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Abstract
The abundance and flux of acantharian cysts were recorded for a period of 12 months from December 2012 to 2013 in a sediment trap deployed at 1500 m in the north-eastern Scotia Sea, Southern Ocean. Acantharia (radiolarian protists) are found globally, have very dense celestite skeletons, and form cysts which can sink rapidly through the water column. However, they are highly soluble in seawater and have rarely been found to contribute significantly to fluxes of particulate organic carbon (POC) in mesopelagic or bathypelagic zones. We measured fluxes of acantharian cysts of up to 2706 ind. m-2 d-1, which we estimate to drive a POC flux of 5.1 mg C m-2 d-1. These acantharian cyst fluxes are unprecedented in the literature, and accounted for 17 % of the annual POC flux at this site (0.5 – 26.0 %). The high fluxes of acantharian cysts (and associated high POC fluxes) measured highlight the pressing need for further research into the life cycles of Acantharia to understand what drives the mass flux of their cysts, and to determine the contribution of Acantharia to the biological carbon pump.

Introduction
The biological transfer of carbon from the atmosphere to the ocean interior (the biological carbon pump (BCP), Volk & Hoffert 1985) is an important part of global carbon cycles, and the depth that material is remineralised in the ocean is tightly coupled to atmospheric levels of CO2 (Kwon et al. 2009). Carbon can be sequestered via the BCP on timescales of centuries to millennia in the deep-sea, and it is therefore necessary to measure and understand the processes determining both the magnitude and efficiency of the BCP. One important determinant is the type of particle sinking out of the surface ocean (Turner 2015).
The diversity of particles exported out of the euphotic zone and transported to depth is high, reflecting the range of organisms producing and repackaging particles (Turner 2015). Sediment trap studies have noted large contributions of, for example, faecal pellets, diatoms and diatom resting spores (González et al. 2009; Steinberg et al. 2012; Manno et al. 2015; Rembauville et al. 2015; Belcher et al. 2017; Roca-Marti et al. 2017). More recently however, the important role of protists in marine ecosystems and particle flux has been highlighted (Biard et al. 2016; Guidi et al. 2016; Bochdansky et al. 2017). Protists are unicellular eukaryotes comprising many plant-like and animal-like organisms such as diatoms, dinoflagellates and radiolaria.
Acantharia are marine protists belonging to the Radiolaria subphylum. They are found globally and have celestite (strontium sulphate, SrSO4) skeletons, which is the densest known organic biomineral. However, they do not typically contribute significantly to sinking particle flux in the mesopelagic zone and below (Honjo et al. 2008), likely because seawater is undersaturated in strontium sulphate, resulting in dissolution of Acantharia skeletons as they sink through the water column (Beers and Steward 1970; Bernstein and Betzer 1991). Recently however, large fluxes of acantharian cysts were measured at depths of 2000 m in the Iceland Basin, highlighting that Acantharia can also contribute to fluxes in the bathypelagic zone despite their high solubility (Martin et al. 2010). Acantharia form cysts as part of their reproductive cycle, a process in which the spicules of the skeleton are reabsorbed and a thick celestite shell is deposited (Decelle et al. 2013). Cysts are typically larger than the vegetative acantharian cell, and, due to both their size and density, have high sinking rates (103-770 m d-1, Antia et al. 1993, Martin et al. 2010). These rates are high compared to those of individual diatom cells, typically <1-10 m d-1 (Smayda 1970; Waite et al. 1997), and to those of diatom aggregates of a similar size (<50m d-1, Iversen and Ploug 2013). Acantharian cysts sink rapidly out of the surface, and so it is thought that biflagellated swarmers  (presumably gametes) are released at mesopelagic and bathypelagic depths, either through pores or upon rupture of the cyst wall (Decelle et al. 2013). The reason for the release of swarmers at depth is not yet fully understood (Martin et al. 2010; Decelle and Not 2015), but as these cysts contain particulate organic carbon (POC) and have high sinking speeds, they have the potential to ballast POC to depth if they can survive dissolution in seawater.
Unlike much of the Southern Ocean, the Scotia Sea is highly productive, with large and long lasting phytoplankton blooms particularly in the region of South Georgia (Murphy et al. 2007b; Park et al. 2010). High fluxes of sinking particles have previously been recorded in this region, with faecal pellets highlighted as one of the main contributors to the POC flux , contributing between 36 and 2534 faecal pellets m-2 d-1 (Manno et al. 2015; Belcher et al. 2016, 2017). The Southern Ocean has an important role in global ventilation and the supply of pre-formed nutrients to the global ocean (Sarmiento et al. 2004) and it is therefore particularly important to identify the drivers of high POC flux in this region. Strontium fluxes were previously measured in sediment traps in the Scotia Sea, highlighting that Acantharia can contribute to POC fluxes here (Decelle et al. 2013). In this study, we make direct counts of Acantharia cysts, reporting for the first time extremely high numbers in sediment traps deployed in the bathypelagic zone of the Scotia Sea, Southern Ocean. We determine the seasonal variability in their flux, as well as their contribution to the POC flux. We show that acantharian cysts can make a significant contribution to the POC flux to the bathypelagic waters of the Southern Ocean, highlighting the need for future research to identify the environmental factors that could drive the reoccurrence of this type of high POC flux event over long timescales.
Methods
Sediment trap deployment
A sediment trap was deployed at a long term mooring site, P2 (-55.248 °N, -41.265 °E, https://www.bas.ac.uk/project/scoobies/, Fig. 1), in the Scotia Sea on 8th December 2012 during cruise JR280 aboard the R.R.S. James Clark Ross, and recovered on 2nd December 2013 on cruise JR291. The sediment trap was deployed at 1500 m in a water depth of 3350 m and was comprised of a plastic funnel with a baffle at the top (0.5 m2 surface area) and a narrow opening at the bottom, through which particles fall into 1 L sampling cups (McClane, PARFLUX Mark 78H-21). To prevent diffusion of the cup solution to the surrounding water, sodium chloride was added prior to deployment to achieve a salinity of 40 psu. Mercuric chloride (0.01%) was added to prevent microorganism induced biodegradation. Celestite is highly soluble in seawater and hence SrCl2 can be added to sediment trap preservatives to prevent the dissolution of Acantharia (Beers and Steward 1970; Bernstein and Betzer 1991). However, this was not added as the sediment trap was not deployed with the aim of studying Acantharia, and hence we likely underestimate the flux of acantharian cysts as we cannot account for any dissolution that may have occurred. The sampling cups were programmed to rotate after 14 to 31 days, with shorter periods set to coincide with expected periods of high productivity. Upon recovery of the sediment trap, the pH in each cup was recorded and the whole cup photographed. Swimmers, defined as zooplankton that were alive and intact on entering the trap, were picked out using tweezers and removed from the sample. Swimmers were not included in flux calculations. A rotary splitter, McClane Wet Sample Divider (WSD-10), was used to split each sample into a number of equal aliquots for further analysis. Mean current velocities at the P2 site in 2013 (measured with a Nortek Aquadopp current meter deployed on the mooring just below the sediment trap) were 0.11 (±0.06) m s-1. Hence we assumed that effects of lateral advection were minimal and did not affect sediment trap collecting efficiencies (Buesseler et al. 2007), and, as such, they are not considered in this study.
[image: C:\Users\annbel\Documents\PhD\Cruises\Acantharia work\acantharia_map_labelled.png]
[bookmark: _Ref504483627]Fig. 1: Location of sediment trap mooring (P2) in the Scotia Sea, Southern Ocean. White lines display mean frontal positions of the Antarctic Polar Front (APF)(Moore et al. 1999), Southern Antarctic Circumpolar Current Front (SACCF) (Thorpe et al. 2002), and of the Southern Boundary- Antarctic Circumpolar Current (SB-ACC) (Orsi et al. 1995). Bathymetry data (v18.1, released 2014) from Smith and Sandwell (1997).

Particulate organic carbon flux
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]For each sediment trap sample, 2-3 splits were analysed for particulate organic carbon (POC). The material in the split was filtered onto pre-combusted (450 °C, 24 h) glass fibre filters (25 mm diameter GF/F, Whatman), and oven dried at 50 °C. Filters were then fumed with 37% HCl in a vacuum desiccator for 24 hours, and dried for 24 hours at 50 °C. Filters and filter blanks were then placed in pre-combusted (450 °C, 24 h) tin capsules (Hilton et al. 1986), and POC measured on a CE-440 Elemental analyser (Exeter Analytical.285 Inc).
The flux of POC (F) captured in each sediment trap sample cup was calculated as follows:
,
							
where m is the mass of POC in the sample cup, d is the number of days that the trap was open (14-31 days) and A is the area of the sediment trap opening (0.5 m2).
Acantharia flux and carbon contribution
Acantharian cysts were identified at the order level using a combination of light microscopy (Olympus SZX16) and scanning electron microscopy (SEM TM3000, Hitachi). In this study we focus only on acantharian cysts, and their importance for flux, as adult stages did not make a significant contribution to trap samples. Acantharian cysts were counted and visually categorized by shape into two categories (oval and round, Fig. 2). We confirm that the cysts belong to Acantharia by conducting scanning electron microscope energy-dispersive X-ray (SEM-EDX) analysis (Fig. S1). For each sample, the dimensions of each morphological type observed were measured using an ocular micrometer. Acantharian cysts were then further categorised as small (<0.2 mm) and large (>0.2 mm) on the basis of shell length. 150-200 cysts were measured for each category. Acantharian volume was calculated (mm3) by the geometrical formulae associated with the shapes using the following equations, where rn is the radius along each dimension:


Number fluxes of acantharian cysts (FAC) were calculated using the following equation:
							
where NAC is the number of individual cysts (the average of 2-4 replicate counts). Volume fluxes were then calculated based on the dimensions of each class of acantharian cyst. The carbon flux associated with sinking acantharian cysts was estimated using a conversion factor of 0.048 mg C mm-3 based on measurements made on acantharian cysts in the East Greenland Sea (Antia et al. 1993). Although the carbon content of cysts may vary according to region and species, we believe the conversion factor of Antia et al. (1993) to be the most appropriate for our high latitude site. As dissolved Sr was not measured in the preservative, we make no correction for the possible loss of Acantharia via dissolution. The fluxes calculated here are therefore a lower bound estimate.
Environmental context
Mean monthly chlorophyll a and sea surface temperature (SST) data at 9 km resolution from the MODIS-Aqua Level-3 dataset were obtained from NASA Goddard Space Flight Center, Ocean Biology Processing Group (https://oceancolor.gsfc.nasa.gov/cgi/l3) for the period 2008-2015. Monthly values for the P2 site were derived by averaging the data values in a 55 km x 55 km box around P2.
Results and Discussion
Acantharian cyst flux
High fluxes of acantharian cysts were observed in the sediment trap samples, reaching a peak of 2706 ind. m-2 d-1 at the end of December 2012 (Table 1). Acantharian cyst fluxes decreased into January 2013, before reaching a second peak of 1029 ind. m-2 d-1 at the end of February. From March to the end of November 2013, total fluxes of acantharian cysts were low at < 45 ind. m-2 d-1. We refer to the period December 2012-February 2013 as period 1, and March-November 2013 as period 2 (Table 1).
[bookmark: _Ref505242426]Table 1: Fluxes of particulate organic carbon (POC) and acantharian cysts recorded in a sediment trap in the north-east Scotia Sea, Southern Ocean, Dec 2012-Dec 2013.
	Cup collection period
	Acantharian cysts
(ind. m-2 d-1)
	Acantharian cyst carbon flux
(mg C m-2 d-1)
	POC flux
(mg C m-2 d-1)
	Period

	Open
	Closed
	
	
	
	

	15/12/2012
	01/01/2013
	2706
	5.11
	29.58
	1

	01/01/2013
	15/01/2013
	1107
	2.22
	10.07
	1

	15/01/2013
	01/02/2013
	421
	0.77
	3.23
	1

	01/02/2013
	15/02/2013
	965
	1.91
	8.28
	1

	15/02/2013
	01/03/2013
	1029
	2.74
	10.65
	1

	01/03/2013
	01/04/2013
	36
	0.01
	1.37
	2

	01/04/2013
	01/06/2013
	42
	0.03
	2.63
	2

	01/06/2013
	01/07/2013
	35
	0.02
	0.54
	2

	01/07/2013
	01/08/2013
	37
	0.03
	0.76
	2

	01/08/2013
	01/09/2013
	22
	0.02
	0.78
	2

	01/09/2013
	01/10/2013
	32
	0.02
	0.93
	2

	01/10/2013
	01/11/2013
	36
	0.02
	4.91
	2

	01/11/2013
	01/12/2013
	45
	0.05
	1.37
	2



The peak fluxes measured during period 1 are extremely high in comparison to observations made previously in this region. Historical observations made on sediment trap samples at our study site reveal that acantharian cyst fluxes were lower between 2008 and 2011, < 673 ind. m-2 d-1 (C. Manno unpublished data, comprising abundances only).
Our observed peak acantharian cyst fluxes are also an order of magnitude greater than have been measured previously in the bathypelagic zone in other regions (Bernstein et al. 1992; Antia et al. 1993; Martin et al. 2010; Decelle et al. 2013, Table 2). Acantharia have rarely been found to contribute significantly to sinking particle flux to the ocean interior, likely due to the high solubility of Acantharia and their cysts in seawater (Bernstein et al. 1987; Honjo et al. 2008). Prior to our study, the highest fluxes of acantharian cysts to the bathypelagic zone were measured by Martin et al. (2010) in the Iceland Basin in spring. The authors report a sedimentation event of acantharian cysts, with fluxes up to 577 ind. m-2 d-1 at 2000 m. Antia et al. (1993) measured high acantharian cyst fluxes in sediment traps deployed at 100 m depth in the East Greenland Sea (~33000 ind. m-2 d-1). However, these rapidly diminished with depth, with fluxes of ~3000, 349 and 15 ind. m-2 d-1 at 500, 1000 and 2200 m respectively. Similarly, a rapid reduction in the flux of Acantharia (primarily cysts) with depth was observed in the Sargasso Sea between 400 and 1500 m (Bernstein et al. 1992). Michaels et al. (1995) deployed sediment traps in the Sargasso Sea at 150 m for periods of 2.5-4 days, recording fluxes of acantharian cysts of <1600 ind. m-2 d-1, with the exception of one very high flux of acantharian cysts of 12676 ind. m-2 d-1. As no sediment traps were deployed deeper than 150 m in the study of Michaels et al. (1995), it is not possible to know if this exceptionally high flux of acantharian cysts reached bathypelagic depths.
[bookmark: _Ref513108367]Table 2: Comparison of acantharian cyst fluxes measured in the literature. NA – not measured.
	Study
	Location
	Depth (m)
	Maximum acantharian cysts
(ind. m-2 d-1)
	Maximum acantharian cyst carbon flux
(mg C m-2 d-1)
	Maximum contribution to POC flux (%)

	This Study
	Scotia Sea
	1500
	2706
	5.11
	26

	Martin et al. (2010)
	Iceland Basin
	2000
	577
	0.45
	48

	Antia et al. (1993)
	Greenland Sea
	100
	33000
	10.8
	32

	
	
	500
	3000
	1.2
	5

	
	
	1000
	349
	0.13
	0.9

	
	
	2200
	15
	0.005
	<0.1

	Michaels et al. (1995)
	Sargasso Sea
	150
	12676
	0.74
	0.5

	Bernstein et al. 1992
	Sargasso Sea
	400
	1420
	NA
	NA

	
	
	1500
	8
	NA
	NA



[bookmark: _Ref349313815]We identified two different morphologies of acantharian cyst in our sediment trap samples, round and oval, and these were classified into small and large size classes (Fig. 2, Table 3). Oval acantharian cysts were identified as belonging to the order Holacanthida, and round cysts to Chaunacanthida. Cysts of similar morphology have previously been observed in the Weddell Sea, Antarctica with most occurring between 100 and 300 m (Spindler and Beyer 1990). Phylogenetic analyses by Decelle et al. (2013) suggest that orders Holacanthida and Chaunacanthida can be important to deep-sea protist communities and have a wide vertical distribution from the surface to the mesopelagic zone across sampled regions of the Indian, Pacific and Atlantic Ocean. The large acantharian cysts we measured had a mean length of 0.3 mm for both morphologies, whereas small cysts were 0.125 and 0.1 mm in length for round and oval morphologies respectively (150-200 cysts from each category were measured). In terms of numerical abundance, round acantharian cysts were dominant during period 1, whereas oval acantharian cysts were more abundant during period 2 (Fig.3 A). Larger acantharian cysts likely have higher sinking velocities (Martin et al. 2010) and hence could promote higher fluxes to the deep-sea.
	Dimension (mm)
	Small
	Large

	
	Round
	Oval
	Round
	Oval

	Length
	0.125 (0.018)
	0.10 (0.020)
	0.3 (0.026)
	0.3 (0.023)

	Width
	
	0.05 (0.011)
	
	0.1 (0.001)


Table 3: Mean dimensions (standard deviation) of each category of acantharian cyst collected in a sediment trap in the north-east Scotia Sea, Southern Ocean, Dec 2012-Dec 2013. 150-200 cysts were measured in each category.

[bookmark: _Ref496792385][bookmark: _Ref496792392]
[bookmark: _Ref506984770][image: C:\Users\annbel\Desktop\updated at sea\Acantharia- MannoBelcher\resubmitted\Fig.2 V2.png]
Fig. 2: Scanning electron microscope (SEM) images of acantharian cysts observed in sediment trap samples at 1500 m in the Scotia Sea. A) Oval type (order Holacanthida), B)+C) round types (order Chaunacanthida).
[bookmark: _Ref349313551] [image: D:\Post-Doc\manuscripts\Acantharia- MannoBelcher\resubmitted\Fig.3 V2.png]Fig. 3: Composition of acantharian cyst flux. The percent contribution of large round (black), large oval (grey), small round (white), and small oval (striped) to the number flux of acantharian cysts (upper), and their contribution to the acantharian cyst carbon flux (lower). Note the increased sampling frequency between December and February.
Contribution of acantharian cysts to POC flux
[bookmark: _GoBack]POC fluxes in December 2012 were exceptionally high (29.6 mg C m-2 d-1, Table 1) greatly exceeding fluxes of <4 mg C m-2 d-1 observed at the site between 2008 and 2011 (Manno et al. 2015). During period 1, the POC flux shows the same seasonal pattern as the acantharian cyst flux (Fig. 4), with the peak POC flux of 29.6 mg C m-2 d-1 corresponding to a peak acantharian cyst flux of 5.1 mg C m-2 d-1, at the end of December 2012. However, there is also a peak in POC (4.9 mg C m-2 d-1) in October 2013 that we do not observe for acantharian cysts. 
Acantharian cysts make the largest contribution to the total POC flux during period 1 when fluxes of acantharian cysts are high (Fig. 4). The peak in percent contribution (23-26%) occurred at the end of January and February, with a slightly reduced contribution at the end of December 2012 (17%) when fluxes of POC and acantharian cysts were highest. This is most likely due to the large amount of phytodetrital material in the December 2012 sample, which made a large contribution to the POC flux (author observations). During this period, large round cysts were dominant in terms of the contribution to the carbon flux (Fig. 3B). The contribution of acantharian cysts to the POC flux was <4% for period 2 due to low fluxes of acantharian cysts. The relative size of the large round cysts is such that even though their percent contribution to acantharian cyst flux decreased during period 2, they still dominated the acantharian cyst volume and POC flux (Fig. 3). Although most of the acantharian carbon flux (91%) occurred between 15th December 2012 and 28th February 2013 (period 1), there were still measureable fluxes throughout the year and the annual contribution of acantharian cysts to total POC flux was 17%.
These fluxes of acantharian cysts in the bathypelagic zone are unprecedented in the literature, highlighting that, as with other organisms such as diatom resting spores (Rembauville et al. 2016), Acantharia can make a significant contribution to the biological carbon pump during specific events. Martin et al. (2010) measured peak contributions from acantharian cysts of 48% to total POC flux but suggested that acantharian cysts did not account for more than 1-2% of total annual POC flux to their sediment traps at 2000 m in the Iceland Basin. In the Greenland Sea, acantharian cysts contributed 32% to the total POC at 100 m, but only 0.9 and <0.1% at 1000 and 2200 m respectively (Antia et al. 1993). In particular, it was the large round acantharian cysts (Fig. 2) that made the dominant contribution (>88%) to the acantharian cyst POC flux during the high sedimentation period (period 1) at our study site. This highlights the ability of an organism to have a significant impact on POC fluxes in the bathypelagic zone. Due to their composition, fluxes of acantharian cysts also contribute to the cycling of elements including strontium and phosphorous; these elements, however, were not analysed in this study.
Geographical variation in the contribution of acantharian cysts to bathypelagic zone POC fluxes may also relate to the level of celestite saturation in the water column. This depends not only on the concentration of celestite, and its ions (Sr2+ and SO42-), but also on ocean temperature, salinity and pressure (Rushdi et al. 2000). Indeed dissolved Sr concentrations vary both with depth and among ocean basins; de Villiers (1999) measured higher Sr concentrations in Antarctic Intermediate water (at ~450 m depth) in the South Pacific compared to the North Atlantic. Their data suggest that Sr has a ‘labile nutrient-like’ behaviour in the ocean with elevated surface values at high latitudes and areas of upwelling. Acantharian cysts are therefore less susceptible to dissolution in regions with higher dissolved Sr, and may be able to contribute more to bathypelagic zone POC fluxes in these regions. 
Decelle et al. (2013) estimated the Acantharia flux at our study site in 2008 based on measurements of dissolved strontium in the sediment trap sample preservative and the C:Sr ratio of Martin et al. (2010). They estimated fluxes of only 0.005-0.008 mg C m-2 d-1 at 2000 m, with highest fluxes in December 2008, which are lower than all fluxes we measured during 2012/2013 (0.01-5.1 mg C m-2 d-1). This suggests that Acantharia did not make a large contribution to POC fluxes at the P2 study site in 2008. However, the estimates of Decelle et al. (2013) only take into account dissolved Sr so rely on the assumption that all Acantharia were dissolved in the sediment trap sample. Since the sediment traps at P2 were not buffered with SrCl2, dissolution of Acantharia and their cysts would occur due to the high solubility of celestite in seawater (Bernstein and Betzer 1991). However, if fluxes of Acantharia are sufficiently high, then dissolution of Acantharia in the sample cup will increase the Sr concentration (essentially forming a buffer) and allow preservation of the Acantharia even in long term moorings (Michaels 1988; Antia et al. 1993). This may explain why both we and Martin et al. (2010), were able to observe acantharian cysts in sediment trap samples despite the lack of SrCl2 buffer. Based on 8.25 µg Sr per cyst (Martin et al. 2010), ~890-1400 individual cysts would need to dissolve in one cup of sediment trap preservative to elevate the dissolved Sr concentrations to ~37-55 mg Sr L-1 , i.e. the concentrations measured by Martin et al. (2010) when fluxes of acantharian cysts were high (149-577 ind. m-2 d-1). The estimates of Acantharia flux by Decelle et al. (2013) based on only dissolved Sr may therefore be an underestimate if fluxes of Acantharia were high enough to elevate the Sr concentration in the preservative to a level that would enable buffering and prevent further dissolution. Thus, our study highlights that both the particulate and dissolved fractions of sediment trap samples must be assessed to determine absolute Acantharia fluxes and their contribution to POC flux.

[bookmark: _Ref349311265][image: D:\Post-Doc\manuscripts\Acantharia- MannoBelcher\resubmitted\Fig.4 v2.png]
Fig. 4: Sediment trap fluxes of particulate organic carbon (POC, black solid line), carbon flux due to acantharian cysts (grey solid line, triangle markers), and the percentage contribution of acantharian cysts to the total POC flux (dashed, thick black line). Shown also (green dotted line) is the monthly mean satellite chlorophyll a concentration (mg m-3). The vertical grey dotted line marks period 1 and 2 defined by the magnitude of the acantharian cyst flux (see main text).
Potential environmental drivers of acantharian cyst fluxes
Our study and that of Martin et al. (2010) demonstrate that, despite the high solubility of Acantharia (Michaels 1991; Bernstein et al. 1992; Michaels et al. 1995), high fluxes of acantharian cysts can indeed reach bathypelagic depths; what drives these large flux events is however unclear. Martin et al. (2010) hypothesise that, in high latitudes, encystment could be triggered by high productivity associated with the spring bloom, resulting in rapid sinking to depth so that developing juveniles can utilise the pulse of POC following the spring bloom, whilst avoiding predation. Conversely, at lower latitudes where particle flux is typically lower and there is less seasonal variability, acantharian cyst dissolution has been observed to occur at shallower depths (Bernstein et al. 1992; Michaels et al. 1995). This difference in acantharian cyst fluxes between high and low latitudes could also be due to differences in cyst size and/or abundances of cyst forming species (Decelle et al. 2013).
It is possible that the extremely high flux of acantharian cysts that we observed in the 2012/2013 austral summer season is related to the fact that POC fluxes were also exceptionally high when compared to historical observations at this site (Manno et al. 2015). Although some Acantharia are mixotrophic through symbiosis with intracellular microalgae, cyst-forming Acantharia do not host symbiotic microalgae and hence can live in deep waters where there is no light, relying on prey and sinking organic matter for energy (Decelle et al. 2013). Very large interannual variations in POC flux were recorded in sediment traps deployed in the Northeast Atlantic, with evidence pointing to Radiolaria as key factors in the observed large pulses of highly enriched material (Lampitt et al. 2009). Like Lampitt et al. (2009), we suggest that some combination of ecological conditions drove high abundances (and/or high encystment) of, in our case Acantharia, and increased deep ocean flux. 
The P2 mooring is situated in a dynamic region, lying in the path of the Southern Antarctic Circumpolar Current Front (SACCF) (Fig. 1), which separates oceanic zones with distinct water mass properties (Orsi et al. 1995). These different water masses are associated with contrasting phytoplankton community composition and food web structure (Korb et al. 2010, 2012; Ward et al. 2012). Therefore, variability, both seasonally and annually, in the position of the SACCF (Boehme et al. 2008) could cause variation in the environmental conditions (and associated phytoplankton community) at our study site on these timescales. On longer timescales, anomalies in the sea surface temperature (SST) in the Scotia Sea can be generated through atmospheric teleconnections with the El Niño Southern Oscillation (ENSO), resulting in ecosystem fluctuations (Murphy et al. 2007a; Meredith et al. 2008).
[image: C:\Users\annbel\Documents\Post-Doc\manuscripts\Acantharia- MannoBelcher\submitted\Fig.5.png]
[bookmark: _Ref500597318]Fig. 5: A) Monthly mean satellite chlorophyll a (Chl) concentration (mg m-3) and B) monthly sea surface temperature (SST, °C) at the P2 site for the period 2008-2015. Data have been averaged over a 55 x 55 km box centred on the P2 site. The period of sediment trap analysis of this study is highlighted by grey shading. X-axis ticks mark January of each year.
The occurrence of peak fluxes of acantharian cysts in austral summer could be linked with productivity, as noted by previous studies (Spindler and Beyer 1990; Martin et al. 2010; Decelle et al. 2013). However, remotely sensed chlorophyll for the P2 site suggests that chlorophyll concentrations were atypically low (<0.4 mg chl a m-3) throughout the summer of 2012/2013 (Fig. 5). As Acantharia can feed on a variety of small particulate material including bacteria, micro and picoplankton, as well as copepods and other grazers (Caron and Swanberg 1990), in low chlorophyll years they may be able to outcompete species that are reliant on phytoplankton. Abundances of Acantharia measured by Antia et al. (1993) were high despite conditions of low algal biomass and productivity, suggesting that Acantharia can indeed thrive in low chlorophyll conditions. However, monthly remotely sensed chlorophyll data are limited by cloud cover, temporal averaging and shallow penetration depths. Therefore, we cannot rule out the occurrence of small scale, or patchy, phytoplankton blooms extending deeper in the water column. Indeed depth-integrated chlorophyll can be high in our study region (Korb et al. 2012). We observed a large amount of phytodetrital material in the December 2012 sediment trap sample, suggesting that productivity could have been higher than indicated by remotely sensed data.
Remotely sensed SST data reveals that the austral winter of 2012 was unusually warm compared to the winters of 2008-2011, with SST > 0°C (Fig. 5). Acantharia are most abundant in tropical and subtropical waters (Decelle and Not 2015), therefore the higher temperatures in our study region in austral winter 2012 may have been favourable to the growth of Acantharia.
Concluding remarks
This study is the first to document such high fluxes of acantharian cysts to the bathypelagic zone. Our data highlight that acantharian cysts can make an important contribution to POC fluxes in the bathypelagic zone, and that it is important to analyse both particulate and dissolved fractions of sediment trap samples to quantify these fluxes accurately. As we only observed one high acantharian cyst flux event, we can only hypothesise about the driving environmental conditions, and hence we are not able at present to assess the reoccurrence of such events. Our study highlights the need for further research into the life strategies and cycles of Acantharia to understand and predict the occurrence of high bathypelagic zone fluxes of Acantharia and assess their importance to the global biological carbon pump.
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