it is possible to retrieve sufficient amounts of single radiolaria taxa (> 80 specimen) from the surface and downcore sediments to study their application as a tracer for water mass δ30SiDSi values and DSi concentrations. Mixed radiolarian samples should be avoided. However, if mixed radiolarian samples are to be investigated, we suggest not to mix different orders such as Nassellaria and Spumellaria. This agrees with previous studies using mainly Spumellaria (Hendry et al., 2014; Abelmann et al., 2015) and/or nearly single taxa samples (> 90% Actinomma antarctica; Abelmann et al., 2015).

Overall, the information on isotope fractionation in radiolarians remains incomplete and requires further efforts. This includes further studies on the Si isotopic signature of radiolaria in the water column, if possible, incubation and culturing studies to investigate the Si fractionation factor and the overall uptake mechanisms in different radiolarian taxa, adapted to specific DSi ranges and habitat depth.



CONCLUSION

In this study, we present the first δ30Sirad from the Peruvian Coastal Upwelling System and introduce a new approach to investigate the potential of δ30Sirad as a proxy for past DSi concentrations by analyzing three single taxa and mixed radiolarian samples in a dedicated surface sediment study. These different taxa and mixed radiolarian samples show significantly different δ30Si values of on average +0.7‰ (δ30SiAcro), +1.6‰ (δ30SiDictyo), +1.2‰ (δ30SiStylo), and +1.0‰ (δ30Simixed). For all taxa, we find significant correlations with mean DSi concentrations in their respective habitat depths under high and low nutrient conditions (based on combined DSi data representing different upwelling conditions). The results for individual taxa indicate that δ30Si of A. murrayana corresponds to DSi concentrations under initially high nutrient conditions (upwelling) in 0–50 m, while the δ30Si of Dictyocoryne sp. and Stylochlamydium sp. better correlate to DSi concentrations under more nutrient replete conditions reflected in water depth of 50–100 m and 200–400 m, or more specific water depth (i.e., 200–300 m habitat depth for Stylochlamydium sp.).

The calculated apparent fractionation factors (Δ30Si ∼ε) show differences between single taxa with values ranging between −1.07‰ to −1.31‰ (A. murrayana), +0.15‰ to −0.21‰ (Dictyocoryne sp.) and −0.13‰ to −0.49‰ (Stylochlamydium sp.). We assume that the Δ30Si associated with the lowest DSi concentration reflects Si fractionation during uptake and transport [Δ30Si: −1.07‰ (Acro); +0.15‰ (Dictyo); −0.13‰ (Stylo)]. Potential Si fractionation during polymerization and/or efflux is enhanced under high ambient DSi concentrations causing enhanced efflux:influx ratios and can account for further fractionations of up to −0.39‰ (Acro), −0.36‰ (Dictyo), and −0.36‰ (Stylo; for either polymerization or efflux). However, designated laboratory experiments are needed to investigate these processes and to confirm these hypothetical fractionation values.

Overall, we find for the first time significantly different δ30Si signatures as well as associated Δ30Si and thus Si fractionation for several radiolaria taxa. This is an important finding for future applications as a paleo proxy. We observed significant relationships between δ30Sirad / Δ30Sirad and DSi concentrations. However, these relationships have a large uncertainty given the small range in observed DSi concentrations (0–30 μmol L–1).

The knowledge of habitat depth of each species and modern water column data is essential for the paleo application, and reconstructions cannot identify changes below 10 to 15 μmol L–1 DSi. Our results based on mixed radiolarian samples (mixture of Nassellaria and Spumellaria) show that it is crucial to consider changes in species assemblage, especially when little is known about the specific radiolarian species included in mixed radiolarian samples.
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TAXONOMY

Acrosphaera murrayana (Haeckel 1887) Hilmers, 1906

Rhizaria (infrakingdom) > Radiozoa (Phylum) > Polycystina (class) > Nassellaria (Order) > Collozoidae (Family) > Collosphaeridae (Subfamily) > Acrosphaera (Genus)


Description

Shell spherical, with large circular or roundish pores of unequal size. Ten to twelve pores in the half meridian of the shell. The margin of every pore has a coronal of six to nine short and acute spines, not longer than half the diameter of the pores. There are no spines between the pores.

Dictyocoryne profunda Ehrenberg, 1872

Rhizaria (infrakingdom) > Radiozoa (Phylum) > Polycystina (class) > Spumellaria (Order) > Spongodiscoidea (Family) > Dictyocoryne (Genus)



Description

Conchilla with spongy central chamber, disk-shaped, radiating 3 equidistant arms of approximately equal size, club-shaped, bulging and spongy at their distal ends. The angles formed by the arms with the central disk are more or less equal. The patagio or delicate spongy net acquires a slightly convex form between the arms and can reach until the ends of them. The length of the arms from the geometric center to the ends is 175 μm.

Dictyocoryne truncatum (Ehrenberg) Nigrini and Moore, 1979

Rhizaria (infrakingdom) > Radiozoa (Phylum) > Polycystina (class) > Spumellaria (Order) > Spongodiscoidea (Family) > Dictyocoryne (Genus)



Description

Test with three, broad, spongy arms, equally to bilaterally disposed, generally with, but in several specimens without, a spongy patagium between. The patagium developed between the arms tends to be somewhat concave. Length of the arms from the geometric center to the ends is 150 μm. Central region not spongy, consisting of 5–10 or more concentric latticed discoidal shells; arms narrow proximally for a short distance, becoming broad and thick, elliptical in section, distally. In specimens without a patagium the arms have a definite margin; in those with a patagium margin of arms indefinite, appears to merge with the spongy patagium; in several specimens’ arms are observed only as triangular dark areas.

Stylochlamydium venustum (Bailey) Haeckel, 1887

Rhizaria (infrakingdom) > Radiozoa (Phylum) > Polycystina (class) > Spumellaria (Order) > Spongodiscoidea (Family) > Stylochlamydium (Genus)



Description

Shell discoidal with a thickened spongiform central mass and a broad cellulose margin with numerous rays prolonged into projecting spines. This species includes specimens with an opaque, biconvex central region (concentric discoidal shells), surrounded in a single plane by generally irregular concentric rings which may be broken into concave outward segments near the periphery of the test. A porous sieve plate covers the rings on both sides of the test.
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16.5 209 1.04 313 0.16 10.11 591 29.88 1.49 19.11  0.96 2452 3.34 19.81 0.99 19.81  0.99 19.81 099 31.97 1.60 3.138 0.16 18.57 8.93

"measurement uncertainty generally less than 5% according to the United States JGOFS sampling and Analytical Protocols As error estimates are not available for each value we will use an error of 5% for each value.
2for mean values 1 SD Standard deviation is given.
The DSi concentrations have been averaged over latitude in one-degree steps for each depth interval. A complete table of DSi concentrations for each station and season used is given in the supplements.
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For single radiolarian species the mean §%0Si values based on measurements on the Nu Plasma and the Neptune are given. 620Si values have been averaged over latitude (3°0Siayg) if necessary. The 6°°Sipg; shown
are based on average values per latitude (bold) and linear interpolation (italic) to match latitudes of 5°°Sirag. A complete list of water stations and 6% Sipg; values used is given in the supplements. The A%0Si shown have
been calculated based on eq. (1) using 6*°Siavg and the 6*°Sips; shown here.
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linear regression

y- value x-value water depth slope SE slope intercept SE intercept X intercept R2 RMSE p-value sample size
5%9si Acro mean 0-50m -0.022 0.000 0.920 0.049 42.0 0.766 0.042 0.002 8
0%0Si Acro maximum DSi 0-50m —-0.005 0.002 0.830 0.045 168.0 0.570 0.057 0.036 8
5%9Si Acro minimum DSi 0-50m  —0.001 0.017 0.720 0.057 691.0 0.001 0.087 0.945 8
#°0Si Dictyo mean DSi 50-100m 0.005 0.010 1.500 0.180 —290.0 0.039 0.110 0.608 9
0%0SiDictyo  maximum DSi 50-100m  0.004  0.002 1.500 0.071 —371.0 0.289 0.094 0.135 9
530Si Dictyo minimum DSi  50-100 m —0.023  0.004 1.878 0.047 82.0 0.790 0.051 0.000 9
0°08i Stylo mean DSi 200-400 m —0.055  0.029 2.800 0.870 51.0 0.414 0.129 0.119 i
0°08i Stylo maximum DSi 200-400 m —0.006  0.016 1.400 0.610 231.0 0.030 0.167 0.712 T4
5%0Si Stylo  minimum DSi  200-400 m —0.053  0.010 2.391 0.239 45.0 0.840 0.069 0.004 7
5%0Si mixed mean DSi 0-400m -0.012 0.013 1.200 0.250 105.0 0.069 0.092 0.493 9
50Simixed  maximum DSi 0-400m  0.006  0.004 0.780 0.160 —129.0 0.236 0.000 0.268 9
5%30Si mixed minimum DSi  0-400m —0.030 0.004 1.114 0.019 36.0 0.868 0.035 0.000 9
A%9Si Acro mean DSi 0-50m -0.020 0.006 —0.972 0.057 —49.0 0.665 0.049 0.014 8
A%SiDictyo  minimum DSi 50-100m —0.027  0.007 0.276 0.089 10.0 0.682 0.075 0.006 9
A%0Sj Stylo minimum DSi 200-400 m —0.041 0.012 0.599 0.278 14.0 0.699 0.080 0.019 7
A%0Simixed minimum DSi 0-400m —0.031  0.012 —0.531 0.051 —17.0 0.482 0.094 0.038 9

deming regression
y- value x-value water depth slope SE slope t-value p-value intercept SE intercept interceptlower 0.95 upper 0.95 slope lower 0.95 upper 0.95 scale sample size
0°0Si Acro mean DSi 0-50m -0.026 0.005 -5.200  0.000 0.967 0.048 0.873 1.061 —0.036 —0.016 0.250 10
0°°SiDictyo  minimum DSi 50-100m —0.025 0.004 —6.250  0.000 1.906 0.051 1.807 2.005 —0.033 -0.017 0.430 11
0%0Si Stylo minimum DSi~ 200-400 m —0.052  0.013 —4.000 0.003 2.369 0.305 1774 2.968 -0.077 —0.026 0.470 7
69Simixed  minimum DSi 0-400m —0.028 0.005 -5.544  0.000 1.106 0.024 1.059 1.152 —0.038 —0.018 0.269 9
A%9Si Acro mean DSi 0-50m —0.021 0.007 -2920 0.010 -0.952 0.060 —1.069 —0.835 —0.035 —0.007 0.077 8
A%0SiDictyo  minimum DSi 50-100m —0.024  0.010 —2.461 0.018 0.223 0.161 —0.092 0.538 —0.044 —0.005 0.192 9
A0S Stylo minimum DSi 200-400 m —0.034  0.023 —1.451 0.090 0.440 0.534 —0.606 1.486 —0.080 0.012 0.301 7
A%0Simixed  minimum DSi 0-400 m —0.021 0.013 -1.603 0.072 -0.574 0.053 —0.678 —0.469 —0.046 0.005 0.089 9

Comparisons for linear regressions marked in bold indicate the best-fits used for the Deming regressions and comparison of A%Si and DSi concentrations.
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