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ABSTRACT

Estimating the amount of organic carbon leaving the upper water column and becoming sequestered in the deep
ocean is a major challenge in our understanding the oceanic C cycle. This study investigate deep sediment trap
material collected at a 5 day resolution over a 4 month period covering the bloom in the northern Scotia Sea. This
region is characterised by extensive and long-lived phytoplankton blooms that collectively take up the greatest
amount of atmospheric carbon dioxide yet measured in the Southern Ocean. In particular, the study resolved
multiple peaks of POC flux during the northern Scotia Sea bloom resulting from distinctly different export
processes. This work also examine the contribution of diatoms and calcifying species to the POC flux as well as
determining FP (faecal pellet) characteristics, including biogeochemical composition and sinking velocity. Re-
sults showed that POC flux during the bloom was concentrated in three major POC peak events. The first two
POC peaks were large, of similar intensity (24.5 mg C m~2 d~! in early November and 22.5 mg C m~2 d~! in early
December), and were dominated by faecal pellets (FPs, 60-66%). FP biogeochemical composition during these
two POC peaks was characterised by a dominance of carbonate (>48%), as well as a higher sinking speed (up to
347 m d~!) compared with other FP in the rest of the samples. Results suggest that the large presence of calcium
carbonate in these FPs contributed to their relatively high sinking velocity which, in turn, promoted their higher
level of POC export to bathypelagic depths. Intact single cell diatoms were relatively important in the first POC
peak (mainly characterised by Fragilariopsis kerguelensis and Thalassionema nitzschioides), while detritus including
semi-grazed phytodetritus were more abundant during the second POC peak, suggesting a change in the upper
ocean C cycle between the two POC peaks. A third, smaller, POC peak (12.7 mg Cm~2 d™! in January) was
dominated by diatom resting spores, mainly Chaetoceros Hyalochaete sp. (>70% of total diatoms contribution),
which were, almost exclusively, fully intact cells. Our high resolution sampling allowed insights into short time-
scale processes that influence the ultimate magnitude of the substantial annual POC flux in this region. Overall
our findings highlights that the temporal sequence of biological events in the surface layers during the bloom has
a strong influence on both the magnitude and the composition of the fluxes.

1. Introduction

It follows that factors affecting the gravitational speed at which POC
sinks from the upper layers, including temperature, viscosity, mineral

A major challenge in our understanding of the oceanic carbon cycle
is estimating the amount of organic carbon that leaves the upper water
column and becomes sequestered in the deep ocean (Sanders et al.,
2016). The depth at which particulate organic carbon (POC) is remin-
eralised determines the timescales over which this photosynthetically
fixed CO, remains sequestered (Smetacek et al., 2012). Passow and
Carlson (2012), for instance, considered that POC making it into the
mesopelagic depth zone remains sequestered for 100 years or longer,
and this timescale increases the deeper the remineralisation takes place.
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ballasting, particle size, and composition, have a major influence on the
level of sequestration. Moreover, the mean depth of remineralisation is
further defined by export pathways that inject particles to depths before
decomposition begins (Boyd et al., 2019). As opposed to the passive
gravitational sinking of particles, on major means of particles injection is
through the vertical migration of zooplankton which release their C-rich
and fast sinking faecal pellets (FPs) deep in the water column.
Zooplankton release FPs in both the surface and deep phases of their
vertical migration and so contribute to both gravitational and particle
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injection pathways (Boyd et al., 2019). The relative contributions of
these pathways to total POC flux varies in both space and time which, in
turn, influences both the physical properties and the C content of sinking
particles.

The Southern Ocean (SO) plays a dominant role in global ocean C
uptake (Sarmiento et al., 1988). It supports an abundance of robust and
dissolution-resistant diatoms that can escape predation after the bloom,
often passing through surface layers intact and exporting their POC
content to the deep ocean, as single phytoplankton cells, aggregates, or
by transforming into resting spores (Boyd et al., 2000; Rembauville
et al., 2015, 2018; Salter et al., 2012). Resting spores are heavily silic-
ified cells that may further act as ballast within sinking aggregates
alongside calcifying plankton that are often very abundant in the SO and
can dominate carbonate fluxes (Accornero et al., 2003; Collier et al.,
2000). Nevertheless, this may not always be the dominant POC export
process and the repackaging of sinking cells through the release of FPs
by grazing zooplankton (Cavan et al., 2015; Manno et al., 2015) as well
as the production of exuvia through zooplankton moulting (Manno
et al., 2020), may make an equal if not greater contribution to C export
and sequestration. Hence both phytoplankton and zooplankton are
crucial contributors to C export in the SO and temporal changes in their
relative abundance will influence the nature and extent of the resultant
POC flux.

The present study focusses on the island of South Georgia, located at
the northeastern limit of the Scotia Sea, generates the largest meander in
the eastward flowing ACC (Thorpe et al., 2002). In response this regional
hydrography, South Georgia phytoplankton blooms develop to the
northwest of the island. South Georgia’s blooms regularly comprise
chlorophyll a (chl-a) concentrations >10 mg m™~ * and may be sustained
for four months or more (Korb et al., 2008). Chl-concentrations first
peak around November-December, with subsequent peaks between late
January and April (Borrione and Schlitzer, 2013). Iron run-off from the
island facilitates a spatially extensive and long-lived phytoplankton
bloom (Borrione and Schlitzer, 2013) and high levels of zooplankton
biomass (Atkinson et al., 2012a; Ward et al., 2012) which, together,
contribute to substantial export of C to deep waters.

Our previous work in this region revealed a recurrent seasonal trend
in POC flux with a high peak in the spring followed by a second, smaller
POC peak, during late austral summer-early autumn (Manno et al.,
2015, 2018; Rembauville et al., 2016). These POC peaks were mainly
driven by large zooplankton FPs (Belcher et al., 2017; Manno et al.,
2015). Nevertheless, the temporal resolution of these major flux events
remains constrained by the fact that generally deep sediment traps
integrate material over several weeks to months. This resolution does
not allow, for instance, discrimination of how different biological
pathways individually contribute to POC flux and how both the quality
and quantity of particles arriving at depth alters over POC peak flux
periods. High resolution insights into POC flux have particular value in
helping to identify which processes within the epipelagic ecosystem
have the greatest influence on determining the magnitude of the
sequestration flux.

In this study, we analyse deep sediment trap material collected ata 5
d resolution over the 4 month period covering the bloom to examine (1)
the quantity, type, and quality of sedimentary material, (2) the role of
ecosystem structure through identifying diatoms and calcifying species
and (3) the relative dominance of different POC export pathways
through determining FP characteristics, including biogeochemical
composition and sinking velocity. This work further compliments a
simultaneous process study at the sediment trap site (P3) (Fig. 1) by the
COMICS programme (this issue) during the bloom period. The COMICS
programme examined a range of epipelagic and mesopelagic properties
and processes at this site over 3 separate visits within a research cruise
during the course of the bloom in 2017. A major focus of COMICS was on
the various processes that attenuated the flux during its downward
trajectory. The present work provides context in determining how much
and what types of particles ultimately arrived in the deep ocean and over
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Fig. 1. Map showing the position of the P3 study site where sediment traps
were moored. The background colours represent chlorophyll a concentration
(MODIS Aqua) averaged for the study period. Grey arrows indicate altimetry-
derived geostrophic velocities (AVISO), also averaged for the study period,
and the thick black lines show the location of the Polar Front (PF) and Southern
Antarctic Circumpolar Current Front (SACCF) (Thorpe et al., 2002). Blue iso-
baths are the 1000 m and 2000 m isobaths (GEBCO). The map was created by L.
Gerrish, Mapping and Geographic Information Centre, BAS.

what timescales, and hence offers valuable insights into the importance
of comparatively short time-scale processes in determining the ultimate
size of the annual POC flux.

2. Methods

Sample collection- A bottom-tethered mooring was deployed at site P3
(52° 43.40'S, 40° 08.83'W; water depth 3800 m) in the north of the
Scotia Sea for 12 months in December 2016 during cruise JR17002
aboard RRS James Clark Ross (Fig. 1). Two sediment traps (McLane
Parflux sediment traps, 0.5 m? surface collecting area; McLane Labs,
Falmouth, MA, USA) were deployed on the mooring alongside temper-
ature/conductivity sensors (CTD SBE 37) and current meters (Aanderaa
Seaguard RCM IW). Each trap contained a carousel of 21 receiving cups
and was fitted with a plastic baffle mounted on the opening, to prevent
the entrance of large organisms. Prior to deployment, the receiving cups
were filled with sodium chloride buffered formalsaline solution (4%) to
arrest biological degradation during sample collection and to avoid
carbonate dissolution. The first sediment trap was deployed at 1950 m
and the carousel programmed to rotate every 5 days over a 105 day
period between mid-October 2017 and January 2018, covering the
bloom period. The second sediment trap was deployed at a depth of
2000 m, and the sample carousel programmed to rotate at intervals of
either 15 or 30 days over a 335 day period between January 2017 and
January 2018. For the scope of the present study, the second sediment
trap was analysed only to determine annual C flux so as to provide a
context for the high temporal resolution analysis of the first trap.

Sample splitting- Once in the laboratory, the supernatant of each cup
was removed by pipette and its pH was measured in order to check for
possible carbonate dissolution. Prior to splitting, swimmers, i.e.,
zooplankton that can enter the receiving cups while alive, were carefully
removed. Samples were first wet-sieved through a 1 mm nylon mesh and
the remaining swimmers were hand-picked under a dissecting micro-
scope. Large aggregates, fragments of moults and empty shell retained
by the mesh were returned to the sample. Each sample was then divided
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into three pseudo-replicate fractions for subsequent analysis using a
McLane rotary sample splitter (McLane Labs, Falmouth, MA, USA).

Biogeochemistry analysis- Replicate fractions were vacuum filtered
through pre-weighed and pre-combusted (550 °C for 5 h) GF/F filters.
Filters were then desalted through briefly washing with distilled water
and dried at 60 °C. Particulate organic C (POC) and total particulate C
(TC) were measured by combustion in an elemental analyser (CHN,
Exeter Analytical Inc. CE440 elemental analyser, accuracy +0.15%); for
POC determination, filters were pre-treated with 2 N H3PO4 and 1 N
HCL. To estimate calcium carbonate (CaCO3) particle fluxes, particulate
inorganic C (PIC) was obtained by determining the difference between
total particulate C (TC) and POC and multiplied by a factor of 8.33,
assuming that all inorganic carbon was in the form of calcium carbonate
(Accornero et al., 2003). Three blank filters were run every 25 samples.

Calcifying plankton analyses — Thecosome pteropods (hereafter
‘pteropods’) and foraminifera were counted and picked under a light
microscope (Olympus SZX16) from three sub-sample aliquots. Speci-
mens picked from the samples were rinsed with distilled water and air
dried for 24 h. For each sample, the pteropods and foraminifera were
separately combusted in a muffle furnace at 550 °C for 5 h to remove any
organic carbon. After combustion, the ash was air dried and weighed on
a microbalance to estimate the total amount of CaCOs attributed to
pteropods and foramanifera in each sample. The coccolithophore CaCO3
amount was indirectly estimated by analysing the amount of CaCO3 left
in the sample after the removal of pteropods and foraminifera (Manno
et al., 2018). Note that this indirect estimation allowed also the inclusion
of the coccolithophores contained in the FP fraction.

Diatom analyses - Diatom (including resting spores) enumeration and
identification was performed using an optical microscope (Olympus
BX51) following Hasle and Syvertsen (1997). An aliquot of each sample
was gently homogenized and 2 mL withdrawn and diluted to a final
volume of 20 mL using artificial seawater (salinity 34 PSU). Following
(Rembauville et al., 2015), we used a biological counting technique that
does not include any chemical treatment before counting and thereby
allows the separate enumeration of full and empty cells. Cells were
considered full when plasts were clearly visible and intact. Only full
diatoms were considered as exporting organic matter. Full diatom and
resting spores were converted to C using previously published
species-specific biomass values for diatoms in this region (Rembauville
et al., 2018).

Faecal Pellets analyses — FPs were counted and then classified with
respect to their morphology (i.e. ovoid, spherical, and cylindrical)
(Gonzalez, 1992; Gonzalez and Smetacek, 1994; Manno et al., 2010).
The dimensions of the first 60-100 pellets of each morphological type
observed for each sample were measured (length and width) using an
ocular micrometer, from which FP volume was calculated by the
geometrical formulas associated with the FP shapes (Gonzalez et al.,
2000). Several hundred FPs were picked to investigate their biogeo-
chemical contents in terms of CaCO3, bSiO5 and POC. For each station,
we selected an equal number of FP for each type/shape and within each
type we only selected the dominant volume range. The CaCOs, POC
contents within FPs were assessed following the same methodology as
for biogeochemical analysis. The amount of Biogenic silica in the FPs
was quantified by colorimetric analysis (Jasco UVIDEC accuracy + 1%).
bSiO2 was extracted following a progressive dissolution method in a
0.5M NaOH solution at 85 °C for 5 h (Demaster, 1991). An aliquot of
each sample was taken for analysis after every hour and the relative
silica data were extrapolated back to time zero to correct for the silica
originating from coexisting clay minerals (Demaster, 1991).

Biogeochemical (POC, and CaCO3) and biological (diatoms, FP,
calcifying plankton) fluxes were expressed in mg C m~2 d!, estimated
by dividing the total mass per sample by the time interval and the trap
collection area. Please refer to supplementary material data set.

FP sinking velocity was calculated only for the two most abundant
types/shape (oval and cylindrical) and for most dominant volume range
(0.008-0.009 mm?®). The experiment was performed only on FPs of
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similar volume to allow the assessment of the influence of FP contents on
sinking velocity. Potential sinking speed (m d ') was determined from
FP settling velocity (cm s™'), measured under controlled laboratory
conditions in a cold room at 4 °C. Each FP was added to a 1 L graduated
cylinder with filtered seawater (salinity 34 PSU). Each FP was placed at
100 mL under the seawater surface to avoid surface tension and allowed
to sink for 100 mL (i.e. 68 mm) to attain constant velocity (Bergami
et al., 2020). For each FP, the sinking velocity was calculated from the
average of the time taken to sink past two marked distances (10 cm
apart) (Belcher et al., 2017). Where possible, the sinking velocity of 40
FPs was determined for each sample. This measurement technique does
not take into account other types of interference from the natural
environment (such as temperature gradients and/or currents) and so
represents a “potential” relative sinking velocity of FPs as a function of
their shape, size and content.

Statistical analysis- A Kruskal-Wallis one-way ANOVA H-Test was
used to determine whether there were any significant differences with
regards to the different flux components and FP sinking velocity within
the sampling periods, having carried out prior tests for normality and
equal variance. Differences were considered significant where p < 0.05.

3. Results
3.1. Environmental conditions

Current meter data acquired during the sediment trap deployment
suggest that sampling was not subjected to major hydrodynamic biases
since mean current velocities close to the sediment traps were <12 cm
s71. We therefore assumed that no substantial lateral advection
occurred. Variability in current velocity and temperature was low dur-

ing the sampling periods (Table 1).

3.2. POC and CaCOs flux

On annual time scale, the low resolution POC flux in P3 range be-
tween 0.42 and 11.11 mg m~2 d !, with relatively low values from May
to Sep and maximum values in November-December (Fig. 2a). The high
resolution POC flux showed a significant temporal variability between
October—January, ranging from 0.78 to 24.90 mg m ™2 d~!, with two
main peaks at the beginning of November and of December and a third
smaller peak in January (Fig. 2b). CaCOj3 flux ranged between 9.91 and
74.97 mg m~2 d~ !, with the major CaCO3 peaks occurring in the same
periods as the first two POC peaks, but no subsequent CaCO3 peak
corresponding to the third smaller POC peak (Fig. 2¢). Overall, POC flux
in October—January represented 82.13% of the annual flux of POC for
the study period.

3.3. POC and CaCO3 components

FPs dominated the total POC flux in the first two peaks, while di-
atoms dominated the third minor peak in January, being the major
contributor POC flux throughout the wider latter period (Fig. 3a)
(Kruskal-Wallis one-way analysis of variance (ANOVA), FP, H = 8.43, p
< 0.05; Diatoms H = 7.60 p < 0.05; Detritus H = 10.09 p < 0.05). The
relative contribution of the different calcifiers to total CaCO3 flux varied
between each sampling period. The first CaCO3 peak was mainly driven

Table 1
Average of Current Speed (CS) expressed in cm s~
expressed in °C. SD is Standard Deviation.

1 and Temperature (T)

Nov Dec Jan Oct-Jan
CScm st 7.03 7.34 9.24 6.79
SD (+) 3.23 3.85 3.49 4.22
T°C 0.51 0.36 0.45 0.43
SD (£) 0.34 0.11 0.06 0.22
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Fig. 2. Variability of flux material expressed as mg m~2 d! from samples
collected by the sediment trap deployed at P3 a) annual trend of Particulate
Organic Carbon (POC), 2000 m; b) POC high resolution trend (Oct-Jan), 1950
m; ¢) Calcium Carbonate (CaCO3) high resolution trend (Oct-Jan), 1950 m.
Region between the dashed lines in a) represents the corresponding period in b)
and c). Light blue columns indicate the period when COMICS cruise DY086
visited the site (over three visits: P3A, P3B, P3C). Error bars indicate stan-
dard deviation.

by pteropods while coccolithophores were a secondary contributor
(Fig. 3b). Pteropods and coccolithophores made an almost equal
contribution to the second CaCOs3 peak. Peropods represent the non-FP
fraction of the flux while coccolithophores include both the FP and non-
FP fraction of the flux. The contribution from foraminifera was
comparatively low and less variable over the entire sampling period and
became comparatively more important at the end of the sampling
period.

3.4. Diatom assemblage

The diatom assemblage was mainly dominated by Fragilariopsis ker-
guelensis and Thalassionema spp (mainly T. nitzschioides) from October to
the last week of December, together accounting for >82% of total
diatom abundance. Other taxa (i.e. Eucampia antarctica, Navicula sp.)
made further small contributions. After this period, diatom resting
spores (mainly Chaetoceros (subgenus) Hyalochaete sp.) became increas-
ingly important (up to 70% of total diatom abundance) (Fig. 4 a). Most
diatoms within the sediment trap samples were empty but the amount of
full diatoms increased in January due to the presence of these resting
spores (Fig. 4b). It is also notable that an increase in the full/empty
frustule ratio occurred in November (during the first POC flux peak)
where full diatoms contributed up to 40% of the total diatom
assemblage.
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Fig. 3. Contribution (expressed as mg m2dYHofa) FP, diatoms and detritus
to POC flux; b) calcifying organisms (i.e. foraminifera, pteropods, coccolitho-
phores) to the CaCO3 flux, from samples collected by the high temporal reso-
lution sediment trap deployed at 1950 m at P3 during the 2017,/18 bloom. Error
bars indicate standard deviation.

3.5. FP assemblage, biogeochemical composition and sinking velocity

The distribution of FP shapes did not change between the POC peaks,
with oval and cylindrical types always dominating (Fig. 5a). Over the
entire period, oval, cylindrical and spherical FPs contributed 56%, 35%
and 8% of the total FP assemblage respectively.

FP biogeochemical composition was, in general, dominated by bSiO,
(up to 66%) (Fig. 5b), except for the first and second peak flux periods
where FP composition was mainly dominated by CaCO3 (48% and 43%,
respectively). POC made up 22-27% of the total biogeochemical
composition of FPs throughout the study period except during the last
two weeks of January, where it increased to 40%.

FPs volume ranged between 0.003 and 0.04 mm?®, with the most
abundant FPs being between 0.008 and 0.009 mm® (comprising 40% of
all FPs). Across all FP volume, oval FPs were the dominant type, fol-
lowed by cylindrical and then spherical (Fig. 6a).

FP sinking velocity was very similar between the two FP types and
ranged from 255 to 347 m d ™! for oval FPs and 236-335 m d ™! for cy-
lindrical FPs. For both FP types, sinking velocities were significantly
higher during peak flux periods (oval H = 6.7 p < 0.01, cylindrical H8.9
p < 0.01) (Fig. 6b).

4. Discussion

At the P3 study site, POC maximum flux we observed (25 mg m ™2
d™!) was the same order of magnitude as previous observations in this
region (Manno et al., 2015; Rembauville et al., 2016; POC flux up to 23
mg m 2 d’l), and other iron-fertilized sites in the Southern Ocean
(Rembauville et al., 2015; Salter et al., 2012; POC flux up to 27 mg m—2
d—1). POC flux during the bloom represented 82% of the total annual
POC flux with a significant fraction (40%) occurring during three peak
flux events. The composition of fluxed material differed distinctly be-
tween each of those events. While the first two POC peaks were domi-
nated by FPs, the last was mainly driven by diatom resting spores. Our
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Fig. 4. a) contribution (expressed as % of total abundance) of resting spores,
Fragilariopsis kerguelensis (Frag), Thalassionema nitzschioides (Thal) and other
diatoms to the diatom assemblage captured by the high resolution sediment
trap deployed at 1950 m at P3 during the 2017/18 bloom b) Full versus empty
diatoms (expressed as % of total abundance). Black arrows indicate the timing
of peak POC flux events.

results suggest that, over the period of the bloom, most POC flux
occurred in short bursts of periods of less than 10 days. Such short-lived
events are difficult to capture through ship-based oceanographic sam-
pling. For instance, while the COMICS cruise DY086 visited the P3 site
three times over a 35 day period (Fig. 1), the first POC peak flux
occurred before of the first visit (P3A), the second took place during
second visit (P3B) and the third sometime after the last visit (P3C). This
emphasises the value of combining different sampling approaches to
gain a full oversight of the time-course of POC flux.

4.1. Role of FPs as vectors of POC

The two largest POC peak flux periods, in early November (23 mg
m2d 1) and early December (22 mg m 2 d’l), were both driven by FPs
which contributed 60% and 66% to total POC flux respectively. The
critical role of FPs as a vector in the downward transport of carbon in the
Scotia Sea has already been highlighted in previous studies (Belcher
et al., 2017; Liszka et al., 2019; Manno et al., 2015, 2020). Usually
sinking velocity of FPs (e.g. Atkinson et al., 2012b, Belcher et al., 2017)
can be more than one order of magnitude higher than diatoms (0.7-30
md e.g. Gemmell et al., 2016; Passow, 1991; Miklasz and Denny,
2010). However, our quantification of the relative biogeochemical
contents of FPs, and the ways these affect sinking speed, represent a new
level of understanding of how this flux is modulated. In the present
study, we found that the biogeochemical composition of FPs during the
two major POC peak flux periods differed from that found at other times
during the study period. Specifically, during both the early November
and early December POC peaks, carbonate was the dominant biogeo-
chemical component of FPs while biogenic silica dominated at other
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composition (expressed as % in terms of relative weight) with regards CaCOs3,
POC, bSiO, and other components from samples collected by the sediment trap
deployed at 1950 m at P3 during the 2017/18 bloom. Black arrows indicate the
timing of peak POC flux events.

times.

Furthermore, FP sinking velocity during the two largest POC peaks
(320-347 m d~!) was 19% higher than at other times. It has previously
been recognised that diatom silica frustules tend to produce denser,
faster-sinking FPs (i.e. Ploug et al., 2008). Here we suggest that the large
presence of carbonate in these FPs, which has a molecular weight higher
than particulate biogenic silica, is responsible for their relatively high
sinking velocity which, in turn, promotes a higher level of export to
bathypelagic depths. We can assume that the residual amount of mate-
rial (<5% overall the samples) in the FP was made up of lithogenic
content. However since the amount was relatively small and had a low
variability over the study period (e.g. 2<x<5%) we can assume that the
relative influence of this material as ballast within the FPs was almost
negligible. A further feature of FPs was that FPs samples with high (and
similar) % CaCOj3 content grouped together with FPs with high (and
similar) sinking velocity, and the rest of the Fps samples having lower
(but variable) % CaCOs3 content grouped together with relatively lower
(and less variable) sinking velocity (Fig. 7b). This feature was observed
for both the oval and cylindrical types of FP (Fig. 7b). This observation
highlights that, with regards to the export potential of FPs, when size is
similar, it is the contents and not the shape of the FP that matters most.
Previous study showed that ballasting from carbonate aggregate resul-
ted in higher sinking velocities than aggregates ballasted by opal
(Iversen and Ploug, 2010). Further (Laurenceau-Cornec, 2015),
observed a correlation of particle sinking velocity with size only within
homogeneous sources of aggregates. While an FP that is filled with
CaCOj3 contains less POC, such FPs have a greater sinking velocity and
hence chance of making it to depth. Our observations further suggest
that, even though amount of POC per FP is relatively low (Fig. 5b), this
greater export efficiency and transfer might explain the higher POC flux
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Fig. 6. a, Faecal pellet class volume abundance and relative contribution for
each faecal pellet type (i.e. oval, round, cylindrical) b, Faecal pellet sinking
rates (expressed as m d’l), oval (top), cylindrical (bottom) from samples
collected by the high resolution sediment trap deployed at 1950 m at P3 during
the 2017/18 bloom.

observed during the bloom period in November and December (Fig. 2).

The dominant biogeochemical FP content within flux peaks match
well with the dominant biological components of the flux during these
events (e.g. calcifiers versus diatoms). This observation suggest that FPs
content is a function of the community structure present in the water
column. In particular, a dominance of carbonates within FPs corre-
sponds well with peaks of CaCO3 flux generated by calcifying plankton
in sediment trap samples (Fig. 7a). Both shelled pteropods and cocco-
lithophores strongly contribute to the calcium carbonate peaks (up to
56% and 36% respectively), with foraminifera making a further minor
contribution (up to 18%). Periods when pteropods but not coccolitho-
phores were abundant in sediment trap samples, such as during the
second week of December and in January, did not correspond to periods
when carbonate content within FPs was also high. This observation is in
agreement with previous work by Manno et al. (2018) in the same re-
gion, who found that carbonate content of FPs was mainly of coccoli-
thophore origin. Despite the fact that single-celled coccolithophores are
commonly associated with low POC flux (Klaas and Archer, 2002), this is
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not the case when they become repackaged in FPs and enhance export
efficiency through acting as ballast. Conversely, pteropod shells are too
large to be consumed by mesozooplankton. Furthermore, pteropods
within our sediment trap samples were mainly empty shells suggesting
that their organic contents had been ingested during predation and their
carbonate shells had not been consumed for subsequent egestion in FPs.
Empty shells are often generated through predation activity by gym-
nosomatous (non-shelled) pteropods such as Clione spp., who feed
almost exclusively on shelled pteropods, using tentacles to grab the shell
and extract the soft body tissue (Conover and Lalli, 1972).

4.2. Role of diatoms and organic detritus as vectors of POC

We found that, during the first peak in November, single cell diatoms
made a substantial contribution to POC flux (39%). The diatom assem-
blage was dominated by intact cells of F. kerguelensis and T. nitzschioides
which have robust and heavily silicified silicified frustules. Previous
studies investigating the diatom assemblage in the water column in this
region (Korb et al., 2012) show variance between seasons with a
dominance of weakly and heavily silicified diatoms in the early spring
and summer-autumn season respectively (e.g. M. adele, C. pennatum, T.
nitzschoides and Fragilariopsis spp). In this study, the dominance of
F. kerguelensis and T. nitzschioides in the sediment trap during Nov-Dec,
highlights preferential export of high siliceous species to the deep ocean.

Conversely, in the second POC peak at the beginning of December,
contributed more than single cell diatoms contributed less than organic
detritus (e.g. fragments of organic tissue, moults, FPs, and semi-grazed
phytodetritus) (5% vs 28% respectively), suggesting a biological shift
in the surface ocean. Surface ocean samples collected during the
COMICS cruise showed a high abundance of diatoms (all >20 pm) with
Chaetoceros spp., Thalassionema nitzschioides, Fragilariopsis kerguelensis,
Eucampia antarctica, and Pseudo-nitzschia spp as common taxa) during
their first visit (15-22 Nov) just after the first flux POC peak (Ainsworth
et al., this issue) as well as high export fluxes mean: 646 mg Cm?d ! at
95 m depth; Giering et al., this issue) that were likely associated with
large diatoms (based on in situ imaging; Gonzalez et al., 2000 and pers.
comm.). This period was identified as a surface bloom, with the two
following visits (P3B: 29 Nov — 6 Dec and P3C: 9-16 Dec) capturing the
bloom decline, which was associated with a decrease in diatom biomass
(Ainsworth et al., 2022, this issue), a decrease in export flux (409 and
287 mg C m? d~! at 95 m depth, respectively; Giering et al., this issue)
and a decrease in the carbon flux measured in the deep sediment trap in
mid-December (down to 10 mg C m? d~}, Fig. 2, this study). The surface
observations hence match the deep sediment trap observations with a
shift from diatom-mediated export to export associated with partly
recycled material. It is important, however, to keep in mind that only a
small fraction of exported material will reach the deep sediment traps at
2000 m. Villa-Alfageme et al. (this issue) found that, during the COMICS
occupation, the average sinking velocity of particles at the base of the
euphotic zone was <60 m d ! (and increased consistently with depth
<120 m d~'at 450m) implying that the majority of particles would take
>1-2 weeks to reach sediment trap depth. Small detritus fragments and
FPs tend to be re-mineralised within the mesopelagic layer soon after
production, as observed in previous work in this region (Liszka et al.,
2019). Consequently, only the larger detritus fragment and FPs are likely
to contribute to the deep POC fluxes. This suggestion is also supported
by the observation that small FPs (<0.003 mm®, mainly produced by
copepods), though produced in high numbers, are poorly exported and
rarely reach the bathypelagic (Belcher et al., 2017). Indeed, we found
that only 2% of FPs collected in the sediment trap were smaller than
0.003 mm®. However, we cannot exclude that the variability between
the intensity of intact diatoms and detritus fragments within the sinking
material might also be indicative of different grazing pressures between
the two peak flux events. Thus another alternative explanation might be
that grazing pressure during the second peak was higher but generated
damaged diatoms through messy feeding (Mayor et al., 2014) which
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subsequently formed detritus fragment.

4.3. Role of resting spores as vectors of POC

We observed another small flux peak (12 mg m~2 dY) at the
beginning of the last week of January which was characterised by a
dominance of diatom resting spores (68%), mainly Chaetoceros (sub-
genus) Hyalochaete sp. These resting spores were almost exclusively
exported as fully intact cells. Despite diatoms having been linked with
high POC flux and low efficiency POC export (Armstrong et al., 2001)
this is not the case when they are in the form of resting spores
(Rembauville et al., 2016; Salter et al., 2012). Spore formation leads to
protection from grazing through the acquisition of heavily silicified
valves making them a less accessible food source and less prone to
remineralisation and repackaging. Resting stages are generally pro-
duced when environmental conditions are not optimal for growth. The
important role of diatoms resting spores as a POC vector to the bathy-
pelagic has been reported previously in this region (Rembauville et al.,
2018) as well as in the other naturally iron-fertilized Southern Ocean
islands (i.e. Kerguelen, Rembauville et al., 2016; and Crozet, Salter et al.,
2012). Our study area is characterised by a decrease in nutrient avail-
ability in summer (Korb et al., 2008; Nielsdottir et al., 2012) suggesting
that diatoms revert to this life stage at the onset of nutrient limitation in
early summer. In particular, silicic acid depletion can be substantial,
with concentrations near South Georgia reduced from winter values of
>30 mmol m~ % to <1 mmol m™ 3 by January (Whitehouse et al., 2000).
While our data do not allow us to understand why spore formation was
initiated, nutrient availability in the epipelagic zone was found to
decrease from November to January during present study period (sili-
cate dropped by ~1-2 uM and nitrate by ~1-2 uM; Ainsworth et al., this
issue). Furthermore, despite the fact that the resting spores of Chaeto-
ceros dominated the third peak flux event, it was not the dominant

phytoplankton species in sediment trap samples overall. Neither does
this species dominate the active phytoplankton community in the
epipelagic in this region (Korb et al., 2012). This observation is in
agreement with the study of Rynearson et al. (2013), which emphasises
how non-dominant species of phytoplankton community during a
transient life stage (such as resting spores) can contribute more to car-
bon flux than their more abundant counterparts.

5. Conclusion

Settling material collected by a deep sediment trap reveals how short
time-scale processes are the major influence on POC flux in the northern
sector of the Scotia Sea. The high temporal resolution of our sampling
design enabled us to detect multiple peaks of POC flux over the duration
of the bloom period, which would otherwise have remained unresolved
with more standard sampling designs. Our results highlight that similar
magnitudes of POC flux in the deep ocean (i.e. first and second peak
fluxes) may be generated by multiple different biological processes and
interactions in the surface layers. In particular, our findings show that
fast sinking FPs characterised by high CaCO3 content dominate the POC
peaks in November and December. The contribution of diatoms changed
between peak flux events with a dominance of single intact cells in
November, semi-grazed phytodetritus in December and resting spores in
January. Overall, this study emphasises the role of life cycles and trophic
interactions in conditioning the flux of POC. Furthermore, the temporal
sequence of biological events in the surface layers has a strong influence
on both the magnitude and composition of the fluxes that eventually
become sequestered. We advocate that studies combining water column
environmental conditions and high resolution sediment trap data are
essential for progressing our understanding of how ecosystem structure
and dynamics drive the processes that control POC export in the Scotia
Sea.
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