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An array of deep ocean sediment traps was initiated in 1997 within the Australian sector of the Southern Ocean,
and serviced annually for over a decade (the Subantarctic site is ongoing as part of the Southern Ocean Time Se-
ries). Here,we expand onpreviousfindings obtained from the shallow traps (~1000mdepth) in the Polar Frontal
Zone (PFZ) and Subantarctic Zone (SAZ) by examining the chemical composition and diatom assemblages col-
lected by sediment traps deployed at bathypelagic depths in the PFZ (1500 m depth; years 1997–1998, 1999–
2000 and 2003–2004) and SAZ (2000 and 3800 m; year 1999–2000). Additionally, the diatom assemblages of
the surface sediments below the trapswere analyzed to document how the seasonal signal is recorded in the sed-
imentary record. Analysis of the changes of the BSi:POC ratios with depth at both sites confirms previous work
suggesting that the decoupling between Si and C cycles in the Southern Ocean is not different from other biogeo-
chemical provinces of theworld's ocean. Comparison of the seasonalflux pattern registered by the traps indicates
that the diatomassemblages in the sediments of theAntarctic Zone and PFZmainly represent the summerperiod.
In contrast, the assemblages found in the sediments of the SAZ are a reflection of the spring and summermonths,
a period characterized by a larger variability in chemical and physical parameters. The strong correlation between
the POC fluxes and the relative abundance of a group of diatom species (mainly Pseudo-nitzschia and small
Fragilariopsis) in the PFZ traps suggest that there is an intimate relationship between the development of these
species and the POC pulses to the deepest layers of the water column in this region. Interestingly, analysis of
the diatom assemblages in the surface sediments reveals that the strong dissolution in the sediment-water inter-
face removed the signal of these “carbon sinkers” from the sedimentary record leaving the sediment assemblage
enriched in heavily silicified species.

© 2016 Published by Elsevier B.V.
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1. Introduction

Diatoms represent one of the largest biomass producers on Earth, ac-
counting for a significant fraction of the marine primary production
(30–40%; Nelson et al., 1995; Tréguer et al., 1995; Buesseler et al.,
2001). Diatoms use dissolved silica to build their skeletons (termed
frustules) through biomineralization, making the greatest share of bio-
genic silica (BSi) produced in the world's ocean (Ragueneau et al.,
2000; Tréguer andDe La Rocha, 2013). Therefore, diatoms are an impor-
tant component of the ocean's biological pump and silica cycle
(Ragueneau et al., 2006) and may play an important role in regulating
the exchange of CO2 between the atmosphere and the ocean over vari-
ous timescales (Sarmiento et al., 2004; Anderson et al., 2009).

The Southern Ocean represents the largest high-nutrient, low-
chlorophyll (HNLC) region in the global ocean. The limited influence
.S. Rigual-Hernández).
of surrounding land boundaries and generally low relief of the bottom
topography in the Antarctic Circumpolar Current (ACC) result in ex-
tremely low iron concentrations in its surface waters, which restrict
phytoplankton production (Jickells et al., 2005; Cassar et al., 2007;
Tagliabue et al., 2014). Despite the overall low algal biomass accumula-
tion, moderate increases in diatom abundances are often reported dur-
ing spring and summer across the iron-limited waters of the ACC (e.g.
Fischer et al., 2002; Green and Sambrotto, 2006; Grigorov et al., 2014).
This diatom growth takes up the bulk of the silicic acid upwelled in
the ACC eventually forming extensive diatom oozes on the sea floor. In-
deed, the burial of diatomBSi in the Southern Ocean constitutes the sin-
gle most important sink for silica in the world's ocean, accounting for
about one third of the total global marine BSi accumulation (Tréguer
and De La Rocha, 2013; Tréguer, 2014). The diatom remains preserved
in these deep-sea sediments carry imprints of the habitats in which
they were produced (e.g. Sea Surface Temperature - SST, sea-ice cover
and iron availability). Therefore, diatom frustules are widely used in
palaeoceanographic and palaeoclimatic reconstructions (e.g. Gersonde
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and Zielinski, 2000; Gersonde et al., 2005; Crosta et al., 2008; Armand
and Leventer, 2010; Ferry et al., 2015), particularly in high latitude sys-
tems where calcareous micro- and nano-fossils are often missing or not
systematically identified (Perch-Nielsen, 1985).

However, several physical, chemical and biological processes can se-
verely alter the original diatom assemblage complicating the interpreta-
tion of the sedimentary record. Some of these processes include lateral
transport by currents, dissolution, selective grazing and sediment
winnowing and refocusing (e.g. Sancetta, 1989; Boltovskoy et al.,
1993; Nees et al., 1999; Grigorov et al., 2014). Among these processes,
dissolution of the frustule in the water column and at the sediment-
water interface is probably the main factor responsible for the differ-
ences between the living diatom assemblages and those preserved in
the sedimentary record (Ragueneau et al., 2000; Jordan and Stickley,
2010). After cell death, the organic coating that protects the living dia-
tom cell is degraded by microbial activity, leaving the frustule exposed
to dissolution in thewater column (Passow et al., 2003). The dissolution
of the amorphous silica of the naked diatom frustules depends on the
degree of saturation of silicate (Hurd, 1972; Hurd and Birdwhistell,
1983), temperature (Kamatani, 1982) and surface area of silica exposed
to seawater (Hurd and Birdwhistell, 1983). The dissolution rate is also
influenced by the formation of aggregates and selective grazing, which
can increase or diminish the rate of silica dissolution in surface waters
depending on the grazer (Dugdale et al., 1995; Nelson et al., 1995;
Brzezinski et al., 1997; Dugdale and Wilkerson, 1998). Whereas some
zooplankton feeders such as large copepods and euphausiids, crunch
the diatom cells producing small fragments that enhance dissolution
processes (Hammet al., 2003), others can ingest entire diatom frustules
and produce faecal pellets that can act to protect the diatom cells from
dissolution (Gauld, 1957; Yoon et al., 2001).

The aforementioned processes also influence the strength of the bi-
ological pump. In the Southern Ocean, the fraction of CO2 dissolved in
the mixed layer would re-equilibrate with the atmosphere within
months, but the portion sinking to deeper layers and sediments will re-
main at depth for centuries or longer (Trull et al., 2001a; Smetacek et al.,
2012). Thus, the depth at which the cell content of diatoms is
remineralized determines the timescales during which the photosyn-
thetically fixed CO2 is sequestered from the atmosphere (Smetacek
et al., 2012). Some robust and dissolution-resistant diatom taxa, such
as the resting spores of Chaetoceros (Chaetoceros RS), Thalassiosira and
Eucampia antarctica, have been reported to be able to bypass the
mixed layer intact, therefore exporting their cell content to the ocean in-
terior (Salter et al., 2012; Rynearson et al., 2013; Rembauville et al.,
2014) where carbon can remain for long periods of time. Conversely,
the frustule and cell contents of lightly silicified diatoms are normally
readily recycled in the surface layer (unless aggregated and/or ballasted
by heavier particles) allowing the remineralized carbon to re-
equilibrate with the atmosphere on shorter timescales.

For these reasons, understanding the processes that diatom assem-
blages undergo from their initial production in the surface layer until
their eventual preservation in the sediments is of critical importance
to assess the information preserved in the sedimentary record and to
determine the role of diatoms in the biological pump and cycling of sil-
ica. Analysis of the diatom assemblages captured by the sediment traps
at different depths and in the surface sediments can be used to monitor
the changes that diatom assemblages and the labile components of the
flux undergo from their initial production in the upper water column
until their preservation in the sediments (e.g. Abelmann and
Gersonde, 1991; Honjo et al., 2000; Fischer et al., 2002; Romero and
Armand, 2010; Grigorov et al., 2014). This coupled approach can help
us to understand the processes occurring in the water column and the
functioning of the biological pump. Moreover, this understanding is
also needed to assess the usefulness of diatoms as indicators of
palaeoclimatic and palaeoceanographic reconstructions.

In this study we report on diatom and biogenic particle fluxes col-
lected by verticallymoored sediment traps deployed in the Polar Frontal
Zone (PFZ) and the Subantarctic Zone (SAZ) south of Tasmania. We ex-
pand on Rigual-Hernández et al. (2015b) findings in the upper ~1000m
of thewater column by adding new information on the diatom and bio-
genic particle fluxes registered by the deeper traps in the PFZ (1500m)
and SAZ (2000 and 3800 m). Additionally, we compare the diatom as-
semblages registered by the traps with those found in the underlying
sediments in order to determine how the seasonal signal on diatompro-
duction is recorded in the sedimentary record. Our results will allow for
better interpretation of the fossil record in the SAZ and PFZ of the South-
ern Ocean.

2. Regional setting and methods

2.1. Oceanographic and biological setting

The SouthernOcean is divided into several oceanographic zones by a
series of deep-reaching fronts (e.g. Orsi et al., 1995). These fronts, em-
pirically linked to contours of sea surface height (SSH) (Sokolov and
Rintoul, 2002, 2009a, 2009b), account for most of the water transport
in the Southern Ocean (Nowlin and Clifford, 1982; Rintoul and Trull,
2001). Between the fronts lie zones of weak flow and relatively homo-
geneous water properties. From north to south these fronts and zones
are the Subtropical Front (STF), the Subantarctic Zone (SAZ), the Sub-
antarctic Front (SAF), the Polar Frontal Zone (PFZ) the Polar Front
(PF), the Antarctic Zone (AZ) and the Southern Antarctic Circumpolar
Current Front (SACCF) (Fig. 1; Orsi et al., 1995; Sokolov and Rintoul,
2002, 2009a). In the region south of Tasmania, the fronts aremore tight-
ly grouped than in other sectors, due to the presence of the bathymetric
ridges to the north and south of the ACC (Chaigneau andMorrow, 2002;
Sokolov and Rintoul, 2002) (Fig. 1). The STF represents the boundary
between the warm and salty waters of the subtropical gyres to the
north and the colder and fresher Antarctic Intermediate and Subantarc-
tic ModeWaters of the SAZ to the south (AAIW and SAMW, respective-
ly) (McCartney, 1977). The SAF, which is found around 51°S, is the
strongest front of the Southern Ocean and main jet of the ACC. This
front represents the limit between the waters of the SAZ and the PFZ
(Fig. 1).

The SAZ and PFZ waters south of Tasmania exhibit HNLC character-
istics but with important differences between them. In the PFZ, concen-
trations of phosphate, nitrate and silicate remain high until at least
midsummer. In contrast, the surface waters of the SAZ exhibit low sili-
cate concentrations throughout the year (Rintoul and Trull, 2001;
Trull et al., 2001b; Bowie et al., 2011) (Fig. 1a). Moreover, the two re-
gions exhibit different physical properties that influence primary pro-
duction. The winter mixed layer in the SAZ can exceed 400 m depth,
whereas in the PFZ it is typically shallower than 200 m (Rintoul and
Trull, 2001). Both regions are Fe limited, but with variations in the sea-
sonality of Fe delivery, with winter mixing dominating the supply of Fe
to the PFZ, whereas this supply is augmented by greater aerosol and
shelf Fe inputs throughout the year in the SAZ (Bowie et al., 2009). As
a result of these different chemical and physical characteristics, both
zonal systems exhibit two quite different phytoplankton production re-
gimes. SAZwaters south of Tasmania are dominated by pico- and nano-
plankton, including coccolithophores, cyanobacteria, autotrophic flagel-
lates and lower abundances of diatoms. In contrast, the PFZ waters ex-
hibit more diatoms, as well as, coccolithophores, flagellates but low
abundance of cyanobacteria (Deacon, 1982; Wright et al., 1996; Popp
et al., 1999; Kopczynska et al., 2001; de Salas et al., 2011).

2.2. Sediment trap moorings and core tops

Sediment trapmoorings were deployed at two sites in the Southern
Ocean along the 140°E meridian: the 47°S site located in the abyssal
plain within the central SAZ (47°S, 142°E) and the 54°S site situated
on a local bathymetric high of the Southeast Indian Ridge in the PFZ
(54°S, 142°E) (Fig. 1, Table 1). These deployments were part of the



Fig. 1. a.Map of the SAZ project sediment trapmooring locations in relation to annual surface ocean silicate concentrations (Garcia et al., 2014). Sediment trapmooring locations 47°S, 54°S
and 61°S are represented with yellow triangles and the Southern Ocean Time Series (SOTS) site with a green circle. b. Bathymetric map showing the location of the core tops (red
diamonds) analyzed in this study. Core tops are as follows: 1, ELT36-5PC; 2, ELT53-14PC; 3, ELT36-6PC; 4, SO136-147BX; 5, MD972-108BX; 6, MD972-106G. GC refers to gravity core,
BX to box core and PC to piston core. Abbreviations: STF – Subtropical Front, SAZ – Subantarctic Zone, SAF – Subantarctic Front, PFZ – Polar Frontal Zone, PF – Polar Front, AZ –
Antarctic Zone, SACCF – Southern ACC Front and SB – Southern Boundary. Water masses and oceanic fronts from Orsi et al. (1995). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Australian SAZ project (Trull et al., 2001c). Themooring deployed at the
47°S site consisted of three automated McLane Parflux time-series sed-
iment traps (21 cups) attached to amooring line at approximately 1000,
2000 and 3800m depth. Themooring deployed at the 54°S site had two
sediment traps placed at 800 and 1500m. The seafloor depth at the 47°S
site is approximately 4500m and at the 54°S, 2300 m. Thus the deepest
traps were ~700 m above bottom at both locations. The two stations
were occupied quasi-continuously for the decade 1997–2007. Biogenic
flux data for the first year deployment 1997–98 can be found in Trull
et al. (2001a), whereas biogenic particle and diatom assemblage com-
position registered by the shallower traps at the 47°S site (1000m) be-
tween 1999–2001 and at the 54°S site (800m)during six-selected years
from 1997–2007 have been published by Rigual-Hernández et al.
(2015b).

Here, we present biogeochemical and diatom species fluxes of the
deep traps at the 47°S site (2000 and 3800m) for the period 1999–2000
and at the 54°S station for the periods 1997–1998, 1999–2000 and
2003–2004. In addition, the diatom assemblages from six nearby core
top sites (Fig. 1b, Table 2) were analyzed for comparison to sediment
trap assemblages. Core tops were recovered from RV Marion Dufresne
cruise 972 (MD972), RV Sonne cruise 136 (SO136) and RV Eltanin
cruises 36 and 53 (ELT36 and ELT53).

2.3. 2.2 determination of major constituents of the flux

The splitting procedure and chemical analyses of the b1mm fraction
were carried out following the methodology described by Bray et al.
Table 1
Summary table of SAZ project mooring stations, showing location, bottom depth, trap depth, d

Site and trap
depths

Deployment Deployment time Latitude Lo

Start End °S °E

54°S (PFZ) 1997–1998 53°45′ 14
800 m September 26, 1997 February 17, 1998
1500 m September 26, 1997 February 17, 1998

54°S (PFZ) 1999–2000 53°45′ 14
800 m July 21, 1999 August 29, 2000
1500 m July 21, 2000 August 29, 2000

54°S (PFZ) 2003–2004 53°44′ 14
800 m September 27, 2003 October 09, 2004
1500 m September 27, 2003 October 09, 2004

47°S (SAZ) 1999–2000 46°47′ 14
1000 m July 21, 1999 August 29, 2000
2000 m July 21, 1999 August 29, 2000
3800 m July 21, 1999 August 29, 2000
(2000); Trull et al. (2001a) and Rigual-Hernández et al. (2015b). A
total of 105 samples were processed for chemical analysis. Component
fluxes for individual cups over the collection period are provided in
Table 3. As the collection periods were shorter than a calendar year, an-
nual mean estimates were determined and are presented in Table 4.
These annual estimates take into consideration that unobserved days
occurred during the winter months when fluxes were low, therefore
the flux for the last winter cup was used to represent mean daily fluxes
during the unobserved period. For small gaps (i.e. 1–2 cups) between
samples outside thewinter period, geochemical anddiatomvalve fluxes
were estimated by linear interpolation between the preceding and
succeeding cups.

2.4. Siliceous microplankton sample preparation

A total of 91 sediment trap samples and six surface sediment sam-
ples were processed for siliceous microplankton analysis. For diatom
analysis a 1/10 split of the original sediment trap samples and 0.1–
0.5 g of each core top were processed. Each split was refilled with dis-
tilled water to 40 ml, from which 10 ml was subsampled and buffered
with a solution of sodium carbonate and sodium hydrogen carbonate
(pH 8) and stored at 4 °C in the dark for future calcareous nannoplank-
ton analysis. The remaining 30 ml was treated with potassium perman-
ganate, hydrogen peroxide, and concentrated hydrochloric acid
following the methodology used by Rigual-Hernández et al. (2015a).
The core top sediment samples were rinsed with distilled water and
prepared with the same methodology used for the sediment trap
eployment time and measured currents.

ngitude Bottom depth
m

Mean current speed cm
s−1

Maximum current speed cm
s−1

1°45′ 2280
8.3 22.6
4.8 18.5

1°45′ 2475
10.0 24.0
5.0 20.0

1°45′ 2205
9.0 20.0
– –

2°6′ 4400
6.03 23
– –
3.27 20



Table 2
Locations, depth and diatom valve concentration of the core tops recovered in the PFZ, SAZ and STS south of Australia along the ~140°E.

Core top Latitude (S) Longitude (E) Water depth (m) Zonal system Core depth (cm) Diatoms (x 106 valves/g)

ELT36-5 PC 53°02′ 139°59′ 2963 PFZ 3–10 195
ELT53-14 PC 54°11.5′ 144°57.2′ 2186 PFZ 3–10 429
ELT36-6 PC 54°32.5′ 140°03′ 3356 PFZ 3–10 274
SO136-147 BX 48°29.99′ 149°06.75′ 2177 SAZ 0–2 1
MD972-108 BX 48°29.3′ 149°6.3′ 2140 SAZ 0–2 3
MD972-106 GC 45°9.69′ 146°16.5′ 3310 STZ 0–2 4
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samples. Three replicate slides per sample were prepared following the
standard decantationmethod outlined by Bárcena andAbrantes (1998).
Qualitative and quantitative analyses were performed at ×400 and
×1000 magnification on an Olympus BH-2 compound light optical mi-
croscope with phase-contrast illumination. Several traverses across
the cover-slip were examined, depending on diatom valve abundance.
The resulting counts were converted into fluxes (in number m−2 d−1)
according to Sancetta and Calvert (1988) and Romero et al. (2009). Rel-
ative abundances of diatom individual taxa are given as percentages of
the total diatom assemblage in the traps and in the sediment. Concen-
trations of diatoms, silicoflagellates and radiolarians in the sediments
are given as number of valves or skeletons in 1 g of dry sediment.

2.5. Taxonomic notes

Taxa were identified by light microscopy (LM) and scanning elec-
tronmicroscopy (SEM). Differentiation between Pseudo-nitzschia lineola
and Pseudo-nitzschia turgiduloides was often difficult due to their poor
preservation in the samples. Therefore, these two species were grouped
under the category Pseudo-nitzschia cf. lineola in this study. The resting
spores Chaetoceros (Hyalochaete) were identified only at group level.
The Thalassiosira trifulta group includes all small Thalassiosira specimens
with similar morphological features that fit within the description pro-
vided by Shiono and Koizumi (2000), i.e. inward tubes of the
fultoportulae and a rimoportula located away from the valve margin.
The varieties of Thalassiosira gracilis were grouped together under the
category of T. gracilis following the recommendations of Crosta et al.
(2005) and Fryxell (1994).

2.6. Particle settling velocities

The estimated sinking rates for the diatom assemblages at themeso-
and bathypelagic depths of the PFZ and SAZ were calculated from the
time lag between associated peaks of BSi and diatom species and the
vertical distance between traps. The estimation of the settling velocities
was only possible for theparticle highfluxperiod at both siteswhen dis-
tinct peaks were identified at different depths (Fig. 2). The precision of
the calculation is limited by the duration of the sampling interval (8.5
to 14 days).

2.7. Efficiency of the sediment traps

Average ocean current speeds near trap depths during the deploy-
ments were b6 cm s−1 at 1000 and 3800 m at the 47°S site and
≤10 cm s−1 at 800 and 1500 m at the 54°S. These values are similar to
those reported by Trull et al. (2001a) for the first year deployment
and below the threshold above which significant hydrodynamic effects
on trap collections are observed in conical sediment traps (12–
15 cm s−1; Baker et al., 1988; Gardner, 1989), although episodes of
higher velocities did occur (Table 1). In order to constrain further the
trapping efficiency of the traps, Trull et al. (2001a) compared the
intercepted flux of 230Thex to its production in the water column
above the trap (Bacon, 1996; Yu et al., 2001). These results showed
that the trapping efficiencies were very similar between the 47°S and
54°S stations and almost identical in the traps vertically moored at the
same site (Trull et al., 2001a). Taken together, the above-mentioned ob-
servations suggest that the SAZ and PFZ sediment traps can be com-
pared on an equal basis, with trap collection efficiencies representing
only a minor aspect of latitudinal flux variations.

3. Results

3.1. Annual export fluxes

Flux data at stations 54°S and 47°S are listed in Table 3 and include
fluxes at all depths for total particle, biogenic silica, carbonate, particu-
late organic carbon (POC) and diatom valves. Total and major compo-
nent mass fluxes decreased between the 800 and 1500 m traps at the
54°S site. The mean annual fluxes of total mass, BSi, CaCO3 and POC at
this site decreased by a factor of 0.8, 0.8, 0.7 and 0.6, respectively
(Table 4). Moreover, the BSi:POC ratio increased by a factor of 1.4 ±
0.0 (annual average ± one standard deviation) between the lower
(800m) and deeper (1500m) traps. At the 47°S site, total mass flux de-
creased between 2000 and 3800mbut the shallowest trap (1000m)ex-
hibited lower fluxes than the two deep traps (Fig. 3 and Table 4). All the
major chemical compounds followed a similar trend,with the exception
of POC, which showed a decreasing trend with increasing depth with
1.1 g m−2 yr−1 at 1000 m, 0.9 g m−2 yr−1 at 2000 m and
0.5 g m−2 yr−1 at 3800 m (Fig. 3 and Table 4).

Biogenic silica was the largest component of the total mass flux at
54°S but contributed much less to the particle export at the 47°S site,
which was dominated by carbonate. Furthermore, the increase of the
BSi:POC ratios between 1000 and 2000 m and between 1000 and
3800 m were identical, 2.0 (annual value), because no change in
BSi:POC occurred between the two deeper traps.

3.2. Seasonal variability of export fluxes

Maximum fluxes were registered during the summer months at the
54°S site and during spring and summer at the 47°S site. The fluxes of all
the individual component fluxes at the 54°S site were closely correlated
at both depths. The correlation between diatom valve and BSi fluxes
was relatively weak at both depths (0.55 and 0.53 at 800 and 1500 m,
respectively). These low correlation values were most likely due to the
high fragmentation of the diatom valves in the samples of the summer
1999–00 (Rigual-Hernández et al., 2015b). Diatom fragments cannot
be enumerated with our counting technique, and therefore discrepan-
cies between themeasurement of the biogenic silica content and the di-
atomvalveflux in a samplewith a high degree of fragmentation is likely.
The correlations found between diatom flux and all the individual bio-
chemical flux components improved significantly when excluding the
1999–2000 data series (0.85 and 0.93 at 800 and 1500 m, respectively).
In the 47°S traps, diatom valve fluxes exhibited a weaker correlation
with the major components than those of the 54°S site.

At the 54°S site the total annual diatom flux in the shallower trap
was lower than in the deeper sediment trap by a factor of 0.8. Thus,
the increase of the diatom valve fluxes with depth lies within the
range of total, biogenic silica, carbonate and POC variations (see
above). In the SAZ, the diatom valve flux export follows the same



Table 3
Individual cupfluxes for b1mm fraction of totalmass, biogenic silica, calcium carbonate, particulate organic carbon (POC) anddiatom valves at trap sites (a) 47°S (1000, 2000 and 3800m)
from July 1999 to August 2000 and (b) 54°S (800 and 1500 m) from September 1997 to February 1998, July 1999 to August 2001 and September 2003 to October 2005.

a

Deployment Cup
number

Date
mid-point

Length
days

Total mass mg m−2

d−1
BSiO2 mg m−2 d−1 CaCO3 mg m−2 d−1 POC mg m−2 d−1 Diatoms 106 valves

m−2 d−1

1000
m

2000
m

3800
m

1000
m

2000
m

3800
m

1000
m

2000
m

3800
m

1000
m

2000
m

3800
m

1000
m

2000
m

3800
m

47°S 1 31/07/1999 20.0 19.6 18.8 17.9 0.8 1.0 0.5 8.6 12 13.3 3.0 1.3 0.7 0.002 0.057 0.069
1999–2000 2 20/08/1999 20.0 27.1 35.0 29.5 3.4 2.1 1.2 15.3 24 24.6 2.8 2.0 0.8 0.113 0.173 0.057

3 06/09/1999 15.0 45.9 40.2 35.8 5.1 3.4 1.5 26.2 30 27.3 4.2 2.1 1.7 0.195 0.213 0.176
4 21/09/1999 15.0 57.5 49.9 47.8 5.4 5.0 2.6 36.0 37 35.3 4.4 2.1 1.7 0.147 0.234 0.227
5 04/10/1999 10.0 66.5 46.5 47.5 7.9 3.8 2.5 46.8 35 37.8 4.2 2.2 1.3 0.213 0.131 0.250
6 14/10/1999 10.0 65.9 38.1 29.0 3.8 2.8 1.7 46.1 28 23.4 4.2 2.0 0.8 0.364 0.159 0.067
7 24/10/1999 10.0 89.8 53.6 41.3 4.3 3.2 2.6 66.4 41 33.1 5.3 2.3 1.3 0.137 0.281 0.253
8 03/11/1999 10.0 73.9 72.5 45.5 3.8 4.4 2.4 56.9 58 36.8 4.1 3.0 1.3 0.080 0.272 0.419
9 13/11/1999 10.0 12.7 64.4 37.4 0.2 4.5 1.9 9.1⁎ 53 30.6 1.1⁎ 2.2 1.1 0.305 0.268

10 23/11/1999 10.0 4.2 60.6 42.6 0.2⁎ 7.0 2.3 3.0⁎ 50 34.5 0.5⁎ 2.0 1.1 0.350 0.186
11 03/12/1999 10.0 4.3 46.4 21.5 0.2⁎ 3.0 1.1 3.1⁎ 37 17.9 0.5⁎ 1.7 0.6 0.273 0.099
12 13/12/1999 10.0 13.8 47.6 21.7 0.8⁎ 3.9 1.4 9.9⁎ 39 20.3 2.0⁎ 1.5 0.3 0.180 0.098
13 23/12/1999 10.0 32.6 54.7 36.4 2.4 6.0 2.8 19.3 40 29.9 3.7 2.0 0.8 0.049 0.202 0.252
14 02/01/2000 10.0 38.5 51.3 70.2 2.2 5.4 5.2 25.0 38 57.4 3.6 2.1 1.7 0.001 0.223 0.341
15 12/01/2000 10.0 15.9 59.8 40.2 0.1 6.4 2.4 9.5⁎ 44 32.6 1.9⁎ 2.4 1.2 0.204 0.102
16 22/01/2000 10.0 14.0 64.5 34.6 0.6 8.8 2.1⁎ 8.4⁎ 47 27.1⁎ 1.6⁎ 2.6 1.4⁎ 0.822
17 03/02/2000 15.0 11.4 45.6 30.9 0.2 5.7 1.9 6.8⁎ 31 23.5 1.1⁎ 2.6 1.5 0.002 0.286 0.068
18 21/02/2000 20.0 8.0 24.8 52.4 0.0 2.2 3.7⁎ 4.8⁎ 15 40.5⁎ 1.0⁎ 2.1 2.7⁎

19 01/04/2000 60.0 39.6 58.3 57.8 2.9 5.4 4.1 23.4 37 44.8⁎ 4.7 4.7 2.9⁎ 0.110 0.142
20 31/05/2000 60.0 47.0 44.2 48.5 5.1 4.2 3.5 33.2 35 37.5 3.3 1.7 1.5 0.125 0.309 0.157
21 30/07/2000 60.0 13.0 52.4 23.9 0.7 3.4 1.5 7.4 39 19.3 1.6 2.2 0.7 0.002 0.273 0.102

b

Deployment Cup Date mid-point Length days Total Mass mg
m−2 d−1

BSiO2 mg m−2

d−1

CaCO3 mg m−2

d−1

POC mg m−2 d−1 Diatoms 106 valves
m−2 d−1

800 m 1500 m 800 m 1500 m 800 m 1500 m 800 m 1500 m 800 m 1500 m

54°S 1 26/09/1997 8.5 3 21 1⁎ 11 1 5 0⁎ 1 0.275 2.078
1997–1998 2 04/10/1997 8.5 12 21 6⁎ 11 3 5 0⁎ 1 2.078

3 13/10/1997 8.5 12 31 6⁎ 15 3 9 0⁎ 1 2.585
4 21/10/1997 8.5 47 31 25 15 13 9 1 1 4.561 2.585
5 30/10/1997 8.5 100 39 53 21 26 11 3 1 13.121 2.121
6 07/11/1997 8.5 142 71 79 35 36 19 2 1 20.564 7.812
7 16/11/1997 8.5 233 93 132 50 56 24 4 2 26.211 6.952
8 24/11/1997 8.5 166 129 82 69 46 32 4 3 11.542 17.069
9 03/12/1997 8.5 53 135 13 62 21 46 2 2 4.914 15.364

10 11/12/1997 8.5 63 184 21 107 17 43 2 3 32.577
11 20/12/1997 8.5 148 252 64 156 27 44 5 5 11.711 41.101
12 28/12/1997 8.5 112 153 39 87 30 27 5 4 20.881 39.802
13 04/01/1998 4.3 110 85 51 49 29 16 5 3 34.729 14.090
14 08/01/1998 4.3 100 92 54 54 23 16 5 3 22.598
15 12/01/1998 4.3 152 131 93 78 29 18 4 4 34.662
16 16/01/1998 4.3 153 84 88 50 31 12 6 3 37.260
17 21/01/1998 4.3 265 81 165 34 51 13 9 2 70.808 21.129
18 25/01/1998 4.3 396 116 259 75 66 15 10 3 54.059 23.949
19 31/01/1998 8.5 276 81 172 49 47 11 7 2 41.101 33.400
20 09/02/1998 8.5 142 47 74 31 37 6 5 1 28.947 24.436
21 17/02/1998 8.5 66 34 30 21 20 5 2 1 8.288

1999–2000 1 31/07/1999 20 46 102 34 69 2 4 1 1 9.681 7.647
2 20/08/1999 20 72 60 53 42 3 4 1 1 10.944 7.935
3 06/09/1999 15 81 78 63 57 4 5 1 1 7.948 7.243
4 21/09/1999 15 25 51 17 36 3 5 1 1 4.867 4.026
5 04/10/1999 10 45 13 32 7 3 2 1 1 5.622
6 14/10/1999 10 101 57 71 35 6 6 1 1 9.942 10.477
7 24/10/1999 10 58 44 38 27 6 4 1 1 8.689 7.516
8 03/11/1999 10 106 28 62 24 11 3 4 0 5.857 9.566
9 13/11/1999 10 122 17 80 9 20 3 3 0 6.081 1.479

10 23/11/1999 10 294 44 171 22 64 10 7 1 28.312 6.828
11 03/12/1999 10 515 64 302 31 108 14 17 2 51.610 3.410
12 13/12/1999 10 724 175 429 90 142 36 23 6 10.590 23.447
13 23/12/1999 10 661 525 396 292 106 96 20 10 15.287 32.913
14 02/01/2000 10 511 1039 309 630 58 141.9 16 20.15 19.142 56.081
15 12/01/2000 10 339 773 207 475 36 100.3 10 14.87 17.274 36.361
16 22/01/2000 10 11 270 6 172 2 50 0 5 11.588

(continued on next page)
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Table 3 (continued)

b

Deployment Cup Date mid-point Length days Total Mass mg
m−2 d−1

BSiO2 mg m−2

d−1

CaCO3 mg m−2

d−1

POC mg m−2 d−1 Diatoms 106 valves
m−2 d−1

800 m 1500 m 800 m 1500 m 800 m 1500 m 800 m 1500 m 800 m 1500 m

17 03/02/2000 15 104 41 36 21 52 6 3 2 3.892 13.426
18 21/02/2000 20 194 12 119 7 34 2 4 0 11.224 4.967
19 01/04/2000 60 132 0 69 0⁎ 29 0⁎ 3 0⁎ 4.764
20 31/05/2000 60 50 7 31 4 6 1 1 0 3.390 3.852
21 30/07/2000 60 37 0 20 0⁎ 5 0⁎ 1 0⁎ 1.117

2003–2004 1 10/4/2003 14 15 19 8⁎ 13 5⁎ 3 1⁎ 0 0.352 4.504
2 10/18/2003 14 23 30 13 16 7 7 1 2 1.143 3.042
3 11/1/2003 14 35 26 19 13 11 10 1 1 2.808 1.870
4 11/15/2003 14 121 47 55 21 20 13 2 1 11.519 6.519
5 11/29/2003 14 76 55 36 25 15 13 2 1 7.748 6.114
6 12/13/2003 14 179 84 112 45 40 23 4 2 19.892 14.083
7 12/27/2003 14 233 227 135 138 44 46 7 7 10.320 43.198
8 1/10/2004 14 182 284 114 190 34 53 6 6 30.998 124.482
9 1/24/2004 14 122 235 82 167 21 29 3 5 16.786 97.337

10 2/7/2004 14 64 127 37 91 11 12 3 3 11.142 50.809
11 2/21/2004 14 29 161 17 105 7 20 1 3 5.982 60.824
12 3/6/2004 14 31 1 18 1 8 0 1 0 6.189 0.055
13 3/20/2004 14 66 3 45 2 10 0 1 0 9.824 0.629
14 4/3/2004 14 85 1 53 0 17 0 1 0 11.515 0.025
15 4/17/2004 14 16 0 10 0 5 0 1 0 0.622
16 5/1/2004 14 11 0 7 0 4 0 0 0 0.658
17 5/25/2004 35 20 0 14 0 3 0 0 0 3.431
18 6/29/2004 35 19 1 11 0 4 0 1 0 1.549 0.022
19 8/3/2004 35 14 0 6 0 3 0 2 0 1.235 0.014
20 9/7/2004 35 10 0 5 0 4 0 1 0 1.088
21 10/2/2004 14 7 0 4 0 2 0 1 0 0.458

⁎ Component fluxes representing intervals for which insufficient material was available for component measurement and were estimated.
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trend as that of BSi, increasing from 1000 to 2000 m and decreasing
from 2000 to 3800 m.

3.3. Particle-settling velocity

Sinking rates during the productive period (approximately from No-
vember to January) ranged between 20 and 50md−1 at the 54°S site. Set-
tling velocities at the 47°S site were of 20 m d−1 between 1000 m and
2000m and 45m d−1 between 2000m and 3800m (October to January).

3.4. Diatom species fluxes

The composition and seasonal variability of the diatom sinking as-
semblages captured by the shallower traps at the 54°S and 47°S sites
Table 4
Annual biogeochemical and total diatom valve fluxes at different depths for b1 mm fraction at

(a) Annual fluxes of biogeochemical components (g m−2 y−1) and diatom valves (valves

54°S
deployment

Depth
(m)

Total mass flux g m−2

y−1
SiO2-bio g m−2

y−1
% PIC as CaCO3

y−1

1997–1998 800 19 10.1 53 4.3
1500 14 8.1 56 3.0

1999–2000 800 52 30.8 60 8.7
1500 33 20.2 61 4.7

2003–2004 800 20 11.5 59 4.0
1500 18 11.2 64 3.1

(b) Annual fluxes of biogeochemical components (g m−2 y−1) and diatom valves (valves

47°S
deployment

Depth
(m)

Total mass flux g m−2

y−1

SiO2-bio g m−2

y−1

% PIC as CaCO3 g
y−1

1999–2000 1000 12 0.9 8 7.7
2000 18 1.5 9 12.9
3800 15 0.9 6 11.5
are described in detail in Rigual-Hernández et al. (2015b). The same
species occurring at the shallower traps (Rigual-Hernández et al.,
2015b) were indentified in the deeper traps (Fig. 4). At 1500 m in the
54°S trap, 10 species or species groups contributed to N90% of the
total diatom assemblage. The annual diatom assemblage was dominat-
ed by Fragilariopsis kerguelensis (60%), followed by Pseudo-nitzschia
lineola cf. lineola (10%), Thalassiosira gracilis (6%), Pseudo-nitzschia heimii
(3.7%), Fragilariopsis rhombica (3%), Thalassiosira lentiginosa (2%),
Fragilariopsis pseudonana (2%), Navicula directa (2%), Thalassiosira spp.
b20 μm and Chaetoceros dichaeta (1%) (Fig. 4). At the 47°S site, the dia-
tom assemblage was more diversified. Fragilariopsis kerguelensis also
dominated the diatom assemblages at 2000 and 3800 m (48 and 45%,
respectively), with subordinate contributions of Azpeitia tabularis (10
and 13%), Thalassiosira sp. 1 (3.9 and 4.4%), Nitzschia bicapitata (3.6
and 2.1%), Chaetoceros RS (3.5 and 5.3%), Thalassiosira spp. N20 μm
the 47°S and 54°S sites.

108 m−2 y−1) at the PFZ site (54°S).

g m−2 % POC g m−2

y−1
% BSi:POC molar

ratio
Diatom valves (×108) valves
m−2 y−1

23 0.6 2.9 3.65 30.2
21 0.3 2.3 4.93 28.6
17 1.4 2.7 4.37 29.1
14 0.7 2.0 6.22 18.8
20 0.6 3.1 3.81 22.5
18 0.4 2.3 5.44 14.5

108 m−2 y−1) at the SAZ site (47°S).

m−2 % POC g m−2

y−1

% BSi:POC molar
ratio

Diatom valves (×108) valves
m−2 y−1

65 1.1 9.0 0.17 0.3
73 0.9 5.0 0.35 0.9
79 0.5 3.7 0.35 0.6



Fig. 2. Satellite-derived chlorophyll-a concentration and primary productivity estimates (standard vertically generalizedproductionmodel–VGPM; and carbon-based productionmodel –
CbPM) for the surface layer at the 54°S and 47°S sites (a, c). Flux records for biogenic silica and total diatom valves at the 54°S site at 800 and 1500 m water depth (b) and at the 47°S at
1000, 2000, 3800 m depth (d). The solid arrows linked by dashed lines indicate associated peaks of biogenic silica fluxes at different depths used for estimating the settling rates.
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(2.9 and 2.4%), Thalassiosira spp. b20 μm (2.6 and 2%) and Hemidiscus
cuneiformis (2.5 and 3.6%).

Seasonally, the sinking diatom assemblages at the 54°S site were
dominated by F. kerguelensis during the low-productive season (up
to 96% from September to early November 1999). In contrast, the
abundance of F. kerguelensis dropped during the high particle flux
period (to below 25%) mainly due to the development of bloom-
forming species such as by P-n. lineola cf. lineola, T. gracilis,
F. rhombica, F. pseudonana and N. directa, i.e. the “high export
group” sensu Rigual-Hernández et al. (2015b). At the 47°S site, the
seasonality in the diatom assemblage composition was not as clearly
expressed as in the 54°S site. Fragilariopsis kerguelensis exhibited a
less pronounced seasonal variability with values ranging between
30–40%, with slightly higher values in the last cups of the record
(up to 62% during the low productive season). Moreover, no remark-
able increase in the relative contribution of members of the “high ex-
port group”was observed during the period of maximum export (i.e.
spring and summer).

3.5. Diatom assemblages preserved in the surface sediments

The concentration of total diatom valves in the surface sediments
closely follows the spatial trend observed in the sediment traps.
Highest absolute contribution was seen in the PFZ (ELT53-14PC;



Fig. 3. Annual total and major component mass fluxes for the b1 mm particulate fraction at (a) 800 and 1500 m at the 54°S site for the periods 1997–98, 1999–2000 and 2003–04 and at
(b) 1000, 2000 and 3800 m at the 47°S site for the period 1999–2000.
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429 × 106 valves g−1) and lowest in the SAZ (MD972-108B
−3 × 106 valves g−1; SO136-147BX 1 × 106 valves g−1) and Sub-
tropical Zone (STZ) (MD972-106 4 × 106 valves g−1) (Table 3). Yet
with respect to diatom species composition, significant discrepan-
cies were observed between the trapped diatom assemblages and
those preserved in the surface sediments. Overall, a strong increase
in the relative contribution of the most robust diatom species was
seen in the surface sediments. Within the PFZ, the heavily silicified
Fragilariopsis kerguelensis increased its relative contribution from
about ~60% in the 54°S traps, to up to ~90% in the underlying sedi-
ments (Fig. 4). In contrast, more weakly silicified diatoms, such as
Fragilariopsis pseudonana and Pseudo-nitzschia species, (Fig. 4)
which were important contributors to the diatom assemblages in
the traps, were not preserved in the sedimentary record. Within
the SAZ, an increase of the relative contribution of the more robust
species (e.g. F. kerguelensis and T. lentiginosa) between the traps
and sediments was also observed, although the increase was less
pronounced than seen in the PFZ (Fig. 6).
4. Discussion

4.1. Annual flux

Overall, the magnitude of the total and major component mass
fluxes measured by the deep traps were broadly in line with those pre-
viously reported for the first year deployment (1997–98) by Trull et al.
(2001a). In the PFZ, the increasing factor of the BSi:POC ratio between
trap depths (1.4) was somewhat less than the expectation of 1.7
(range 1.5 to 2.1) for POC flux attenuated according to a power law
with expectation power exponent (commonly called the b-exponent)
estimate of 0.86 (Martin et al., 1987) and range reflecting global ranges
in b-exponents of 0.6 to 1.2 (Boyd and Trull, 2007) and negligible BSi
remineralization (Nelson et al., 2002). Thus, the lower value suggests
some accompanying remineralization of BSi between 800 and 1500 m
in the PFZ. In the SAZ, the identical increasing ratios of BSi:POC ratios be-
tween 1000 and 2000m and between 1000 and 3800 m (2.0) is consis-
tent with the expectation that most remineralization is completed in



Fig. 4.Relative abundance of themost abundant diatom taxa collected at the 54°S site (800 and1500m) and surface sediments of the PFZ near themooring location and (b) at the 47°S site
(1000, 2000 and 3800 m) and surface sediments of the SAZ near the mooring location north of the STF.
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the upper water column and at depth POC remineralization is tightly
tied to mineral phase remineralization (Armstrong et al., 2002).

4.2. Diatom production and export to 1 km depth

Variations in themagnitude of particulate fluxes at the 54°S and 47°S
sites were primarily driven by the seasonal cycle of primary production
(Fig. 2). At the PFZ, monthly composites of chlorophyll-a concentration
revealed a short, weak maximum from November to December (0.22–
0.25mgm−3) during the three years studied. During the productive pe-
riod of 1997–98 and 2003–04, a time lag of 1 month between the max-
imum biomass accumulation in the surface waters and maximum BSi,
POC and diatom fluxes to the 800 m trapwas observed (Fig. 2). The du-
ration of this time lag is in line with findings in the Pacific sector by
Buesseler et al. (2001) and in the Antarctic Zone (AZ) waters south of
Tasmania by Rigual-Hernández et al. (2015a) who reported a similar
offset between peak algal biomass accumulation in the surface and bio-
genic particle export. However, during the “growth season” of 1999–00,
peak chlorophyll-a concentrations and primary productivity in the sur-
face waters were concurrent with the maximum biogenic particle and
diatom valve export (December 1999; Fig. 2). The temporal delay be-
tween production in the surface layer and export out of the mixed
layer is considered influenced by the existing food web structure (e.g.
Buesseler, 1998; Lutz et al., 2007). Indeed, recent findings by
Laurenceau-Cornec et al. (in prep.) using a coupled physical-
biogeochemical model with data from the Southern Ocean Time Series
site (SOTS) (Fig. 1a) suggest that the longest delays between production
and export are associated with blooms of small phytoplankton. In order
to be exported from the surface layer, such small phytoplankton cells
need to be either consumed by organisms at higher trophic levels or
to form very large aggregates. Therefore, the delay between the produc-
tion and export of small phytoplankton tends to be longer, i.e. a reten-
tion food web. Conversely, short time lags seem to be associated with
large phytoplankton cells exported directly as algal aggregates, i.e. an
export food web.

Although the estimation of the time lag between peak algal biomass
accumulation in the surfacewaters andpeak export pulses registered by
the traps is fraught with uncertainties, the taxonomic analysis of the
sinking diatom assemblages provides some insights that could help to
explain the different time lags between production and export between
years. During the 1999–00 high particle flux period, the relative contri-
bution of the “high export group” (Rigual-Hernández et al., 2015b; see
section 3.4) was remarkably higher compared with all other years (up
to 64% of the total diatom assemblage in January; Fig. 5). All the compo-
nents of the “high export group” are thought to undergo rapid cell divi-
sion during favourable growth conditions giving rise to the formation of
large and rapidly sinking aggregates that are responsible for the deepest
flux (e.g. Assmy et al., 2007; Smetacek et al., 2012; Grigorov et al., 2014;
Sackett et al., 2014). We speculate that rapid export during the summer
of 1999–2000 was a result of massive growth in these boom-and-bust
strategists. The fast growth rates of the species comprising the “high ex-
port group” most likely increased the potential of forming rapidly



Fig. 5.Relative abundance of the “high export group” (P-n. lineola cf. lineola, F. rhombica, F. pseudonana,N. directa and T. gracilis group) and F. kerguelensis in the 800 and 1500m traps of the
54°S site.
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sinking algal aggregates, allowing these species to escape grazing pres-
sure from zooplankton such as copepods and krill with longer genera-
tion times (i.e. export food web) (Quéguiner, 2013). This latter
conceptwould also help to explain the high POC registered during sum-
mer 1999–2000, since export food webs tend to losemore organic mat-
ter via downwardflux (high export efficiency) than retention foodwebs
(low export efficiency) (Dugdale and Goering, 1967; Eppley and
Peterson, 1979).

In considering these features of our results we hypothesize that the
higher valve fragmentation observed in the samples during summer
1999–2000 could be due to other factors different from an intense
“grazing event” as suggested previously (Closset et al., 2015). Alterna-
tively, we venture that our sample processing technique may have se-
lectively fragmented the valves of the weakly silicified species of the
“high export group”. The centrifugation of samples during sample pro-
cessing for diatom slide preparation has been associated with an in-
crease of fragments of weakly silicified and long pennate forms
(Abrantes et al., 2005; Rembauville et al., 2014). Therefore, we venture
that the use of the centrifuge during the sample processing in our study
may have selectively fragmented the valves of the weakly silicified spe-
cies of the “high export group”.

In the SAZ, the duration of biomass accumulation is longer than in
the PFZ, extending fromOctober toMarch (up to 0.34mgm−3 in Febru-
ary) (Fig. 2b). The short pulse of BSi and diatom fluxes observed in early
October in the upper trap indicates that diatoms responded rapidly to
the increase of insolation and shoaling of the mixed layer in spring
(Rintoul and Trull, 2001). Diatoms in the SAZ region are thought to
bloom early in spring, and then be replaced by other functional groups
such as Phaeocystis, coccolithophores and dinoflagellates (Rigual-
Hernández et al., 2015b) after silicate and iron are depleted from the
surfacewaters (Lannuzel et al., 2011). Since diatoms are only secondary
contributors to the algal biomass accumulation in the SAZ waters
(Kopczynska et al., 2001; de Salas et al., 2011), the determination of
the time lag between algal biomass accumulation in the surface layer,
BSi and diatom valve fluxes was not possible at the 47°S site.

4.3. Penetration of the seasonal pattern into deeper water and transport
mechanisms

The seasonal pattern of the annual maxima in the BSi, POC and dia-
tom valve fluxes registered in the shallower trapswere identified in the
deeper traps at both sites although in amodified form (Fig. 2). Overall, a
smoothing of the seasonal signal and a time lagof theparticleflux of 1–4
sampling intervals (14–50 days) were observed in the deeper traps.
These shifts are most likely due to a combination of several factors, in-
cluding flux attenuation between trap depths, mid-water biological
activity and the descent trajectories of the particles (Buesseler et al.,
2007 and references therein). The area of the surface ocean from
which the particles have been produced increases with depth, i.e. the
so-called “statistical funnel” defined by Siegel and Deuser (1997).
Therefore, the export signal of an area of high primary production
(e.g. a phytoplankton bloom) would be counterbalanced by
neighbouring regions of lower production with increasing depth,
smoothing out the seasonal flux pattern in the deeper traps.

The estimated settling speeds for the sinking particles between the
shallow and deeper traps in the 47°S and 54°S stations during the
growth season ranged between 20 and 50m d−1 (Fig. 2). These sinking
speeds agree well with those previously estimated by Closset et al.
(2015) for site 54°S and fall within the range of settling speeds of ma-
rine snow and faecal aggregates in the literature (Turner, 2002). Thus
our data suggests that the sedimentation during the periods of highest
flux in both the PFZ and SAZ, south of Tasmania, occurred in the form
of aggregates. These observations are consistent with polyacrylamide-
gel sediment traps studies where the summer flux of particles occurred
principally in the form of faecal aggregates in both the PFZ and SAZ
(Ebersbach et al., 2011).

A lack of visibly connected peaks and flux episodes during the au-
tumn andwinter months across the different depths, precluded the cal-
culation of sinking rates at either of the trap sites. However, the results
of Closset et al. (2015) indicate that sinking rates outside the productive
period were b3 m d−1 at the 54°S. These low velocities suggest that
phytoplankton remains principally sink in the form of single cells and/
or small chains during the autumn and winter months in the PFZ. This
concept is consistentwith the composition of the sinkingdiatomassem-
blages that were overwhelmingly dominated by the heavily silicified
Fragilariopsis kerguelensis (up to 96% of the diatom assemblage; Fig. 3).
Small and slow sinking particles are more exposed to degradation pro-
cesses (e.g. silica dissolution, bacterial remineralization) during settle-
ment than larger and rapid-sinking aggregates (Trull et al., 2008).
Therefore, the enrichment of the dissolution-resistant F. kerguelensis
during this period is most likely related to the enhanced selective disso-
lution of more lightly-silicified species.

4.4. Sources of the trap material in the SAZ site

Since Chaetoceros RS are often regarded as indicators of coastal envi-
ronments (Abrantes, 1988; Treppke et al., 1996; Crosta et al., 1997;
Takahashi et al., 2002; Rigual-Hernández et al., 2013), their presence
at the 47°S site suggests that they could have been advected from a
coastal region. This concept is further supported by the good correlation
between the fluxes of the coastal species group (Cocconeis spp.,
Diploneis bombus and Paralia spp.) and those of Chaetoceros RS at all



Fig. 6.Monthly distribution of total diatom valve flux (%) at the SAZ (47°S, 1000 m), PFZ
(54°S, 800 m) and AZ (61°S, 2000 m).
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depths (r=0.7, 0.5 and 0.8 at 1000, 2000 and 3800m, respectively). Oc-
casional influence of coastal and subtropical waters over the study area
is possible, as eddies from the East Australia Current and intermediate
waters from the TasmanOutflow (a remnant of the East Australian Cur-
rent) have been reported to extend as far south as the SAZ (Ridgway and
Dunn, 2007; Herraiz-Borreguero and Rintoul, 2010, 2011). Thus, we in-
terpret the occurrence of Chaetoceros RS and coastal taxa at the 47°S site
representing the advection of hemipelagic and/or neritic water masses
from the Tasmanian shelf. Nonetheless, it appears that this influence is
relatively minor on the major component fluxes, based on the very
low fluxes of lithogenic materials observed during the 1997–1998 de-
ployments (Trull et al., 2001a, 2001c).

4.5. Comparison of the diatom assemblages in the water column and sur-
face sediments: implications for palaeorecontructions

King and Howard (2003) analyzed the foraminiferal assemblages
from the same surface sediments used in this study and concluded
that the core top samples reflected the modern foraminiferal assem-
blages living in the overlying water masses. Despite the fact that our
findings lead us to a similar conclusion, it should be noted that it is pos-
sible the top section of the piston and gravity cores may have experi-
enced some degree of stretching or loss of material during the
operation of the coring system. Thus, the surface sediment samples pre-
sented heremay represent amix of Holocene diatom assemblages rath-
er than modern diatom assemblages.

Regardless of the sampling site, the composition of the diatom as-
semblages in the surface sediments unsurprisingly appears to be the re-
sult of differential dissolution of the weakly silicified taxa and
consequent enrichment of robust species. Heavily-silicified diatoms
such as Fragilariopsis kerguelensis and Thalassiosira lentiginosa are
more likely to escape dissolution during settling and in the surface sed-
iments,where they becomeoverrepresented in comparisonwith the di-
atom assemblages observed in the surface layer (Kopczynska et al.,
2001; de Salas et al., 2011) and captured by sediment traps (Fig. 4).

Kopczynska et al. (2001) reported that the summer diatom commu-
nities in the surface waters of the PFZ and SAZ south of Tasmania were
mainly composed by the weakly silicified Pseudo-nitzschia lineola and
Fragilariopsis pseudonana.At the PFZ, these species were important con-
tributors to the sediment trap assemblages but they were completely
absent in our studied surface sediments (Fig. 4a). We interpret this
loss to strong dissolution in the sediment/water interface that removed
their signal from the sedimentary record. Interestingly, Pseudo-nitzschia
lineola and Fragilariopsis pseudonana exhibited negligible fluxes in the
traps at 47°S and were not identified in the surface sediments
(Fig. 4b). Therefore, our results indicate that the remineralization of
weakly silicified diatoms occurs at shallower depths in the SAZ than in
the PFZ. This idea is consistent with the findings of Fripiat et al. (2011)
who reported that the SAZ waters south of Tasmania are more suscep-
tible to BSi dissolution than those of the PFZ due to higher SSTs, stronger
microzooplankton grazing and a more efficient microbial food web.
Conversely, the higher silicate concentrations in the PFZ, less efficient
dissolution (Fripiat et al., 2011) and higher silicification of the diatoms
in the PFZ waters may enable a larger number of the relatively weakly
silicified taxa to sink out of the mixed layer and reach the meso- and
bathypelagic depths of the PFZ.

In terms of latitudinal distribution, the pattern that emerges from
our core top analysis is consistent with previous reports on the biogeo-
graphic distribution of diatom species in the surface sediments of the
Southern Ocean (e.g. Crosta et al., 2005; Romero et al., 2005). For exam-
ple, the gradual decrease in the abundance of F. kerguelensis in the sed-
iments from the PFZ (~75–90%), to the SAZ (~50–55%) and STZ (~35%)
(Fig. 6) agrees well with the findings of Crosta et al. (2005) and Esper
et al. (2010) who both associated the northward decline in the abun-
dance of this species with the increase of the SST towards lower lati-
tudes. However, other physical and chemical parameters may also
play a role in the distribution of this species. Particularly, silicate con-
centration which is required by F. kerguelensis in greater concentrations
in relation to other diatoms for its optimal growth (Jacques, 1983). In-
deed, it is likely that the latitudinal gradient in silicate concentration
in the surfacewaters of the Southern Ocean is largely due to the sinking
and burial in the sediments of this silica sinker (Assmy et al., 2013).

The significant increase in the relative contribution of Azpeitia
tabularis,Hemidiscus cuneiformis and Roperia tesselata in the surface sed-
iments north of the SAF and the drop in the abundance of typical dia-
toms of the ACC (e.g. T. gracilis and F. kerguelensis) reflect the
oligotrophic and warmer conditions of the SAZ and STZ (Romero et al.,
2005). Moreover, the diatom assemblages of the surface sediments
north the Subtropical Front (core top sample 6; Fig. 1a) showed signifi-
cant discrepancies with those found in the sediment trap and surface
sediment samples of the SAZ and PFZ (Fig. 6b). Themost striking differ-
ence is the high relative contribution of Chaetoceros RS, which repre-
sented ~20% of the diatom assemblage at this site (Fig. 6). These
results suggest that the influence of the southward flowing EAC,
which carries signals of the Tasman shelf, is stronger in the STZ com-
pared to the SAZ along 140°E. This concept is supported by the relatively
high contribution of Paralia sulcata at this site (4%), which is often
regarded as an indicator of coastal environments (McQuoid and
Nordberg, 2003).

Fig. 6 shows the monthly distribution of the diatom fluxes in the
shallow traps at the 47°S (1000 m), 54°S (800 m) and 61°S (2000 m)
sites. The dashed intervals highlight the months required to account
for two thirds of the annual diatom export, i.e. two in the AZ (January
and February), three in the PFZ (December to February) and six in the
SAZ (September to March). Therefore, most of the diatom valves buried
in the sediments of the AZ and PFZ carry imprints of the conditions of
the surface layer of the summer period, while diatom assemblages in
the SAZ sediments are a reflection of the conditions of the spring and
summermonths, a period characterized by a greater range of variability
of SSTs, PAR (Fig. 6) and nutrient concentrations (Rintoul and Trull,
2001). These observations are important for the palaeobiogeochemical
studies, in particular for the calibration of new diatom-based proxies
such as stable oxygen isotope (δ18OSi) analyses on diatom valves (e.g.
Shemesh et al., 2002; Swann et al., 2013). For example, oxygen isotope
or trace element records obtained from diatom valves south of the SAF
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should reflect SSTs conditions around their annual maximum (5–6 °C in
the PFZ and 2–3 °C in the AZ). In contrast, the same stable isotope anal-
yses undertaken at lower latitudes such as the SAZ, should mirror the
surface conditions from September to March (i.e. SSTs ranging from
9–12 °C).

4.6. Deep carbon export in the PFZ and SAZ

The increase of the BSi:POC molar flux ratios between 800 and
1500m at 54°S and between 1000 and 2000m at 47°S (Table 4) reflects
the faster recycling of organic carbon relative to BSi in the upper half of
the water column (Nelson et al., 1996; Nelson et al., 2002). The BSi:POC
ratios increased by a factor of 1.4 ± 0.0 (annual flux ± standard devia-
tion) between 800 and 1500 m at 54°S and by a factor of 2.0 between
1000 and 2000 m at 47°S. These increasing factors of BSi:POC with
depth fall within the range of those estimated by Ragueneau et al.
(2002) betweenmeso- and bathy-pelagic depths for a range of locations
in the Southern Ocean (1.7 ± 0.5; average ± standard deviation) and
global ocean (1.7 ± 0.4). Our results therefore confirm the findings of
Ragueneau et al. (2002) who concluded that remineralization rates of
BSi and POC in the Southern Ocean do not differ from other biogeo-
chemical provinces of the world's ocean.
Fig. 7. Regression plots between the relative contribution (%) of the High Export group (P-n.
(mg m−2 d−1) at the 54°S site at 800 m (a) and 1500 m (b).
Rigual-Hernández et al. (2015b) identified an intimate association
between the magnitude of the POC export fluxes and the composition
of the sinking diatom assemblages in the shallower traps in the PFZ
(Fig. 7). Highest fluxes of POC at 800 m (54°S) in the PFZ occur during
the summer months in association with an elevated contribution of
the “high export group”. Periods of low POC export coincided with the
autumn and winter months when Fragilariopsis kerguelensis exhibits
its highest annual relative abundance. Fig. 7 shows that these relation-
ships held true down to 1500 m. The strong positive correlation be-
tween the POC flux at 1500 m and the relative abundance of the “high
export group” indicates that the largest pulses of organic matter to the
deepest layers of the water column in the PFZ occur in association
with “high export group” diatoms. These results agree well with the
findings of Smetacek et al. (2012) during the European Iron Fertilization
Experiment (EIFEX) in the iron-limited waters of the ACC. The former
authors reported high numbers of Pseudo-nitzschia lineola (one of the
main components of the “high export group”) and other bloom-
forming species in the underlying sediments of the patch one month
after the iron addition in the form of freshly settled material.
Smetacek et al. (2012) concluded that P-n. lineola and other boom-
and-bust strategists weremost likely themain contributors responsible
for the deepest flux of POC during their iron fertilization experiment.
lineola cf. lineola, T. gracilis, F. rhombica, F. pseudonana and N. directa) and the POC fluxes
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Our results suggest that a similarmechanismmay occur for iron limited,
but nonetheless diatom dominated, waters in the PFZ south of
Tasmania.

The amount of POC exported to the deepest layers of the SAZ south
of Tasmania is similar to that measured in the PFZ, as previously ob-
served by Trull et al. (2001a, 2001b, 2001c) for the first year of the trap's
deployment. This is despite the fact that the two zonal systems host dra-
matically different phytoplankton communities. The poor silica particle
content registered by the sediment traps at the 47°S site (Table 4) sug-
gest a secondary role for diatoms in the control of carbon export in this
region (Closset et al., 2015; Rigual-Hernández et al., 2015b). Thus, our
data indicate that a system dominated by non-siliceous phytoplankton
can export the same amount of POC as a diatom-dominated ecosystem
such as the PFZ. However, since photosynthesis and the biological pre-
cipitation of carbonate have opposing effects on seawater ρCO2

(Archer andMaier-Reimer, 1994; Frankignoulle et al., 1994), the higher
carbonate export in the SAZ waters (Table 4; Rigual-Hernández et al.,
2015b) suggests a smaller influence on surface water ρCO2 and, there-
fore, atmospheric CO2 levels in the SAZ compared to the PFZ (Salter
et al., 2014).

5. Conclusions

The seasonal flux pattern registered at different depths in the water
column in both the SAZ and PFZ mirrored seasonal water column
changes, increasing in spring along with light levels and mixed layer
shallowing, and ahead of seasonal warming. Overall, a delay of about
one month between maximum biomass accumulation in the surface
layer and peak particulate fluxes in the shallower traps was observed
at both sites. Estimated sinking rates between trap depths agree well
with previous research that suggests that the particles in the meso-
and bathypelagic zones at both zonal systems occur in the form of
algal and/or faecal aggregates during the productive season. Higher
POC export fluxes to the deepest layers of the water column at the PFZ
occurred in associationwith a group of bloom-forming diatoms defined
here as the “high export group”. Most of the members of this group of
species have been previously reported to undergo cycles of rapid bio-
mass build-up followed by mass mortality and rapid sinking during
iron-fertilization experiments in the Southern Ocean. Our results there-
fore confirm that these boom-and-bust strategists are important con-
tributors to naturally occurring blooms in the pelagic waters of the
PFZ and aremost likely themain vectors of carbon export to the deepest
layers of the water column in the aftermath of the bloom. Strong disso-
lution in the sediment/water interface in the underlying sediments re-
moved the signal of most of the members of the “High Export Group”
leaving the sediment assemblage enriched in more heavily silicified
species such as Fragilariopsis kerguelensis, Thalassiosira lentiginosa and
Chaetoceros resting spores. Our data shows that the majority of the dia-
tom valves buried in the sediments of the AZ and PFZ carry imprints of
the conditions of the surface waters of the summer period, while those
preserved in the SAZ sediments reflect the conditions of the spring and
summer, a period characterized by a greater range of variability of
environmental variables. These data are especially relevant for
palaeoenvironmental studies, in particular when comparing diatom
sedimentary records from different regions from the Southern Ocean.
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