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Abstract

Dissolved strontium (Sr) concentrations in the Southern Ocean water samples and Sr export fluxes from sediment trap moorings

at 1000 m were used to assess particulate organic carbon (POC) export associated with Acantharia for 2010, 2018 and 2020.

The dissolved Sr data revealed a prominent vertical gradient with lower surface Sr concentrations depleted up to 1.4% relative

to deep waters. A strong latitudinal surface gradient was observed, ranging from 87.3 near the northern end to 88.5 near the

southern end of a transect through the Australian sector of the Southern Ocean. These findings highlight the significant role

that Acantharia, which precipitate celestite (SrSO4), play in marine Sr cycling. Seasonal variability in Sr export fluxes can be

large, particularly during intense events in summer, and reaches a maximum of 2.8 , contributing up to 7% of the POC export

flux. The coincidence of Sr flux with the second peak of POC export flux implies a potential association of Acantharia biomass

with summertime productivity.
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 Elevated Acantharia biomass is possibly associated with summertime productivity 18 
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Abstract 20 

Dissolved strontium (Sr) concentrations in the Southern Ocean water samples and Sr export 21 

fluxes from sediment trap moorings at 1000 m were used to assess particulate organic carbon 22 

(POC) export associated with Acantharia for 2010, 2018 and 2020. The dissolved Sr data 23 

revealed a prominent vertical gradient with lower surface Sr concentrations depleted up to 1.4% 24 

relative to deep waters. A strong latitudinal surface gradient was observed, ranging from 87.3 25 

μmol kg−1 near the northern end to 88.5 μmol kg−1 near the southern end of a transect through 26 

the Australian sector of the Southern Ocean. These findings highlight the significant role that 27 

Acantharia, which precipitate celestite (SrSO4), play in marine Sr cycling. Seasonal variability in 28 

Sr export fluxes can be large, particularly during intense events in summer, and reaches a 29 

maximum of 2.8 mg Sr m−2d−1, contributing up to 7% of the POC export flux. The coincidence 30 

of Sr flux with the second peak of POC export flux implies a potential association of Acantharia 31 

biomass with summertime productivity. 32 

 33 

Plain Language Summary 34 

Acantharia are tiny marine organisms found worldwide. Their skeletons and cysts, composed of 35 

a heavy mineral called strontium sulfate (SrSO4, also called celestite), make them important in 36 

the ocean’s strontium cycling. Despite having skeletons and cysts dense enough to potentially act 37 

as effective ballast, Acantharia were previously not believed to substantially impact carbon 38 

export in the deeper ocean layers due to their high solubility in seawater. Our study focused on 39 

understanding how Acantharia influence strontium cycling and contribute to carbon export in the 40 

Southern Ocean. We discovered that Acantharia efficiently remove strontium from the ocean's 41 

surface and release it at intermediate depths. These organisms exhibit seasonal variations and are 42 

particularly abundant in summer, contributing up to 7% to particulate organic carbon export 43 

during the summer productive season. This is significant for the Southern Ocean as a major 44 

region for carbon sequestration and global climate buffering.  45 

 46 

1. Introduction 47 

Marine protists, particularly Acantharia, play a significant role in the biogeochemical cycles of 48 

carbon (C) and strontium (Sr) in the ocean. Acantharia are characterized by an internal star-49 
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shaped skeleton made of celestite, a strontium sulphate (SrSO4) mineral (Decelle and Not, 2015). 50 

These organisms are the only known marine species that precipitate celestite from the dissolved 51 

form, making them potentially important in oceanic Sr cycling (de Villiers, 1999). Phylogenetic 52 

analyses have identified nine molecular clades of Acantharia, with early diverging clades A, B 53 

and C forming cysts for reproduction (Decelle and Not, 2015). Acantharian cysts, composed of 54 

high-density celestite (3.96 g m-3), can grow up to 1-2 mm, usually exceeding the size of adult 55 

Acantharian cells (Martin et al., 2010; Decelle and Not, 2015; Mars Brisbin et al., 2020). The 56 

high density of Acantharian cysts results in high sinking rates (up to 770 m d
-1

) (Martin et al., 57 

2010), allowing them to sink to bathypelagic depths (1500 – 2000 m) before dissolving (Martin 58 

et al., 2010; Belcher et al., 2018). Once the cyst is formed, the enclosed cytoplasm transforms 59 

into numerous flagellated swarmers of less than 5 µm in size, which are eventually released 60 

through pores in the cysts or when the cyst walls rupture (Schewiakoff, 1926; Spindler and 61 

Beyer, 1990). The most recently diverged clades E and F do not form cysts. Instead, clades E and 62 

F host intracellular symbiotic microalgae from the haptophyte genus Phaeocystis (Decelle et al., 63 

2012). This symbiotic relationship is beneficial for Acantharia, as it enhances their nutrient 64 

acquisition by fixing organic carbon through photosynthesis and improves their efficiency in 65 

using prey biomass with the energy substrate provided by the symbionts (Michaels, 1988, 1991; 66 

Michaels et al., 1995). Symbiotic Acantharia are important for primary production, especially in 67 

low-chlorophyll conditions where they can contribute up to 20% of the total primary production 68 

(Michaels, 1988, 1991; Caron et al., 1995).  69 

 70 

The Southern Ocean is characterized by high-nutrient, low-chlorophyll (HNLC) conditions with 71 

particulate organic carbon (POC) export fluxes in the subantarctic region ranging from 1 to 1.4 72 

g C m−2yr−1, which is close to the global median (Trull et al., 2001; Cathryn A. Wynn-Edwards 73 

et al., 2020a). Previous studies have identified calcium carbonate (CaCO3) from calcifying 74 

organisms and opal from diatoms as dominant ballasting minerals in this region (Cathryn A. 75 

Wynn-Edwards et al., 2020a). However, Acantharia, which dominate protozooplankton 76 

assemblages in the Southern Ocean and have the potential for significant ballasting of POC 77 

(Henjes et al., 2007; Assmy et al., 2014), have been overlooked due to their high solubility as 78 

seawater is undersaturated with respect to SrSO4 (North, 1974; Reardon and Armstrong, 1987). 79 

Recent studies have shown that Acantharia can contribute significantly to POC flux to the 80 
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bathypelagic zone in high-latitude regions where they may be less prone to dissolution (Belcher 81 

et al., 2018). In the Iceland Basin, Martin et al. (2010) observed that Acantharia contribute 48% 82 

to the POC flux at 2000 m during a two-week sampling interval, but their contribution to the 83 

annual POC flux did not exceed 1-2%, likely because Acantharian fluxes vary seasonally. 84 

Recently, Belcher et al. (2018) reported high Acantharian fluxes of 5.1 mg C m−2d−1 at 1500 m 85 

in the Scotia Sea, accounting for 26% of POC flux during the productive season and 17% of the 86 

annual POC flux in this region.  87 

 88 

Despite their potential contribution to annual sedimentation in high latitude oceans, the 89 

mechanisms driving Acantharia fluxes are poorly understood. One hypothesis is that in high 90 

latitudes where seasonality is most pronounced, Acantharia tend to release swarmers at depth to 91 

avoid predation. This strategy allows swarmers and juveniles to access the pulse of organic 92 

matter following a phytoplankton bloom as they ascend toward the surface. In contrast, 93 

Acantharia in low latitudes tend to form swarmers at the upper mesopelagic layer, possibly due 94 

to a greater supply of fresher organic matter in the upper mesopelagic compared to deep waters, 95 

potentially fewer predators, and more constant particle flux due to weaker seasonality (Martin et 96 

al., 2010; Decelle et al., 2013). 97 

 98 

In this study, we explore the relationship between Acantharia, dissolved and particulate Sr 99 

concentrations, and carbon export to provide a better understanding of the role of Acantharia in 100 

Sr and C cycles as well as their life strategies and cycles. This is particularly important for the 101 

Southern Ocean, which is a major region for carbon sequestration and plays a vital role in 102 

regulating the oceanic carbon cycle and buffering of the global climate system (Deppeler and 103 

Davidson, 2017 and references therein). 104 

2. Materials and Methods 105 
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2.1. Sampling and Locations 106 

Seawater samples were collected in the Australian sector of the Southern Ocean during R.V. 107 

Investigator voyages IN2018_V01 and IN2020_V08 (Figure 1). The IN2018_V01 voyage was 108 

part of a GEOTRACES expedition, which took place from 10 January to 22 February 2018 along 109 

the SR3 line (44°S – 66°S, 140°E – 146°E) from Hobart (Tasmania, Australia) to the Antarctic 110 

ice-edge. The IN2020_V08 voyage, part of the SOLACE (Southern Ocean Large Area Carbon 111 

Export) project, was conducted between 4 December 2020 and 15 January 2021. Sampling took 112 

place at three sites: the Southern Ocean Time Series (SOTS) site (47°S, 142°E) and two southern 113 

sites (SS1 and SS2), at approximately 55°S and 58°S, respectively. Diatom blooms were 114 

apparent at all three sites. 115 

 116 

Seawater samples for dissolved Sr analysis were collected using 12 L Teflon-coated Niskin 117 

bottles mounted on a conductivity-temperature-depth (CTD) rosette. Seawater was collected 118 

unfiltered during the IN2018_V01 voyage, stored in 5 mL polypropylene (PP) vials, kept under 119 

 Figure 1. Annual mean Satellite Sea Surface Temperature (SST) map with station locations. SST is 

MODIS yearly product between 01/01/2021 and 31/12/2021. SR3 and SOLACE stations are marked by 

orange circles and squares, respectively. The SR3 voyage path is shown as orange dashed line.  

 



Global Biogeochemical Cycles 

 

room temperature and acidified close to the time of analysis. The unfiltered sample is expected to 120 

have a minimal impact on the measurement of dissolved Sr concentration, given that the 121 

maximum particulate Sr concentration measured (100 nmol kg
-1

) was minor compared to the 122 

concentration of dissolved Sr (~88 µmol kg
-1

). Seawater collected during the SOLACE voyage 123 

was filtered through a 0.2 μm Millipore membrane using a syringe, acidified to pH <2, and 124 

refrigerated in the dark until analysis. In addition to the CTD samples, seawater samples from 125 

three trace metal rosette (TMR) casts during the SOLACE voyage were selected for cation 126 

concentration analysis. Hydrographic and biogeochemistry data, including nutrients (silicate, 127 

phosphate, nitrate + nitrite, nitrite and ammonium), alkalinity and dissolved inorganic carbon, are 128 

available for both voyages at https://www.cmar.csiro.au/data/trawler/. The hydrology and CTD 129 

nitrate data along the SR3 line are shown in Figure 2. 130 

 131 

During the SOLACE voyage, samples for analyzing particulate Sr were obtained using six large-132 

volume dual-head McLane pumps. These pumps, deployed at different water depths of up to 500 133 

m, collected the seawater onto acid-clean 0.2 m polyvinylidene fluoride (PVDF) filters with a 134 

diameter of 142 mm. Samples were freeze-dried and stored at 80C until analysis. Particulates 135 

were dissolved by adding strong acid digestion (HNO3:HCl:H2O:HF 1:1:2:0.5). Post-digestion 136 

samples were evaporated to dryness and re-dissolved. The Sr content was then measured on the 137 

ICP-OES using the method described in section 3.3.  138 

2.2. Seasonal Dissolved and Particulate Sr Samples    139 

Archived samples from the SOTS moorings were analyzed for seasonal variations in particulate 140 

and dissolved Sr concentrations. SOTS moorings consist of two deep ocean moorings, including 141 

the Southern Ocean Flux Station (SOFS) and the SAZ sediment trap mooring. Sediment trap 142 

samples were collected at 1000 m depth at SAZ moorings, and samples for our study were 143 

selected from the following periods: 2010 (September 2010 to July 2011), 2018 (March 2018 to 144 

February 2019) and 2020 (September 2020 to April 2021). Sampling occurred approximately 145 

once every one or two weeks over periods ranging from a half year to one year. Detailed 146 

methodologies and results for SAZ and SOFS moorings can be found in Wynn-Edwards et al. 147 

(2020a) and Eriksen et al. (2018), respectively. In brief, sediment trap samples come back in 148 

individual 250 mL cups, which were filled with a buffered brine of filtered seawater and 149 

https://www.cmar.csiro.au/data/trawler/
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mercuric chloride as a preservative before deployment. Amongst other additions, the brine was 150 

enriched with strontium chloride (SrCl2) to slow down the dissolution of Acantharia. After 151 

recovery, the cups are poured over a 1mm Nylon mesh to separate the contents into >1mm and 152 

<1mm fractions. The >1mm fractions are rinsed and archived refrigerated in buffered seawater 153 

(with no further addition of SrCl2). The <1mm fractions are filtered, rinsed with Milli-Q water, 154 

dried and then homogenized and stored at room temperature. 155 

 156 

Surface seawater samples filtered through 1mm mesh were selected from the specific periods, 157 

including 2010 (September 2010 to April 2011), 2018 (August 2018 to March 2019) and 2021 158 

(April 2021 to May 2022) at SOFS moorings. These selected samples were also analyzed for 159 

dissolved Sr concentrations. Other parameters, such as nutrient concentrations, temperature, and 160 

salinity, as well as particle fluxes, were previously measured, and the results are available at 161 

https://portal.aodn.org.au/search.  162 

 163 

Subsamples of post-processing storage solutions from the >1mm fractions were analyzed for 164 

dissolved Sr concentration, assuming complete dissolution of Acantharia during the long-term 165 

storage (>2 years). The Sr concentration in the >1mm fraction was converted to Sr flux based on 166 

the volume of the subsample and total post-processing storage solution, area of the sediment trap 167 

opening (0.5 m
2
) and the duration of collection period. Subsamples (~2 mg) of the processed 168 

<1mm powders were dissolved in 1 mL of 2% HNO3 and measured for Sr concentration. The 169 

weight of the sample and acid was monitored at each step, thus allowing for the back-calculation 170 

of Sr mass in the 2 mg subsample, with corrections for background seawater and brine 171 

(contained SrCl2) Sr concentration. The Sr flux in the <1mm fraction was calculated based on the 172 

measured total mass flux and percentage of Sr mass to the total mass in the cup. The total Sr flux 173 

was represented as the sum of Sr flux in both size fractions. Sr fluxes shown below are expressed 174 

as atom fluxes. Atom flux can be converted to mineral fluxes by multiplying by the molecular 175 

weight of its most likely molecular form. These fluxes were used when discussing ballasting and 176 

total mineral flux export.  177 

 178 

https://portal.aodn.org.au/search
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2.3. Cation Concentration Analysis 179 

The concentrations of Na, Ca, Mg and Sr were measured on the inductively coupled plasma-180 

optical emission spectrometer (ICP-OES) following the method provided by Steiner et al. (2020, 181 

2021). In summary, seawater samples were diluted with 2% HNO3 at a ratio of 1:80 and 182 

measured on the ICP-OES using a sample standard bracketing procedure. Typical operating 183 

conditions used for ICP-OES are summarized in Table S1. To prevent cross-contamination and 184 

salt build-up, the ICP-OES torch and cone were cleaned with 2% HNO3 before the start of each 185 

run.  186 

 187 

The sequence of analysis started with 15 analyses of the in-house standard collected from the 188 

first TMR at 200 m depth during the IN2020_V01 voyage to monitor the stability and precision 189 

of the ICP-OES. Each sample measurement consisted of 18 replicate reads with a reading time of 190 

5 s per replicate, followed by a 30 s rinse before and after each measurement. Every sample was 191 

bracketed by the in-house standard diluted to the same ratio as the sample. Samples were 192 

analyzed as duplicates or triplicates. The intensity ratios for Sr/Mg and Ca/Mg for samples were 193 

corrected for drift based on the average intensity ratios of the bracketing standard. These ratios 194 

were then normalized to the actual concentration of the bracketing standard to obtain the 195 

concentration of the sample. The optimal spectral line was selected based on the precision of 196 

combined spectral lines of intensity ratios. By using intensity ratios, we can remove the 197 

uncertainties associated with fluctuations in sample uptake, instrument gas flows and plasma 198 

instabilities. Additionally, this method eliminates the effect of salinity variations on sample 199 

concentrations, assuming that Mg is conservative in the open ocean. All dissolved Sr 200 

concentrations were normalized to a salinity of 35.  201 

 202 

The precision of the Sr and Ca concentrations in a single sample was determined by performing 203 

duplicate or triplicate measurements. The average precision is obtained by calculating the mean 204 

of all individual precisions across the entire data set during a voyage. Outliers exceeding 1.5 205 

standard deviations of the mean concentration of the depth profile were removed. The mean 206 

precision (1σ) of measurements was 0.06% for Sr/Mg (0.05 μmol kg−1) and 0.08% for Ca/Mg (8 207 

μmol kg−1) for both the SR3 line and SOLACE samples, and 0.4 nmol kg−1 for particulate Sr 208 

concentration. 209 
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 210 
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3. Results  211 

3.1. Spatial and Vertical Distribution of Dissolved Sr 212 

  Figure 2. Salinity-normalised strontium concentrations, temperature, salinity, potential density anomaly, nitrate and oceanic 

fronts/zones along the SR3 line. The location of fronts and water masses are identified based on the description of Whitworth III 

and Nowlin Jr. (1987) and Orsi et al. (1995). Abbreviations: STSW: Subtropical Surface Water; AAIW: Antarctic Intermediate 

Water; AASW: Antarctic Surface Water; CDW: Circumpolar Deep Water; STF: Subtropical Front; SAF: Subantarctic Front; PF: 

Polar Front; SACCF: Southern Antarctic Circumpolar Front; SAZ: Subantarctic Zone; PFZ: Polar Frontal Zone; AZ: Antarctic 

Zone, CZ: Continental Zone. Ocean Data View software (Schlitzer, 2023) was used to generate this figure.  
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Along the SR3 line, salinity-normalized dissolved Sr (dSr) shows non-conservative behaviour 213 

with lower concentrations in surface waters and higher concentrations at depth (Figure 2). There 214 

was a noticeable difference in surface dSr concentrations from north to south, with values 215 

increasing from 87.3 μmol kg−1 near Tasmania to 88.5 μmol kg−1 near Antarctica. The lowest 216 

dSr concentration was observed at stations 4 and 7, which were located in the Subtropical 217 

Surface Water (STSW) of the subtropical gyre. Additionally, a stronger vertical gradient in dSr 218 

concentrations was found in the Subantarctic Zone (SAZ) and further north, indicating a 219 

depletion of surface dSr relative to deep waters of up to 1.4%. Finally, deep waters below 1500 220 

m were homogenously well-mixed and characterized by a high dSr concentration: 88.4 221 

μmol kg−1 in SAZ and 88.6 μmol kg−1 south of the SAZ due to the upwelling of Circumpolar 222 

Deep Water (CDW) enriched in dSr.  223 

 224 

The distribution of dSr for the SOLACE voyage was similar to dSr determined along the SR3 225 

line (Figure 3a). dSr depletion occurred to a deeper depth at SOTS compared to southern sites. 226 

At SOTS, the surface dSr was depleted by 0.8 μmol kg−1  relative to deep waters, and the 227 

maximum dSr concentration was observed at depths between 1250 and 2000 m. Whereas, at SS1 228 

and SS2, the surface dSr was depleted by 0.45 μmol kg−1 relative to deep waters, and the 229 

maximum dSr concentration was observed at a shallower depth of approximately 500 m.  230 

 
Figure 3. Depth profiles of salinity-normalised dissolved strontium (a), particulate Sr (b) and particulate phosphate (c) and 

fluorescence (d). The samples were collected during SOLACE voyage at three main stations: SOTS, SS1 and SS2. The average 

precision of salinity-normalised dissolved Sr concentrations is 0.05 𝜇𝑚𝑜𝑙 𝑘𝑔−1, and for particulate Sr is 0.4 𝑛𝑚𝑜𝑙 𝑘𝑔−1 (1). 

Note the difference in the depth scales between panel a, and b, c and d.  
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The vertical distribution of particulate Sr (pSr) concentration at SS1 and SS2 exhibited a 231 

subsurface maximum at approximately 100 m before decreasing rapidly with depth (Figure 3b). 232 

Interestingly, pSr concentrations at SS1 increased significantly between the first and second 233 

sampling, with values going from 25 nmol kg
-1

 to 100 nmol kg
-1

 at 100 m. An increase in 234 

particulate phosphate (pP) was also observed at this station (Figure 3c). For SS2, pSr 235 

concentrations at 100 m were similar between stations. In contrast to SS1 and SS2, pSr 236 

concentrations at SOTS were generally lower, with values consistently below 17 nmol kg
-1 

and 237 

without any apparent sub-surface maximum. The trend of pSr at SS1 and SS2 closely resembled 238 

that of pP and fluorescence concentrations (Figure 3c and 3d), with maximum concentration 239 

occurring at the same depth.  240 
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3.2. Seasonal Pattern of Dissolved and Particulate Sr 241 

Seasonal variability in dSr at SOTS was relatively low, with a constant surface concentration of 242 

87.18 ± 0.08 μmol kg−1 , which was consistently lower than that in deep waters (~88.6 243 

μmol kg−1) (Figure 4). Any observed variations in dSr occurred during the incursion of saltier, 244 

warm subtropical waters into fresher subantarctic waters in the spring of 2010 and 2021. This 245 

mixing resulted in a reduction in dSr concentration by 0.1 – 0.15 μmol kg−1. Conversely, the pSr 246 

 Figure 4. Seasonal variations in particulate Sr fluxes at 1000 m depth and surface biogeochemical parameters. The plot 

represents data obtained from four mooring deployments: September 2010 to July 2011, March 2018 to March 2019, 

September 2020 to April 2021 and May 2021 to May 2022. Vertical black solid lines mark the approximate end time of each 

deployment. Panel a shows the percentage contribution of CaCO3 (based on dissolved Ca) to the change surface and deep 

waters to the change in dissolved Sr (dSr). Panel b shows the total particulate Sr (pSr) export fluxes (combined >1mm and 

1<mm fluxes) from SAZ moorings (grey bars), alongside dSr concentrations in surface water from SOFS moorings (blue 

line). The blue dashed line indicates the average dSr concentration in deep waters (>3000 m). Panel c exhibits seasonal sea 

surface temperature and salinity patterns, while the panel d illustrates nitrate and silicate seasonal variations. For panel d, 

filled shapes indicate good data quality (flag = 1), while open shapes suggest less reliable data (flag >1) and should be 

interpreted cautiously. Circles (2010), diamonds (2018), stars (2020) and triangles (2021) represent surface biogeochemical 

measurements in the corresponding deployment years. Summer (December to February) is shaded light orange each year. 

Notably, there is a data gap for biogeochemical data in 2020 and sediment trap data in 2021. Most of the pSr flux data is 

unavailable for 2010. The %Sr from CaCO3 and dSr for 2020 was determined based on dSr and dCa data measured during 

SOLACE voyage at SOTS. 
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flux recorded in the 1000 m sediment trap displayed a pronounced seasonal pattern in 2018 and 247 

2020. The pSr flux peaked in January/February at a maximum of 2.8 and 2.2 mg Sr m−2d−1 in 248 

2018 and 2020, respectively. The pSr flux decreased rapidly after the peak and remained below 249 

0.4 mg Sr m−2d−1 for the rest of the year. Nitrate and silicate also showed seasonal variations 250 

consistent with drawdown by phytoplankton from spring through to summer. 251 
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 252 

Seasonal pSr fluxes at 1000 m were dominated by the <1mm size fraction, with the >1mm 253 

generally representing less than 2% of the flux (Figure 5). Most of the pSr flux occurred in 254 

January/February, but there was still measurable export throughout the year, ranging from 0.008 255 

to 2.8 mg Sr m−2d−1, with an annual mean of 0.31 ± 0.6 mg Sr m−2d−1. Conversely, the pSr 256 

Figure 5. Fluxes of particulate Sr, PIC and POC from the 1000 m sediment trap and satellite chlorophyll a 

concentration across the sampling year. Panels b and e show the percent contribution of CaCO3 (aragonite : calcite = 

0.54) flux to particulate Sr (pSr) flux. The contribution was computed when data for both <1mm and >1mm fractions 

were available, and it was excluded for pSr flux values less than or equal to 0.05 𝑚𝑔 𝑆𝑟 𝑚−2𝑑−1 due to significant 

overestimation. Additionally, any contribution exceeding 100% was capped at 100%. pSr flux (a, c and e) was 

subdivided into <1mm and >1mm fractions. No >1mm fraction was measured for Sr concentration in 2010 and there 

was missing data in <1mm fraction in 2010. The mean uncertainty of pSr flux across the dataset is 0.006 

𝑚𝑔 𝑆𝑟 𝑚−2𝑑−1 . It is important to note that the y-axis scale is not consistent in each panel. Chlorophyll a data, 

obtained from MODIS-Aqua 8 days product, was averaged in the -45 to -48S and 141 – 143E zone across the 

sampling year. Summer (December to February) is shaded light orange each year. 
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flux from the >1mm fraction remained consistently low at 0.07 ± 0.08 mg Sr m−2d−1 throughout 257 

the year, with a small peak of 0.3 mg Sr m−2d−1 in September 2018.  258 

 259 

A comparison of particle fluxes registered at the sediment trap indicates that the total mass flux 260 

was dominated by CaCO3, POC and opal (Figure S2). The fluxes for these major components 261 

displayed two peaks: a broad, moderate peak occurred during spring (September – November) 262 

and a second, shorter, more intense peak in summer (January/February) (Figure 5) (see Cathryn 263 

A. Wynn-Edwards et al., 2020a for a detailed description of this seasonality from long-term SAZ 264 

data). However, the pSr flux was characterized by only one intense export event in summer, 265 

coinciding with the second peak in the POC flux. Despite POC fluxes being 4-fold and 2-fold 266 

higher than in 2010 compared to 2018 and 2020, respectively, the corresponding pSr flux peak 267 

was lower in 2010 (~0.34 mg Sr m−2d−1) compared to 2018 (2.5 mg Sr m−2d−1) and 2020 (2.8 268 

mg Sr m−2d−1 ). A comparison of surface ocean productivity (as indicated by satellite 269 

chlorophyll a concentration) and other particle fluxes registered by the sediment trap suggests 270 

that high productivity was associated with the later peak in summer.  271 

 272 

4 Discussion  273 

4.1. The Role of Acantharia in Strontium Cycling  274 

The depletion of dSr in the upper ocean and the close correlation of pSr with pP imply that Sr 275 

removal from the upper ocean is biologically mediated. Acantharia emerge as the primary driver, 276 

as they are the only organisms that produce an entire skeleton of SrSO4 in the ocean (Decelle and 277 

Not, 2015). Although there is a potential for Sr removal through CaCO3 production, particularly 278 

in the ‘Great Calcite Belt’ near the SAZ where CaCO3 production is significant (Balch et al., 279 

2011, 2016), caution is warranted. The contribution from CaCO3 may be limited, considering the 280 

tendency for satellite-derived PIC in the Southern Ocean to be overestimated (Trull et al., 2018). 281 

Using the Ca concentration observed at SOFS moorings, assuming aragonite constitutes 35% of 282 

the total CaCO3 production (Gangstø et al., 2008) and applying a Sr/Ca ratio of 0.0015 283 

mol mol−1 in biotic calcite and 0.009 mol mol−1 in biotic aragonite (Steiner et al., 2020 and 284 

references therein), CaCO3 production is estimated to contribute approximately 17% to surface 285 
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Sr removal averaged across sampling years (Figure 4). This further emphasizes that Acantharia 286 

is the primary driver of dSr in the Southern Ocean.  287 

 288 

Investigating CaCO3 contribution to pSr flux revealed that the background pSr was influenced by 289 

CaCO3, while Acantharia dominated during peak pSr events. Applying consistent aragonite/total 290 

CaCO3 and Sr/Ca ratios in calcite and aragonite, CaCO3 predominantly controlled the pSr flux in 291 

non-productive seasons, contributing an average of 49% and 88% for 2018 and 2020, 292 

respectively (Figure 5b and 5d). This contribution from CaCO3 to the pSr flux at 1000 m 293 

significantly exceeded the contribution calculated from dCa to dSr in the surface water (Figure 294 

4). The disparity was attributed to the dissolution of pSr on the way to the trap, as SrSO4 is more 295 

soluble than CaCO3 in seawater, leaving the CaCO3 to dominate the background pSr flux. 296 

Comparing the model-estimated pSr export leaving 200 m at 1.7  0.3 mg Sr m−2d−1 (Table 2) 297 

and the average sediment trap-registered pSr flux at 1000 m of 0.25 mg Sr m−2d−1 , it is 298 

suggested that up to 85% of the pSr was dissolved between 200 m and 1000 m, exceeding PIC 299 

dissolution (64%) based on our model estimates and the 1000 m trap flux. pSr flux was not 300 

tightly coupled with PIC flux, especially during the productive season. The PIC export flux 301 

exhibited two peaks annually, contrasting with the single pSr peak in summer. Despite lower PIC 302 

flux in 2018, pSr flux was higher than in 2020. Notably, CaCO3 contributed only 2% and 12% to 303 

the pSr peak in 2018 and 2020, respectively. These findings indicate that Acantharia-derived 304 

SrSO4, rather than CaCO3,  was the major contributor to the pSr peaks. The dominance of the 305 

<1mm fraction in pSr flux (Figure 5), aligns with observations of Acantharia’s smaller size in 306 

the Southern Ocean (<500 µm) (Spindler and Beyer, 1990; Gowing and Garrison, 1992; Belcher 307 

et al., 2018), further supporting the notion that pSr peak was governed by Acantharia.  308 

 309 

Correcting CaCO3 contribution to pSr flux yielded a nearly unchanged Acantharian Sr flux in 310 

2018 at 2.8 mg Sr m−2d−1 and slightly reduced it from 2.3 to 2.0 mg Sr m−2d−1 in 2020. pSr 311 

fluxes were converted to POC fluxes using an Acantharia C:Sr ratio of 0.12 ± 0.022 reported by 312 

Martin et al. (2010) from the Iceland Basin at 2000 m. When compared to the total POC flux, the 313 

maximum Acantharia contribution (corrected for CaCO3-derived Sr) to total POC export was 314 

6.8% and 2.2% in 2018 and 2020, respectively (Figure S1).  315 

 316 



Global Biogeochemical Cycles 

 

4.2. Acantharia Spatial and Vertical Distribution in the Southern Ocean 317 

Acantharia play a significant role in the vertical and spatial distribution of dSr in the Southern 318 

Ocean. They remove Sr from the surface waters to build skeletons and form cysts, subsequently 319 

releasing it back into the water column at intermediate depths upon their death (Brass and 320 

Turekian, 1974; de Villiers, 1999; De Deckker, 2004; Steiner et al., 2020). The observed depth 321 

of maximum dSr indicates that Acantharia dissolution primarily occurs around 1000 m in the 322 

SAZ and further north, which contrasts with Antarctic waters, where dissolution occurs at 323 

shallower depths of no deeper than 500 m (Figure 3a). These findings are consistent with the 324 

recent study by Steiner et al. (2020) conducted in the Indian Ocean sector of the Southern Ocean.  325 

 326 

Our pSr concentrations show that Acantharia were most prevalent in the euphonic zone with a 327 

rapid decline below 100 m (Figure 3c). This trend aligns with findings from previous Southern 328 

Ocean studies, indicating the highest abundance of Acantharia within the upper 300 m (Spindler 329 

and Beyer, 1990; Gowing and Garrison, 1992; Henjes et al., 2007; Jacquet et al., 2007). 330 

Furthermore, our dSr concentration data shows that the majority of Acantharia dissolved in the 331 

upper 500 m of polar waters, indicating their habitat was confined to this depth range. The pSr 332 

was positively correlated with pP concentration (slope = 0.48, R
2
 = 0.36, p < 0.001), and the 333 

maximum pSr, pP and fluorescence concentrations occurred at the same depth (Figure 3c and 334 

3d). This suggests that pSr concentration likely represents the abundance of living Acantharia, 335 

which were actively feeding on plankton (Henjes et al., 2007; Jacquet et al., 2007). Additionally, 336 

Acantharian clades E and F may be present, previously identified in the Southern Ocean 337 

(Gowing and Garrison, 1992; Henjes et al., 2007; Assmy et al., 2014). These Acantharia host 338 

symbiotic algae and inhabit the euphotic zone throughout their life cycle due to the requirement 339 

of their symbionts for light (Michaels, 1988, 1991; Decelle et al., 2012).  340 

 341 

4.3. 2-D Modelling of Sr Fluxes in the Southern Ocean   342 

Despite salinity normalization of dSr removing some mixing effects, the dSr distribution may 343 

still be influenced by ocean circulation. For instance, the strong upwelling of CDW can 344 

homogenize the dSr concentration in the polar and subpolar waters and result in a shallower 345 

maximum of dSr. Conversely, the subduction of Antarctic Intermediate Water (AAIW) and 346 

Subantarctic Mode Water (SAMW) north of the Polar Front (PF) transfers a low dSr signal down 347 
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to 1000 m, resulting in a deeper maximum dSr. To assess and eliminate the impact of ocean 348 

circulation on Sr fluxes, a two-dimensional model was applied to our dSr data (Figure 6). The 349 

model serves as an independent tool to the sediment trap flux data to evaluate pSr export fluxes 350 

in the upper 200 m, and it allows for comparative analysis among different zones in the Southern 351 

Ocean.  352 

 353 

 354 

Table 1 355 

Description and Range or Conditions of Parameters in 2-D Model  356 

Parameters  Description  Range/Conditions (Sv)  

A Upwelling from CDW  A = 24  

B Dense water formation  B = 16  

Ek Ekman transport  Ek = 8  

mPF Mixing between SAZ and PFZ 0<= mPF <= 3.97 

mST Mixing between STZ and SAZ 0<= mST <= 8.23 

C Flux towards low latitude surface  C = 2  

D Intermediate and mode water formation  D = 6  

Note. Water flux values are taken from Talley (2013). 357 

Figure 6. Schematic diagram of a 2-D ocean circulation model in the Southern Ocean. Water transports 

are denoted by grey arrows. pSr export fluxes are represented by green wave-shaped arrows. Sr 

concentration, measured in 𝜇𝑚𝑜𝑙 𝑘𝑔−1, is shown in orange. Abbreviations: SAZ: Subantarctic Zone; 

AZ+PFZ: Antarctic Zone + Polar Frontal Zone; CZ: Continental Zone. SAF: Subantarctic Front; 

SACCF: Southern Antarctic Circumpolar Front; AA: Antarctica.  
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 358 

The water mass transport values were obtained from Talley (2013), and mixing terms (mPF and 359 

mST were introduced for PFZ and SAZ to account for horizontal mixing between PFZ and SAZ 360 

and SAZ and STZ (Table 1). The upper bounds of mixing terms were determined by the mass 361 

balance of Sr flux in each zone, ensuring that the mass balance remains non-negative. The Sr 362 

fluxes were converted to carbon fluxes using a C:Sr ratio of 0.12  0.022 mg mg−1 (Martin et al. 363 

2010). The annual POC flux leaving the upper 200 m was estimated using the nitrate flux and 364 

Redfield Ratio of 106 C: 16 NO3
-
 (Johnson et al., 2017). Comparisons between Sr-derived 365 

carbon flux and nitrate-derived biological carbon flux were made to determine the percentage 366 

contribution of Acantharian cysts to annual POC flux in the Southern Ocean. 367 

 368 

The maximum modelled pSr export fluxes were similar (within errors) across all zones, with the 369 

highest in the CZ at 2.2  1.0 mg Sr m−2d−1, slightly less in the SAZ at 1.7  0.3 mg Sr m−2d−1 370 

and lowest in the AZ+PFZ at 1.1 ± 0.3 mg Sr m−2d−1  (Table 2). When accounting for an 371 

attenuation factor of 0.858 for pSr flux (Martin et al., 1987), the pSr flux at 200 m at SOTS 372 

estimated from the mean pSr flux at 1000 m across sampling years is 1 mg Sr m−2d−1. This 373 

result is lower than the maximum pSr fluxes in the SAZ under maximum mPF and minimum 374 

mST conditions. However, it is important to note that the modelled pSr and POC fluxes are 375 

highly dependent on the choice of water mass transport values, which may exhibit a large 376 

amount of uncertainty. Additionally, the advection of subtropical waters along the Antarctic 377 

Circumpolar Current (ACC) is estimated to contribute to a POC export flux of 1.25 378 

mol C m−2yr−1 in the SAZ (Fernández Castro et al., 2022). This is comparable to the model-379 

estimated POC export flux of 1.1 mol C m−2yr−1 from the euphotic zone (Table 2), suggesting 380 

the model result serves as an upper limit for pSr and POC export flux in the surface SAZ.  381 

  382 
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Table 2 383 

Model Results of Acantharian Flux, Acantharian Carbon Contributions and Total Carbon Flux in Upper 200 m in the Southern Ocean Zones 384 

Note. 
# 

The surface dSr concentration represented the average dSr concentration in the upper 200 m. The dSr concentration in Circumpolar Deep Water was 88.6  385 

0.05 mol kg
-1

, averaged below 3000 m depth. dSr in the STZ was 87.33  0.03 mol kg
-1

. For the STZ dSr concentration, stations 4 and 7 from SR3 were chosen.  386 

⁋ 
For the CZ dSr and NO3

-
 concentration, stations 58, 61 and 66 from SR3 were selected.  387 

§
 For AZ+PFZ, stations 31,35 and 105 from SR3 were selected.  388 

¶
 For SAZ, stations at SOTS from SOLACE were chosen. 389 

¥
 The errors of both Acantharian fluxes and contributions (1σ) were determined based on the errors of dSr, NO3

-
concentrations and C:Sr ratio. 390 

&
 The NO3

-
 concentrations represent the value at approximately 100 m as NO3

-
 regeneration occurs below this depth.  391 

 392 

Zone Area 

(m
2
) 

Value of 

dominant 

parameter 

(Sv) 

Surface Sr 

(mol kg
-1

)
 #
 

Maximum 

Acantharian 

flux (mg Sr 

m
-2

 d
-1

)
 ¥
 

Acantharian 

carbon flux 

(mg C m
-2

 d
-1

)
 

¥
 

Contribution 

to annual 

POC flux 

(%)
¥
  

NO3
-
 

concentration 

(µmol kg
-1

)
& 

Annual POC 

flux 

(mg C m
-2

 d
-

1
)
&

 

Annual POC 

flux  

(mol C m
-2

 

yr
-1

)
&

  

CZ 1.2210
13

 A    = 24      88.46  0.04
⁋
  2.2  1.0 0.26  0.12 0.8  0.4 29.56 ± 0.01

⁋
 33.31 ± 0.19 1.013 ± 0.006 

AZ+

PFZ 

1.2210
13

 mPF = 6.18  88.24  0.04
§
 0.0  0 0 27.12 ± 0.01 

§
 0 0 

 mPF = 0        1.1  0.3 0.13  0.04 1.2  0.4 

 

 11.00 ± 0.06 0.335 ± 0.002 

SAZ  2.4410
13 mST= 7.12, 

mPF = 0      

87.79  0.05
¶
 0.0  0 0 15.62 ± 0.01

¶
 0 0 

 mST   = 0, 

mPF = 6.18   

 1.7  0.3 0.20 ± 0.05 0.5  0.1  36.56 ± 0.05 1.112 ± 0.001 
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4.4. Decoupling of Surface dSr and Sr Fluxes at 1000 m  393 

The surface dSr concentration at the SOTS site remained relatively constant throughout the year, 394 

showing a decoupling from the apparent seasonality observed in pSr fluxes at 1000 m (Figure 395 

4). One potential explanation was that horizontal mixing homogenized surface dSr 396 

concentrations. To test this hypothesis, we applied the 2-D model to the observed Sr fluxes from 397 

sediment traps at 1000 m, where adjustments were made to the mixing terms (mST and mPF) to 398 

align the modelled dSr with the observed concentration while keeping other parameters constant. 399 

Using this approach, we found that most variations in dSr could be eliminated by adjusting the 400 

mixing terms (Figure S3). However, when pSr fluxes were notably high, such as in the summer 401 

of 2018 and 2020, the model consistently yielded a lower dSr compared to observations by 0.2 – 402 

0.3 μmol kg−1, even with adjustments to the mixing terms. Moreover, the model yielded mean 403 

values of 7 and 0.6 Sv for mST and mPF across the sampling years, resulting in a pSr flux in the 404 

SAZ at 200 m of 0.24 mg C m−2d−1 , considerably lower than the estimated Sr flux of 1 405 

mg C m−2d−1 from the sediment traps.  406 

 407 

The observed decoupling between dSr and sediment traps suggests that factors beyond mixing 408 

may contribute to these discrepancies. One plausible explanation is that the potential difference 409 

in integration times is represented by dSr and sediment trap-derived pSr. dSr reflects the long-410 

term integration of Sr cycling processes. Changes in dSr occur on the hundreds to thousands of 411 

year time scale due to the long residence time of dSr in the ocean (Figure S4). This prolonged 412 

residence time hinders the detection of any discernible seasonal changes in dSr. Conversely, 413 

sediment trap-derived pSr fluxes are snapshots of a particular stage in the dSr seasonal cycle, 414 

representing weekly/monthly means. Moreover, the growth and increase in the population of 415 

Acantharia may take months, while the senescence and sinking could occur in a few days. This 416 

suggests that the time required for mixing to replenish dSr is likely longer than the duration of 417 

peak pSr fluxes to the traps. Additionally, the impact of pSr on dSr concentration was limited, 418 

with a maximum measured value (100 nmol kg
-1

) contributing minimally (~0.1%) compared to 419 

the concentration of dSr (~88 µmol kg
-1

). It is important to emphasize that sediment traps might 420 

capture surface collection over a broad region due to eddy and mean flow advection (Siegel and 421 

Deuser, 1997), potentially leading to inaccurate particle flux measurements.  422 
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4.5. The Contribution of Acantharia to Downward Particle Flux    423 

The relative importance of Acantharia in export fluxes at 200 m compared to calcareous plankton 424 

was assessed by analyzing the slope of the linear regression between dissolved Ca and Sr 425 

concentrations. For SR3 samples, the slope was 0.016 (R
2
 = 0.83), and a similar slope was 426 

obtained from SOLACE samples at 0.012 (R
2
 = 0.78) (Figure 7). Assuming a Sr/Ca ratio of 427 

0.0015 mol mol−1 in biotic calcite and 13.6 mol mol−1 in celestite (Steiner et al., 2020), this 428 

suggests that the contribution of SrSO4 produced by Acantharia to the total amount of CaCO3 + 429 

SrSO4 export fluxes was 1.4% and 1% for SR3 and SOLACE samples, respectively. In other 430 

words, this indicates that Acantharia’s role in the export flux was significantly less pronounced 431 

compared to calcareous plankton in the study region. This is supported by the sediment trap 432 

results, which showed that annual mass flux at 1000 m was mainly composed of CaCO3 (65%), 433 

while SrSO4 made up, on average, ~1% of material captured in the traps (Figure S2).  434 

 435 

Both the model-derived and sediment trap-derived Acantharian POC fluxes suggest their annual 436 

contribution to the total POC flux was negligible (~1%). Nevertheless, sediment trap 437 

measurements might underestimate pSr flux, primarily because only preservatives were 438 

measured for dSr concentration in >1mm fractions, potentially leaving undissolved Acantharia in 439 

samples, especially during periods of high Acantharia flux that could prevent further dissolution 440 

due to elevated dSr concentration in the preservative (Belcher et al., 2018). Moreover, for <1mm 441 

Figure 7. Salinity-normalised Ca and Sr concentrations from SOLACE and SR3 voyages for 0 – 100 m. Regression 

line is denoted by a blue solid line. The top-left corner displays the slope and its associated error, the R-squared value, 

and the percentage of SrSO4 relative to the total SrSO4 + CaCO3 flux. The 1 standard deviation of the individual data 

points is depicted at the bottom-right corner of the plot. 
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fractions, only particulates were measured for dSr concentration, potentially resulting in an 442 

underestimation of the flux value due to possible dissolution or fragmentation during the 443 

sediment trap deployment period, despite the addition of SrCl2 to the preservative (Bernstein et 444 

al., 1987; Wynn-Edwards et al., 2020b).  445 

 446 

Although the annual mean contribution of pSr fluxes to POC fluxes was generally low, their 447 

contributions became more pronounced during the productive season, as observed in the 448 

summers of 2018 and 2020 in this study, with a maximum contribution of ~7% to POC flux. 449 

This seasonal pattern aligns with findings in other high latitude studies, and the maximum 450 

Acantharian POC fluxes (0.33 mg C m−2d−1 ) registered at 1000 m fall within the range 451 

estimated by these previous investigations (Figure 8). Martin et al. (2010) reported elevated 452 

Acantharian POC fluxes of 0.45 mg C m−2d−1 at 2000 m during a spring bloom in the Iceland 453 

Basin, which accounted for up to 48% of the POC export flux. However, considering the annual 454 

POC flux, the contribution of Acantharia in the Iceland Basin is likely to remain relatively low 455 

(<1-2 %), due to minimal Acantharian fluxes at other times. Similarly, Decelle et al. (2013) and 456 

Belcher et al. (2018) measured Acantharian fluxes in the Scotia Sea at 1500 m and 2000 m, 457 

respectively. They found higher Acantharian fluxes in austral summer and significantly lower 458 

fluxes at other times of the year. However, Decelle et al. (2013) reported a much lower 459 

maximum Acantharian POC flux of 0.14 mg C m−2d−1 compared to 5.11 mg C m−2d−1 reported 460 

by Belcher et al. (2018). This indicates that the magnitude of Acantharian fluxes varies from 461 

year to year. Moreover, the Decelle et al. (2013) study likely underestimated pSr flux as only 462 

preservatives were measured. Additionally, the high Acantharian fluxes observed by Belcher et 463 

al. (2018) are likely associated with unusually high POC fluxes, reaching a peak of 30 464 

mg C m−2d−1 in December, surpassing values observed in the study of Decelle et al. (2013) at 465 

~4 mg C m−2d−1.  466 

 467 

4.6. The Role of Acantharia in POC Export  468 

The unexpected co-sedimentation of Acantharia and POC at 1000 m traps contradicts the 469 

observed sequence where cyst formation precedes POC blooms. This sequence is hypothesized 470 

to result from the need of swarmers and juveniles to escape predation and access to higher 471 
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nutrient and organic matter concentrations (Spindler and Beyer, 1990; Martin et al., 2010; 472 

Decelle et al., 2013). The simultaneous peak of all particles implies that they were exported in 473 

the form of aggregates (Honjo et al., 2008; Boyd et al., 2019), suggesting a potential role for 474 

Acantharia in contributing to POC export through ballast. The denser Acantharian shells or 475 

skeletons (3.96 g cm−3), compared to the dominant ballast of diatom frustules (2.65 g cm−3) or 476 

coccoliths (2.71 g cm−3) in the SAZ, positions Acantharia as an effective ballast for POC export 477 

through rapid sinking (Martin et al., 2010; Decelle et al., 2013). Based on observed particle 478 

fluxes and their respective densities, Acantharia have the potential to elevate the density of total 479 

ballast (composed of SrSO4, SiO2, and CaCO3) by up to 11% during the productive season. 480 

 481 

 482 

The observed subsurface pSr maximum suggests a potential prevalence of symbiotic Acantharia 483 

in the euphotic zone (Figure 3b). Despite Phaeocystis antarctica, a primary symbiont of 484 

Acantharia in the Southern Ocean (Decelle et al., 2012), dominating the phytoplankton 485 

community in the SAZ (Eriksen et al., 2018), the absence of a significant increase in the 486 

abundance of Phaeocystis antarctica during the phytoplankton blooms (Eriksen et al., 2018), 487 

Figure 8. Comparison of maximum Sr (left) and Acantharian-associated POC (right) fluxes from our sediment trap 

data to published literature values. Both Sr flux and Acantharian POC flux were corrected for CaCO3-derived Sr. 

Notice that the x axis is in log scale.  
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indicates the pSr flux peaks may not be associated with elevated productivity of symbiotic 488 

Acantharia. Additionally, the prevalence of symbiotic Acantharia in the euphotic zone makes 489 

them susceptible to dissolution during transport to bathypelagic depths. This further suggests that 490 

symbiotic Acantharia may not be the dominant contributor to pSr flux peaks. Recent sequencing 491 

data, however, presents the possibility that some symbiotic Acantharia may also reproduce at 492 

depth (Mars Brisbin et al., 2020). While symbiotic Acantharia might contribute to POC flux 493 

through zooplankton faecal pellets, the acidic microenvironments in zooplankton guts could lead 494 

to the dissolution of most Acantharia as this is hypothesized to induce CaCO3 dissolution in 495 

CaCO3-saturated seawater (Milliman et al., 1999). 496 

 497 

4.7. Potential Drivers of Acantharian Fluxes  498 

The sediment trap deployment across different years demonstrates that Acantharian fluxes vary 499 

seasonally, and high fluxes are recurrent each year in January/February in the SAZ. The positive 500 

correlation between maximum pSr flux at 1000 m trap and surface chlorophyll a concentration 501 

(Figure 5), as well as the positive correlation between pSr concentration, pP and fluorescence 502 

concentrations (Figure 3), indicates that the Acantharia sinking flux is indeed linked to 503 

phytoplankton productivity, as hypothesized by Martin et al. (2010) and Decelle et al. (2013). 504 

During phytoplankton productive season, Acantharia can rapidly increase their population size 505 

by actively feeding on the plankton (Henjes et al., 2007; Jacquet et al., 2007). Subsequently, they 506 

form dense cysts to rapidly sink to bathypelagic depths to release swarmers. In addition to 507 

productivity, temperature emerges as a crucial driver of elevated Acantharia biomass in summer, 508 

given their abundance in tropical and subtropical waters (Decelle and Not, 2015). The pSr export 509 

flux peaks simultaneously with the second peak of POC during the period of highest ocean 510 

temperature (~12˚C) in this study, highlighting the importance of temperature maxima in 511 

initiating Acantharia productivity in high-latitude oceans. The rapid warming in the Southern 512 

Ocean (Gille, 2008) due to the southward migration of ACC fronts (Sokolov and Rintoul, 2009) 513 

introduces a potential impact on the contribution of Acantharia to POC flux. On the one hand, 514 

the warming is expected to stimulate growth rates of all pelagic organisms, including Acantharia, 515 

potentially elevating their significance in POC export flux. On the other hand, ocean warming 516 

will alter the seasonal extent of areas favourable for deep reproduction (e.g. Sorte, Williams and 517 
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Carlton, 2010), potentially leading to shallower sedimentation of Acantharia and a reduced 518 

contribution to POC export flux.  519 

5. Conclusions 520 

This study explores the role of Acantharia in Sr and C cycles in the Southern Ocean by 521 

examining dissolved and particulate Sr concentrations alongside sediment trap fluxes at 1000 m. 522 

The decoupling between surface dSr concentration and pSr flux at 1000 m could be attributed to 523 

the different integration time of Sr cycling represented by the two, and limited pSr impact on 524 

dSr. Acantharia are the primary driver of dSr, generating a vertical and latitudinal gradient of dSr 525 

in the Southern Ocean. Sediment trap data suggests that pSr fluxes are seasonal, with intense pSr 526 

flux events reoccurring annually which can be attributed primarily from Acantharia, despite 527 

CaCO3 making a major contribution to pSr flux in non-productive season. These high pSr flux 528 

events coincide with the secondary peak in POC export during the austral summer, highlighting 529 

the association of Acantharia biomass not only with productivity but also with ocean 530 

temperature. Despite the modest contribution of Acantharia to annual POC flux at 1000 m and its 531 

minimal importance in export flux compared to calcareous plankton, Acantharia can significantly 532 

contribute to POC export, particularly during the austral summer phytoplankton bloom 533 

development.  534 

 535 
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corresponding author (yaojia.sun@anu.edu.au). 563 
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