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Résumé

La biosphère océanique module la concentration de CO2 atmosphérique via deux pro-

cessus majeurs: la pompe biologique (transfert vertical de carbone organique particulaire

- POC - depuis l’océan de surface vers l’océan profond) et la contre-pompe des carbonates

(émission de CO2 lors de la précipitation du carbone inorganique particulaire - PIC). Si

les flux de POC et PIC sont généralement précisément quantifiés, les études estimant la

contribution des groupes planctoniques à ces flux restent rares. La pompe biologique est

considérée comme peu efficace dans l’océan Austral du fait de la limitation de la produc-

tion primaire par le fer. Cependant peu d’études ont présenté des flux d’export à échelle

annuelle. Cette thèse a pour but (1) d’identifier la contribution de différents groupes

planctoniques à l’export de POC et PIC à échelle annuelle dans des zones naturellement

fertilisées de l’océan Austral et (2) de comprendre comment cette diversité planctonique

influence la stoechimétrie et la labilité du matériel exporté.

Des déploiements de pièges à particules à proximité des plateaux insulaires de Kergue-

len et de la Géorgie du Sud ont permis de d’estimer la contribution relative des diatomées

et des pelottes fécales à l’export de POC dans des environnements de productivité con-

trastée. Dans chacun des sites productifs, l’export de annuel de carbone reste faible au

regard de la production communautaire nette. Nos résultats suggèrent que si la fertili-

sation naturelle augmente l’intensité des flux de POC, elle n’augmente pas l’efficacité de

l’export. Un mécanisme écologique pilote une fraction importante (40-60 %) de l’export

annuel de POC dans chacun des sites productifs: la formation de spore de résistance par

les diatomées. La quantification des cellules pleines et des frustules vides de diatomées

mène à l’identification de groupes consistants associés à des stratégies écologiques qui

impactent la séquéstration préférentielle du carbone ou du silicium. Au cours d’une cam-

pagne estivale, nous identifions l’abondance relative de diatomées et dinoflagellés comme

un facteur majeur influençant la stoichiométrie N:P de la matière organique. De plus, nous

soulignons l’importance de la couche de transition pour le découplage du C et Si résultant

de processus écologiques (broutage par le zooplancton) et physiologiques (découplage de

la fixation de C et Si). La comparaison de la composition en lipides de l’export à Kergue-

len, Crozet et en Géorgie du Sud nous permet d’identifier les spores de diatomées comme

des vecteurs de matière organique contenant des acides gras riches en énergie. Cet apport

de matière organique labile est susceptible de modifier la production et la diversité des

communautés benthiques de l’océan profond. A Kerguelen, nous rapportons une domi-

nance des coccolithophoridés dans l’export de PIC. La comparaison avec les communautés

de calcifiants exportées à Crozet suggère qu’un changement majeur du type de plancton

calcifiant (foraminifère versus coccolithophoridé) ainsi qu’un changement dans les assem-

blages d’espèces de foraminifères au Sud du Front Polaire induit une contre-pompe des

carbonates moins intense. D’une manière générale cette thèse fournit un lien quantitatif

entre entre les vecteurs écologiques et la composition chimique des flux d’export. Elle met



en lumière le besoin d’une approche ecosystème-centré pour une meilleure compréhension

du fonctionnement de la pompe biologique.



Abstract

The marine biosphere impacts atmospheric CO2 concentrations by two main processes:

the biological pump (vertical transfer of particulate organic carbon - POC - from the

surface to the deep ocean) and the carbonate counter pump (CO2 production during

particulate inorganic - PIC - precipitation). Although POC and PIC export are generally

well quantified, studies defining the specific contribution of plankton groups to these fluxes

remain scare. In the Southern Ocean, the biological pump is considered inefficient due

to a limitation of primary production by iron. However, very few studies have reported

annual export fluxes in these environments. The objectives of this PhD are (1) to identify

the relative contribution of different plankton groups to POC and PIC export over a

complete seasonal cycle in naturally iron-fertilized areas of the Southern Ocean and (2)

to understand how planktonic diversity impacts the elemental stoichiometry and lability

of the exported material.

To address these objectives, annual sediment trap deployments were conducted in the

vicinity of the Kerguelen and South Georgia island plateaus. In the productive regimes

of these island systems, annual carbon export was moderate compared to estimates of net

community production. Therefore, natural iron fertilization may increase the strength but

not the efficiency of the biological carbon pump. A detailed examination of the samples

enabled a quantitative description of diatom- and faecal pellet-derived carbon to total

POC export in contrasting productivity regimes. The export of diatom resting spores

accounted for a similarly important fraction (40-60 %) of annual POC fluxes in the pro-

ductive sites. The separate quantification of full and empty diatom frustules enabled the

identification of consistent diatom functional groups across the Subantarctic islands sys-

tems that impact the preferential export of carbon or silicon. During a summer cruise in

the Indian sector of the Southern Ocean, the relative abundance of diatoms and dinoflagel-

lates was identified as the primary factor influencing the N:P stoichiometry of particulate

organic matter. Furthermore, comparison of water column and sediment trap analyses

revealed that the ratio of empty to full diatom frustules exerted a first order control on

Si:C export stoichiometry. Transition layers were identified as a place where carbon and

silicon cycles become decoupled as a result of ecological (grazing pressure) and physio-

logical (uncoupled C and Si fixation) processes. The comparison of lipid fluxes across

Southern Ocean island systems (Kerguelen, Crozet and South Georgia) was conducted to

elucidate the impact of ecological flux vectors on the geochemical composition of export.

These analyses highlighted the strong association of diatom resting spores with labile fatty

acids. The supply of labile organic matter is likely to impact the biomass and diversity

of deep-sea benthic communities. At Kerguelen, a dominance of coccolithophore-derived

PIC flux was observed. A comparison with calcifying plankton communities exported

at Crozet suggests that a switch in the dominant calcifying plankton (foraminifer versus

coccolithophore), together with a change in the foraminifer species assemblage south of



the Polar Front, regulates the extent to which the carbonate counter pump can impact the

sequestration efficiency of the soft-tissue pump. More generally the results of this thesis

provide a quantitative framework linking ecological flux vectors to the magnitude and

composition particle flux in the Southern Ocean. Furthermore it highlights the need for

an ecosystem-centered approach in studying the function of the biological carbon pump.
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1 1. Introduction

1.1 The global carbon cycle

1.1.1 Carbon cycle and climate

Carbon is the 15th most abundant element of the Earth’s crust (Cox, 1989) and plays a ma-

jor role in the Earth’s functioning by cycling between different reservoirs (Fig. 1.1). The

Earth system carbon cycle can be divided into two domains defined by their turnover time.

The slow domain includes the huge reservoirs of carbon stored in rocks and sediments.

The main processes characterizing this domain are volcanic emissions of CO2, silicate

weathering, and carbon burial in marine and land sediments associated with turnover

times of > 10 000 years to a million years (Sundquist, 1986). The fast domain includes

the atmosphere, land and ocean biomass stocks and the oceanic dissolved inorganic car-

bon reservoir. Processes such as biological carbon fixation and remineralization, river

export and air-sea exchange are associated with short turnover times (few years for the

atmosphere to millennia for large oceanic reservoirs). During the Holocene (11 700 years

ago to present), the fast domain was close to steady state as suggested by the constant

CO2 concentration observed in ice cores (Petit et al., 1999). However, since the begin-

ning of the industrial revolution (1750), human activities have provided a link between

the slow and fast domains, notably by injecting carbon stored as fossil fuels into the

atmosphere (IPCC, 2013). The increase in atmospheric CO2 over the last centuries was

diagnosed from ice cores and atmospheric measurements, starting at 278 ppm in 1750 and

increasing gradually to reach 400 ppm in 2015 (Conway and Tans, 2015). However, of the

9.3 Pg yr−1 of carbon emitted due to anthropogenic activity, only half of it accumulates

in the atmosphere and the remaining part is taken up by the sum of land and ocean sinks

(Le Quéré et al., 2013). The oceans have played a major role as a sink for one-third of

the global anthropogenic emissions since the industrial revolution (Raven and Falkowski,

1999; Khatiwala et al., 2009).

CO2 and other gases of anthropogenic origin (N2O, CH4, SF6, chlorofluorocarbons

and halogenated species) accumulate in the atmosphere and affect radiative forcing: a net

change in the earth system energy balance. More specifically, greenhouse gases absorb and

emit infrared radiations toward the Earth. From 1750 to 2011, CO2 emissions have played

a major role (2 W m−2) in the total (2.3 W m−2) anthropogenic-induced radiative forcing

(IPCC, 2013). During the same period, the average temperature on Earth’s surface has

increased by 1 ◦C due to greenhouse gases from anthropogenic origin (Forster et al., 2013),

and global climate models forecast further temperature increases of 2 ◦C to 4 ◦C over the

21st century (IPCC, 2013). Global climate change is associated with a rise in sea level

(+0.4 to 1 m) and changes to ocean chemistry. A decrease in surface ocean pH (up to -0.4

pH unit) and CO3
2– (Orr et al., 2005), particularly pronounced in mid latitudes (Feely

et al., 2009), is expected to occur alongside a decrease in mesopelagic ocean oxygenation
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Figure 1.1: Global carbon stocks and fluxes (arrows). Slow, fast and anthropogenic fluxes
are represented by dashed, thin and bold arrows, respectively. Stocks and fluxes from
the pre-industrial era are from IPCC (2013). Fluxes induced by anthropogenic activities
are from Le Quéré et al. (2013). Dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC) oceanic stocks are from (Hansell, 2001). Stocks are expressed as Pg and
fluxes as Pg yr−1.

due to higher stratification and lower oxygen solubility (Keeling et al., 2010). The sum

of these changes are likely to induce major changes in carbon cycling, marine production,

trophic interactions and species habitat distribution (e. g. Sala et al., 2000; Fabry et al.,

2008; Thackeray et al., 2010; Kroeker et al., 2013; Beaugrand et al., 2015). Understanding

processes responsible for CO2 sequestration in the ocean is therefore of critical importance

to better constrain future changes in the Earth system functioning.

1.1.2 Distribution of oceanic carbon stocks

The ocean represents the second most important carbon reservoir on Earth (∼ 4 × 104

Pg yr−1), after carbonate rocks (∼ 5 × 1010 Pg yr−1). Carbon is present in the ocean

predominantly as dissolved inorganic carbon (DIC = [CO2diss] + [H2CO3] + [HCO3
−] +

[CO3
2−]) and to a lesser extent as dissolved organic carbon (DOC) (Fig. 1.1). The vertical

distribution of DIC in the ocean is highly heterogeneous (Fig. 1.2a). A strong gradient

of ∼ 300µmol kg−1 is observed between the surface and the deep ocean. Oceanic DIC

content can be modulated by air-sea CO2 exchange as a function of CO2 solubility, the dif-

ference in the air and the sea CO2 partial pressure, and a gas transfer coefficient (Weiss,

1974; Takahashi et al., 2002). Additionally, photosynthesis and respiration by marine

organisms modulates DIC concentration ( 6CO2 + 6H2O ↔ C6H12O6 + 6O2 ). The
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solubility effect alone (higher solubility in cold deep waters) can only account for a small

proportion of the observed vertical DIC gradient (Fig. 1.2a). The remaining gradient

is due to biological activity that transfers carbon from the surface to the deep ocean,

acting as a biological carbon pump (Volk and Hoffert, 1985). DOC oceanic stock is com-

parable to the atmospheric carbon stock and is the net result of autotrophic production

by marine phytoplankton and heterotrophic microbial remineralization (Hansell, 2001).

The DOC pool is a heterogeneous mixture of compounds with varying levels of reactivity

that are characterized as functional categories. Turnover times range from few days to

weeks for labile DOC (LDOC) to 16 000 years for refractory DOC (RDOC) (Hansell,

2013). The vertical distribution of DOC in the ocean displays a pronounced gradient

between the mixed layer and the deep ocean, with values decreasing in the deep-ocean

(Fig. 1.2b). During the productive season, the production of labile DOC in the mixed

layer exceeds heterotrophic remineralization, resulting in an accumulation of semi-labile

DOC (SLDOC). In the upper mesopelagic ocean, remineralization is the dominant process

leading to the accumulation of semi-refractory DOC (SRDOC). The deep ocean contains

a quasi constant RDOC concentration of 44µmol kg−1that appears largely unaffected by

biological activity. The observed gradients of DIC and DOC highlight the fundamental

role of biology in the vertical distribution of carbon stocks in the ocean. This is an impor-

tant feature of the global carbon cycle as it determines the time scales over which oceanic

and atmospheric reservoirs interact (the sequestration time, Boyd and Trull, 2007) and

thus partly regulates the atmospheric CO2 content (Kwon et al., 2009).
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Figure 1.2: a. Globally averaged vertical DIC profile (white dots) and relative con-
tribution of the solubility pump (DICtherm, continuous line), carbonate pump (DICcarb,
dashed line) and soft tissue pump (DICsoft). Redrawn from Sarmiento and Gruber (2006).
b. Vertical DOC profile in the Sargasso Sea with contribution from refractory DOC
(RDOC), semi-refractory DOC (SRDOC), semi-labile DOC (SLDOC). Redrawn from
Hansell (2013).

1.2 Oceanic carbon pumps

The ocean plays a key role in absorbing atmospheric CO2 and thus has the potential to

partly mitigate the rise in atmospheric CO2 concentration. The oceanic carbon sink has

been classically divided into three main components, also referred to as carbon ”pumps”

(Volk and Hoffert, 1985): the solubility pump, the soft tissue pump, and the carbonate

pump (Fig. 1.3). More recently, additional concepts of the microbial carbon pump and

the lithogenic carbon pump have been introduced into this general scheme.

1.2.1 Solubility, carbonate, microbial and lithogenic carbon pumps

The solubility pump results from the increased solubility of CO2 in cold waters that

equilibrates with the atmosphere pCO2 and is subducted to the deep ocean due to their

density (Volk and Hoffert, 1985). This sink is particularly important at high latitudes

where deep water formation takes place such as the Subpolar North Atlantic (Karleskind

et al., 2011) and the Subantarctic Southern Ocean (Sallée et al., 2012). Modelling studies

suggest that water mass subduction is responsible for the gross DIC export of 265 Pg yr−1

out of the mixed layer (Levy et al., 2013), which makes the solubility pump by far the

most important carbon export pathway. However when obduction is taken into account,
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the net effect of physical transport is a DIC input of 11 Pg yr−1 to the mixed layer. The

solubility pump plays a limited role in the vertical gradient of DIC in the Ocean (Fig.

1.2).

The carbonate pump results from the production and export of PIC by calcifying

organisms (foraminifera, coccolithophores, calcareous dinophytes and pteropods). Given

that seawater alkalinity is dominated by its carbonate components (Alk ∼ [HCO3
−] +

2[CO3
2−]), the carbonate pump is often referred to as an alkalinity pump that transfers

alkalinity from the surface ocean to the deep ocean when PIC dissolves below the lysocline

(Fig. 1.3). It is responsible for one third of the observed vertical DIC gradient (Fig.

1.2a). Global estimate of the carbonate pump from the surface ocean is 0.90 Pg yr−1

but only 0.16 Pg yr−1 reaches the seafloor due to PIC dissolution in the water column

(Battaglia et al., 2016). Foraminifera are the major contributors to this downward PIC

flux (>30%, Schiebel, 2002), followed by coccolithophores (12%, Bramlette, 1958; Beaufort

and Heussner, 1999), pteropods (10%, Fabry, 1990) and calcareous dinophytes (3.5%,

Schiebel, 2002). The calcification process in the mixed layer decreases DIC and Alk with

a ratio 1:2 and counter-intuitively increases pCO2 (Frankignoulle et al., 1994). If PIC is

exported below the permanent thermocline, it represents a net source of CO2 from the

ocean to the atmosphere over ∼ 1 000 year timescale (Zeebe, 2012). This process, also

known as the carbonate counter pump, decreases the effect of the other oceanic carbon

pumps on the atmospheric CO2 drawdown. It was suggested that ”switching-off” of

calcification in the ocean would lead to a 40 ppmv decrease in atmospheric pCO2 (Wolf-
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Gladrow et al., 1999). More recently, Salter et al. (2014) reported that the carbonate

counter pump can reduce the effective sequestration of atmospheric CO2 in deep ocean

by up to 30% in the naturally fertilized waters downstream of the Crozet Plateau.

The microbial carbon pump defines the long-term sequestration of refractory dissolved

organic carbon resulting from microbial food-web processes (Jiao et al., 2010). The refrac-

tory character of the exported DOC results in long turnover times and sequestration over

significant timescales. Despite the potential importance of the microbial carbon pump, it

is an emerging concept. The paucity of observations thus render it difficult to compare its

significance with the more classically defined carbon pumps. However, recent estimates

suggest it could account for 0.2 Pg yr−1 in the present day ocean (Legendre et al., 2015).

The analysis of sediment biomarkers and isotopic records appear to support the idea of

intensive microbial carbon pump processes in the Proterozoic (2 500 to 542 million years

ago, Jiao et al., 2014). Additional experimental, field and modelling studies are required

to estimate the past, present, and future importance of the microbial carbon pump.

Another recent concept to emerge is that of the lithogenic carbon pump. It suggests

that the addition of lithogenic material, such as atmospheric dust, to the surface ocean

could result in the adsorption of dissolved organic matter (DOM) onto the lithogenic

particles. Due to their density, the lithogenic particles associated with this organic matter

could act to export organic carbon that would otherwise remain in the dissolved pool.

This concept has been formulated based on in situ observations (Ternon et al., 2010) and

mesocosm experiments (Bressac et al., 2014). To date, very few studies have focused

on the lithogenic carbon pump, and little is known about the processes regulating the

adsorption of DOM onto lithogenic particles. However, preliminary evidence seems to

suggest the quality of DOM strongly influences its affinity with lithogenic mineral phases

(Desboeufs et al., 2014). Currently there is no estimation of the global significance of the

lithogenic carbon pump. Quantifying the lithogenic carbon pump is further complicated

by the difficulty in discriminating a fertilization effect associated with atmospheric dust

events (stimulation of the new production and subsequent soft tissue pump) and the direct

DOM adsorption onto lithogenic particles (Guieu et al., 2014).

1.2.2 Focus on the soft tissue pump

The soft tissue pump is defined as the vertical transfer of particulate organic carbon

originating from photosynthesis in the upper ocean to the deep ocean (Volk and Hoffert,

1985). Is is distinguished from the biological pump (sensu lato) as is does not explicitly

consider dissolved organic forms. The soft tissue pump is a complex process that involves

many ecological pathways linking CO2 fixation by autotrophic plankton in the euphotic

layer to the burial of POC in the seafloor. The process is conceptually divided in two

steps: (i) the export of POC from the production layer and (ii) the transfer from the
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upper ocean to the deep ocean. The efficiency of each step can be quantified by two

variables: the particle export efficiency (PEeff=POC flux at the base of the productive

layer / net primary production, Dunne et al., 2005) and the transfer efficiency (Teff=

POC flux at 2000 m / POC flux at the base of the productive layer, Francois et al.,

2002). Initial studies suggested that over long time and space scales, the PEeff was equal

to the ratio of new to total primary production (f -ratio, Dugdale and Goering, 1967).

In line with this hypothesis, Legendre and le Fèvre (1989) have proposed a theoretical

scheme where areas of strong physico-chemical seasonal gradients would support a high

level of new production and hence high exported production. Conversely, areas of weakly

variable physico-chemical conditions would result in a regenerated production system that

supports low export production.

Direct measurements of meso- and bathypelagic POC fluxes show a strong decrease

of flux with depth (Martin et al., 1987) that is frequently described with a power law

equation known as the Martin curve:

POCfluxz = POCfluxz0 ×
(
z

z0

)−b

(1.1)

In this formulation, the b exponent summarizes the processes responsible for POC

flux attenuation with depth and many related formulations have been proposed (Boyd and

Trull, 2007). The attenuation of POC depends on the initial composition of the productive

community (phytoplankton size and/or association with biominerals, Boyd and Newton,

1995) but also on the magnitude of remineralization by heterotrophic bacteria (Herndl and

Reinthaler, 2013), particle consumption by zooplankton (Jackson, 1993; Steinberg et al.,

2008; Robinson et al., 2010; Cavan et al., 2015) and/or packaging into larger aggregates

(Francois et al., 2002; Stemmann et al., 2004; Burd and Jackson, 2009).

The first global-scale compilations demonstrated that the b value was not constant

and varied geographically (Francois et al., 2002; Honjo et al., 2008). It was first hypoth-

esized that the geographical variability of Teff was due to the association of POC with

ballast minerals (from lithogenic or biological origin) that result in different particle sink-

ing speeds and protection from remineralization due to associations with mineral phases

(Ittekkot, 1993; Armstrong et al., 2002; Klaas and Archer, 2002; Francois et al., 2002).

More recent compilations of shallow and deep export fluxes have demonstrated strong

latitudinal patterns in the distribution of PEeff, Teff and b (Henson et al., 2012; Guidi

et al., 2015). Low latitude ecosystems exhibit low PEeff and high Teff (and therefore low

b) and the opposite is observed in high latitude ecosystems (Fig. 1.4). In low latitude

ecosystems, it was suggested that the low PEeff was due to low levels of new production

(low f -ratio) under macronutrient limitation, characterized by phytoplankton commu-

nities dominated by small cells with low sinking rates (Henson et al., 2012). In these

conditions, much of the organic carbon is remineralized within the mixed layer and the



8

POC exported is mostly refractory and likely to be packaged into strong and fast-sinking

faecal pellets resulting in a high Teff (Francois et al., 2002). Conversely, in high latitude

ecosystems, macronutrient availability sustains the new production of large phytoplank-

ton mainly represented by diatoms with high sinking speeds, leading to high PEeff (Boyd

and Newton, 1995, 1999; Buesseler, 1998). However, the POC exported from the surface

with this phytoplankton community is considered more labile, and it therefore undergoes

enhanced remineralization below the productive layer which is manifested as a low Teff.

These ideas are supported by global scale analyses that highlight the negative relation-

ship between Teff and the biogenic silica (BSi) content of exported particles (Francois

et al., 2002; Henson et al., 2012) and the positive relationship between the fraction of

microphytoplankton and the b attenuation coefficient (Guidi et al., 2015).

Figure 1.4: Global distribution of a. PEeff and b. Teff from Henson et al. (2012). c.
Regionalized b values in Longhurst biological provinces from Guidi et al. (2015).

General conclusions from these global-scale analyses are however not always consistent

with short term observations observations from regional studies. Rivkin et al. (1996) have

demonstrated that the relationship between the f -ratio and the PEeff was invalid over short

time scales. A more recent study even showed an inverse relationship between net primary

production and PEeff in the Southern Ocean (Maiti et al., 2013). Additionally, numerous

process-oriented studies have identified ecological processes responsible for the formation

of fast-sinking particles: algal aggregation (Jackson et al., 2005; Burd and Jackson, 2009),
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plankton faecal pellet production (Lampitt et al., 1990; Wilson et al., 2008; Lampitt et al.,

2009; Wilson et al., 2013), diatom resting spore formation (Salter et al., 2012; Rynearson

et al., 2013), or active transport by vertically migration zooplankton (Jackson and Burd,

2001; Steinberg et al., 2008; Davison et al., 2013). Moreover, physical processes such as

eddy-driven subduction of non sinking POC (Omand et al., 2015) have been demonstrated

to play a substantial role in global POC export from the mixed layer. These studies

highlighted important subtleties likely to explain why local observations diverge from the

patterns identified at global scale. In this context the hypothesis of a ballasting effect

has been heavily debated (Thomalla et al., 2008; Sanders et al., 2010). Certain authors

suggest the correlation between POC and mineral fluxes might not be causal and should

be considered as an indicator of the ecosystem structure and functioning that ultimately

determines the functioning of the biological pump (Lam et al., 2011; Henson et al., 2012).

POC export at the base of the productive layer estimated from observations and

global numerical models is reported to range from 5 to 13 Pg yr−1 (Lima et al., 2014, and

references therein). It is generally accepted that only ∼0.2 Pg yr−1 reaches a depth >2000

m (Lutz et al., 2007; Lima et al., 2014) but a recent estimate suggests a three-fold increase

to∼0.7 Pg yr−1 (Guidi et al., 2015). First studies based on box models of the global carbon

cycle have reported that an ocean without biological pump would result in an increase

in atmospheric pCO2 of up to 200 ppm (Sarmiento and Toggweiler, 1984; Sarmiento

et al., 1988). More recent studies using global circulation models suggest a much more

moderate impact (Archer et al., 2000b). However, the biological pump remains one of

the most important biological mechanisms in the Earth’s system allowing the transfer of

carbon from the fast climate cycle (∼ decades to centuries) to the geological cycles (IPCC,

2013). The uncertainty in both the shallow and deep export fluxes at global scale reflects

the difficulty to represent poorly documented ecological processes in numerical models

(Francois et al., 2002; Boyd and Trull, 2007; Lam et al., 2011; Henson et al., 2012; Guidi

et al., 2015). Therefore describing biological and ecological factors responsible for POC

export out of the mixed layer and transfer to the deep ocean is still a fundamental goal

in Earth system science and is the focus of the present thesis.
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1.2.3 Biological components of the export fluxes

There is the life of the plankton in almost endless variety; there are the many kinds of

fish, both surface and bottom living; there are the hosts of different invertebrate creatures

on the sea-floor; and there are those almost grotesque forms of pelagic life in the oceans

depths. - Sir Alister Hardy, 1956.

A recent large scale sampling of the ocean and DNA sequencing suggests that ∼ 150

000 operational taxonomic units of eukaryotes exist in the euphotic zone (de Vargas

et al., 2015), and models converge to a theoretical total number of 2.2 million eukaryotic

marine species (Mora et al., 2011). For prokaryotes, the concept of species is even more

complicated (Rosselló-Mora and Amann, 2001), and 6000 species of prokaryotes have been

formally described so far and 360 new prokaryotic taxa are submitted to Genbank every

year (Pedrós-Alió, 2006). Such a phylogenetic diversity is associated with metabolic and

physiological diversities that impact the biogeochemical cycles (Fig. 1.5).

Most of the bacteria and archaebacteria are heterotrophs that oxidize organic matter

to CO2, converting labile organic matter to more refractory compounds. However, some

bacteria are phototrophs and part of them (cyanobacteria) are able to fix atmospheric

nitrogen. This process has a potential significance for the biological pump not only by

introducing new nitrogen to the mixed layer, but also through the direct collapse and

export of the cyanobacteria bloom (Bar-Zeev et al., 2013). Some bacteria lineages are

able to fix inorganic carbon into organic matter in the dark ocean (chemolithoautotro-

phy, e.g. Swan et al., 2011). Metazoarian organisms (here mesozooplankton) are strict

heterotrophs. Nevertheless, their ability to produce dense and fast-sinking faecal pellets

is likely to increase the POC export fluxes (Lampitt et al., 1990; Turner, 2002). Addi-

tionally, zooplankton actively transfer organic matter to the mesopelagic ocean during

diel vertical migration patterns (Steinberg et al., 2002). The diversity of the physiological

and ecological strategies make the calculation of the carbon budget in the deep ocean

complicated (Burd et al., 2010).

An important fraction of marine protists (unicellular eukaryotes) are autotrophs that

produce organic matter that has a potential for export. This is notably the case for di-

atoms (Bacillariophyceae). However, numerous protists exhibit mixotrophy depending on

the phase of their life cycle and/or the availability of food. The most common example

is dinoflagellates (Stoecker, 1999; Jeong et al., 2010), but it is also frequently observed

among cilliates (Stoecker et al., 1989). This metabolic plasticity has a potential impact on

the biological pump, because it allows access to organic forms of nutrients for mixotrophic

protists (Mitra et al., 2014). Finally the symbiotic association of heterotrophic and au-

totrophic organisms (e.g. foraminifera with dinoflagellates or acantharia with Phaeocystis,

Gast and Caron, 2001; Decelle et al., 2012) increases the difficulty to fully understand the

role of plankton diversity and associated physiology in carbon fluxes. Recent trait-based
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models of unicellular organisms integrate a continuum of size and trophic strategy, rather

than discrete classes of size and trophic interactions (Andersen et al., 2015). Adding such

trophic plasticity into biogeochemical models might increase the ability to predict export

fluxes in a dynamic and changing environment.

Plankton diversity is also associated with variability in organic matter stoichiome-

try. A recent compilation of particulate organic carbon, nitrogen (PON) and phosphorus

(POP) at global scale demonstrates strong latitudinal patterns in the molar ratios of these

elements (Martiny et al., 2013a). The observed changes in organic matter stoichiometry

reflect changes in the intrinsic stoichiometry of plankton (at the species level) as well as

the result of food web processes and ecological strategy (Klausmeier et al., 2004). For

example, diatoms usually display a lower PON:POP ratio than dinoflagellates (Ho et al.,

2003). However, ecological strategies (competitive equilibrium versus exponential growth)

and environmental factors (temperature) can influence the nature of resource allocation

at a cellular level and thereby impact the stoichiometry of phytoplankton populations

(Klausmeier et al., 2004; Toseland et al., 2013). Thus plankton diversity and associated

food web processes have an impact on the degree of coupling of major elements (C, N, P,

Si) in biogeochemical cycles. Plankton communities synthesise lipid compounds used for

cell structure or energy storage (Chuecas and Riley, 1969; Lee et al., 1971). The speci-

ficity of lipid classes to certain planktonic taxa or metabolisms make them good trophic

markers for the study of food web structure in the pelagic environment (Dalsgaard et al.,

2003). Moreover, lipid export flux represents a source of energy for the deep ocean whose

lability depends on the lipid composition (Wakeham et al., 1997, 2009). Thus, the lipid

composition of export fluxes is an important factor for the pelagic/benthic coupling and is

likely to influence the composition of the benthic community structure (Ruhl and Smith,

2004; Wolff et al., 2011).

1.2.4 Biological processes contributing to export

The sinking speed (w) of an idealized small, slow-sinking spherical particle (Reynold

number Re <0.5) in a quiescent fluid is described by Stokes’ law:

w =
g ∆ρ d2

18 µ
(1.2)

Where g is the gravitational acceleration, ∆ρ is the density difference between the particle

and the fluid, d is the particle diameter and µ is the dynamic viscosity of the fluid. For

large particles with higher sinking velocities (Re >0.5), the drag forces increase strongly

with speed, and a different formulation has been proposed by Alldredge and Gotschalk

(1988):

w =

[
4

3

g ∆ρ d

cd ρsw

]1/2

(1.3)
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In this formulation, ρsw is the seawater density and cd is the drag coefficient, an empirical

coefficient depending on the shape of the particle.

In both formulations, the sinking speed is dependent on two essential characteristics

of the particle : the diameter and the density. Particle size in the ocean results from

the equilibrium of disaggregation and coagulation. Models suggest aggregation is always

occurring in phytoplankton populations and that this process is concentration-dependent

(Jackson, 1990). When phytoplankton reaches a ”critical concentration” , cells are sup-

posed to collide and attach to each other to form large phytodetrital aggregates (Jackson

and Kiørboe, 2008; Burd and Jackson, 2009), a phenomenon enhanced by the presence of

exopolymeric substances (Logan et al., 1995; Engel, 2000). Aggregated particles >0.5 mm

are referred-to as ”marine snow” and associated with a high sinking speed >100 m s−1 (All-

dredge and Gotschalk, 1988). In this context, aggregation and sinking of phytoplankton

populations have been suggested as an important process exporting carbon from the sur-

face ocean (Burd and Jackson, 2009). However, observations of aggregation and sinking

of phytoplankton in the ocean are rare (Kiørboe et al., 1994; Jackson and Kiørboe, 2008),

and it appears that concurrent disaggregation occurs in the mesopelagic ocean due to

bacterial remineralization and zooplankton feeding on sinking material (Stemmann et al.,

2004). Moreover, a recent compilation of particle size and sinking speed data demon-

strates that there is no robust relationship between the two variables (Laurenceau-Cornec

et al., 2015b). These studies emphasize the importance of the shape and biological com-

position of the particles that influences the density and drag coefficient and ultimately

the sinking speed.

Although small particles dominate numerically the particle standing stock in the ocean,

very large particles such as faecal pellets (FP) have been identified as important contrib-

utors to export fluxes (McCave, 1975; Lampitt et al., 1990; Turner, 2002). Zooplankton

FP are dense particles, in some case protected by a peritrophic membrane (Gauld, 1957).

These properties confer a high sinking speed ranging from 30 to 3000 m d−1 (Turner,

2002), and a degree of protection from bacterial degradation (Poulsen and Iversen, 2008).

For these reasons, zooplankton FP have been long considered as the main vector of POC

export to the deep ocean (Lampitt et al., 1990; Turner, 2002). The relative contribu-

tion of zooplankton FP to total POC flux is highly variable vertically and geographically.

Data compilations suggest that the relative contribution of faecal pellet to bathy- and

abyssopelagic carbon flux is higher during low POC flux periods (Wilson et al., 2013;

Manno et al., 2015). Wilson et al. (2013) have concluded that high export fluxes to the

abyssal ocean originated from lower trophic levels. Additionally, FP from different origins

can have different shapes (spherical, ovoid, ellipsoid, cylindrical and tabular) associated

with different sinking speed. For example, the sinking speed of small spherical FP pro-

duced by small copepods (∼20 m d−1, Yoon et al., 2001) is two orders of magnitude lower

than that of large tabular FP produced by salps (∼2700 m d−1, Madin, 1982). Because
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the faecal pellet flux depends on the surface ocean phyto- and zooplankton community

structure as well as heterotrophic activity in the deep ocean (bacterial remineralization

and consumption/fragmentation by flux-feeders), it is very difficult to predict the relative

contribution of FP to deep ocean POC fluxes (Turner, 2002).

Zooplankton is involved in another process likely to contribute to the export of carbon

in the mesopelagic ocean. At night, zooplankton swim to the surface and feed in the

productive euphotic layer. Before sunrise, many metazoarian organisms swim to the

depth, presumably to escape from their large visual predators (Haren and Compton, 2013).

This diel vertical migration is ubiquitous in the marine environment, and the migration

depth ranges 200-1000 m (Bianchi et al., 2013a). Excretion, FP production and mortality

at depth result in an active transfer of carbon and nutrient to the mesopelagic ocean.

Moreover, zooplankton feeding is sometimes considered as ”sloppy feeding” that produces

dissolved or slowly-sinking suspended organic matter in the mesopelagic ocean likely to

be consumed by bacterial communities (Giering et al., 2014). It was suggested that the

energy supply attributed to diel vertical migration was necessary to meet the demand

of the mesopelagic ecosystem and close the carbon budget (Steinberg et al., 2008; Burd

et al., 2010; Giering et al., 2014). Models suggest that diel vertical migration can account

for 15-40 % of the POC flux in the mesopelagic ocean (Bianchi et al., 2013b).

1.2.5 Diatoms and their significance for biogeochemical cycles

Diatoms (Bacillariophyta) are freshwater and marine protists producing a siliceous frus-

tule (Fig. 1.5). Diatoms account for >40 % of marine primary production (Nelson et al.,

1995). This is equivalent to 20 % of the net primary production on Earth, exceeding the

contribution of all the rainforests (Field et al., 1998). Because of their silica frustule, di-

atoms are generally denser than the surrounding water and consequently have a tendency

to sink out of the photic zone (Smetacek, 1985). However, diatoms can modulate their

density by exchanging high for low molecular weight ions (Boyd and Gradmann, 2002;

Anderson and Sweeney, 1978), making the prediction of the sinking speed at the cellu-

lar level difficult (Miklasz and Denny, 2010). Some species are even capable of positive

buoyancy (Villareal, 1988, 1992; Moore and Villareal, 1996), complicating the use of size-

sinking speed relationships for this phytoplankton group. Due to their generally large size

(∼10-2000µm), the low surface:volume ratio imposes lower affinity for nutrients than pico

and nanoplankton (Pahlow et al., 1997; Sarthou et al., 2005; Sunda and Hardison, 2010).

Therefore diatoms are preferentially found in nutrient-rich waters of upwelling areas or

high latitude oceans (Patrick, 1948; Margalef, 1958; Alvain et al., 2008) where they have

developed a strategy to cope with low iron availability and light levels (Strzepek et al.,

2012). Moreover, their success in iron-poor regions could be due to their capability to

produce ferritin, a protein involved in iron storage within the cell (Marchetti et al., 2009).
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Diatoms store carbon products from photosynthesis as chrysolaminarin (hydrophilic glu-

cose polymer) and unsaturated fatty acids (Müller-Navarra et al., 2000), which make

them an energy-rich food source. Therefore diatom production is not only important for

the biogeochemical cycle of carbon and silicon, but also essential for carbon transfer to

zooplankton grazers and pelagic fish (Ryther, 1969; Walsh, 1981; Ainley et al., 2015).

The rise of oceanic diatoms during the Cenozoic (66 million years ago to present)

might be due to increased continental erosion and increased silicic acid concentration in

the global ocean (Cermeño et al., 2015). The large size, the strong frustule, sometimes

with numerous setae, and the ability to form chains confer to diatoms a mechanical

resistance to mesozooplankton grazing pressure (Smetacek et al., 2004; Friedrichs et al.,

2013). This watery arm race (Smetacek, 2001), together with the blooming strategy, has

implications on the export of carbon and silica (Assmy et al., 2013) and thereby shapes

the biogeochemical cyles of these two elements (Boyd and Newton, 1995; Nelson and

Brzezinski, 1997; Smetacek, 1999). For example, diatoms may have contributed to higher

export fluxes during the Paleocene-Eocene transition (55 million years ago) (Ma et al.,

2014), leading to important climate feedback (lowering air temperature) driven by the soft

tissue pump (Bowen, 2013). In this context, the evolution of biogenic silica production

not only had an impact on the trophic interactions, but also on the chemical and probably

climatic changes of the Earth system. In the modern ocean, diatom biogeography strongly

constrains the accumulation of silica into siliceous oozes in the Southern Ocean, connecting

the short (silica production/dissolution) and long (sediment burial) time scales of the

silicon cycle (Tréguer et al., 1995).

Diatom life cycles are characterized by vegetative divisions during which each valve

becomes the epivalve of the future cell, reducing the cell size at each generation (Fig. 1.6).

When the cell reaches a minimum size, meiosis occurs resulting in sexual reproduction.

This strategy ensures that meiosis occurs at regular intervals, balancing the cost of sexual

reproduction with the advantage of genetic mixing (Lewis, 1984). Sexual reproduction

can be extremely regular with little impact from external abiotic factors (D’Alelio et al.,

2010). Several types of gametes exist (oogamy, anisogamy, free gametes or direct contact

of the vegetative cells). After fertilization, the zygote (or auxospore) produces the largest

cell called the initial cell. To ensure survival in adverse conditions, formation of a resting

stage can occur (Fig. 1.6). It can take the form of a resting spore (morphologically very

different to the vegetative cell and containing storage bodies), resting cell (morphologically

similar to the vegetative stage but with physiological and cytoplasmic changes) or winter

stage (similar to the spore but without energy storage bodies, only observed for Eucampia

antarctica var. antarctica, Fryxell and Prasad, 1990). Resting spores have a thicker

frustule than the vegetative cell, larger vesicles where lipids are stored (Doucette and

Fryxell, 1983; Kuwata et al., 1993), and show reduced metabolic rates (20 % respiration

and 4 % photosynthetic rates compared to vegetative cells, Kuwata et al., 1993). Due to
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their small size and strong frustule, resting spores are quite resistant to grazing and have

even been observed to lower copepod grazing rates (Kuwata and Tsuda, 2005). Resting

stage can be released from the parent frustule (exogenous), attached to the parent frustule

(semi-endogenous), or remain within the two valves of the frustule (endogenous). During

resting spore formation, silicic acid uptake rates increase to build a thick, resistant frustule

around the spore (Kuwata and Takahashi, 1990; Oku and Kamatani, 1995). Resting spores

exhibit sinking speeds up to 30 times higher than the vegetative stage (McQuoid and

Hobson, 1996). The formation of resting spores can occur rapidly, for example a whole

community of Chaetoceros pseudocurvisetus can form spores within 48 hours (Kuwata

et al., 1993).
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Figure 1.6: Schematic of a diatom life cycle, drawn after Hasle and Syvertsen (1997) and
Round et al. (2007)

Numerous triggering factors have been invoked for resting spore formation such as

temperature, salinity and pH stress, light and nutrient limitation. A compilation of in

situ and culture experiments concluded that nitrogen limitation was the most important

triggering factor (McQuoid and Hobson, 1996). Micronutrient limitation, such as iron,

was also evoked, although the authors concluded it indirectly lowered the nitrogen cell

content which was the ultimate triggering factor (Sugie and Kuma, 2008). Finally, rest-

ing spore formation by Thalassiosira antarctica was observed in Southern Ocean waters

without particular nutrient or light limitation (von Bodungen et al., 1987), suggesting

that interactions between factors might trigger spore formation. Resting spore formation

by neritic diatom populations was interpreted as a way to persist regionally in places

where favourable growth conditions occur seasonally. Resting spore sinking transfers the

resting stages into deep, cold and dark waters were non-growing cells have been shown
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to survive longer (Peters and Thomas, 1996), and allows them to potentially initiate the

spring diatom bloom in neritic areas (Smetacek, 1985). This concept implies a mech-

anism that brings spores back to the euphotic zone, which is most of the time poorly

documented (vertical currents, active transport). Spores might also be exported in one

area and reseed another area after lateral advection (Leventer, 1991). This could explain

why resting spores are found in very deep sediments remote from neritic areas along the

Antarctic circumpolar current (Crosta et al., 1997). Light seems to be a critical factor for

spore germination, in terms of both photoperiod (Hobson, 1981) and intensity (French

and Hargraves, 1985). During spore germination, the cell undergoes reverse physiological

processes that occur during spore formation (organelles and cytoplasm proliferation, re-

duction of storage lipids) and ultimately undergo mitosis (Anderson, 1975). The fraction

of germinating spores decreases with increasing resting time. Resting spores can survive

for a very long time (up to 100 years) in appropriate conditions such as anoxic sediments

(Härnström et al., 2011). Given their low sensitivity to grazing, their high carbon con-

tent, and their important sinking speed, diatom resting stages are good candidates to

drive efficient carbon export from the mixed layer to the seafloor (Smetacek, 1985; Salter

et al., 2012; Rynearson et al., 2013).
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1.3 Quantifying export fluxes

Deep-sea organisms are nourished by a “rain” of organic detritus from overlying surface

waters. - Alexander Agassiz (1888).

The soft tissue pump appears to be responsible for the majority of the vertical DIC

gradient in the ocean (Fig 1.2a) and therefore plays a major role in the air-sea CO2 fluxes.

Quantifying the downward flux of POC has been a central question in oceanography for

nearly 40 years (McCave, 1975; Eppley and Peterson, 1979; Suess, 1980; Martin et al.,

1987; Boyd and Trull, 2007). Several methods based on direct and indirect measurements

as well as budget calculations have been used to constrain the POC export fluxes.

1.3.1 Budget calculations

A first approach to quantify the magnitude of carbon export from the mixed layer is

to build a seasonal carbon budget at local scale based on pCO2, DIC, POC and DOC

measurements. This concept introduced by Emerson et al. (1997) was notably applied by

Jouandet et al. (2008) for the central Kerguelen Plateau bloom. The first step is to calcu-

late seasonal net community production (NCP = net primary production - heterotrophic

respiration). The NCP equals the seasonal DIC consumption in the mixed layer corrected

from atmospheric, vertical and horizontal fluxes.

NCP = ∆DIC + Fatm + Fvert + Fhoriz (1.4)

NCP =

∫ h

0

(DICw −DICs) +

∫ t

0

kK0 ∆pCO2 dt+

∫ t

0

Kz
dDIC

dz
dt+

∫ t

0

Kh
dDIC

dh
dt

(1.5)

DICw and DICs are respectively the mean winter and summer DIC concentration within

the mixed layer, h the mixed layer depth, k the transfer velocity, K0 the CO2 solubility,

∆pCO2 the difference in the air-sea pCO2, Kz and Kh the vertical and horizontal diffusiv-

ity coefficients that multiplies the vertical and horizontal DIC gradients (the horizontal

formulation was simplified here). Seasonal carbon export is then calculated from NCP

corrected for summer POC and DOC accumulation in the mixed layer.

Cexp = NCP −∆POC −∆DOC (1.6)

Cexp = NCP −
∫ h

0

(POCs − POCw)−
∫ h

0

(DOCs −DOCw) (1.7)
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This approach can be particularly useful in areas rarely visited, such as Southern Ocean

blooms and provides and estimate of carbon export over an entire seasonal cycle. It is

highly sensitive to the choice of diffusion coefficients (Jouandet et al., 2008) that may

strongly vary across the season. Moreover it does not take into account carbon removal

by vertically-migrating organisms or highly motile predators. A more recent formula-

tion of carbon budget taking into account DOC export and zooplankton migration and

respiration to depth was proposed by Emerson (2014).

Over large temporal and spatial scales, the efficiency of the biological pump can be

quantified as the fraction of mixed layer nutrient inventory that is annually transferred

to depth by the biology (Sarmiento et al., 2004). It can be calculated from climatological

fields of nutrients (World Ocean Atlas 2013, Garcia et al., 2013).

Efficiency =
< NO3

− >100−200m − < NO3
− >0−100m

< NO3
− >100−200m

(1.8)

<NO3
–> is the mean nitrate concentration within each layer. The result at global scale

is shown in Figure 1.7. Efficiency is 100 % when organisms completely deplete surface

nutrients, and is 0 % when there is no removal of upwelled nutrients. The major result is

that the high latitude ocean, and more specifically the Southern Ocean, displays a very

low biological pump efficiency (<25 %). Therefore the ecological and physical processes

responsible for the efficiency of the biological pump are not constant but highly variable

geographically. Several reasons are invoked for the low efficiency of the present day

Southern Ocean (iron limitation, deep summer mixed layer, low light levels, phytoplankton

self-shading and high nutrient supply) and are detailed in section 1.4.

.

Figure 1.7: Global distribution of the biological pump efficiency calculated from climato-
logical NO3

– field (World Ocean Atlas 2013, Garcia et al., 2013)
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Budget calculations based on relatively simple oceanographic parameters are highly

useful to scale the magnitude and efficiency of export fluxes over long temporal and spatial

scales. However, they do not allow the examination of the ecological and environmental

mechanisms responsible for variations in the function of the biological carbon pump.

1.3.2 Geochemical proxies

In the late 1980s, the analytical measurements of radioisotopes characterizing the uranium

decay chain (238U → 234Th → 234Pa → 234U → ...) have been significantly improved

(Cochran and Masqué, 2003). All of these elements decay by alpha emissions and are

therefore measurable by alpha spectrometry. Early measurements of 234Th demonstrated

its affinity for particles (Bhat et al., 1968), whereas its parent element 238U is soluble

in seawater and directly related to salinity (Chen et al., 1986). The properties of the
238U-234Th radionuclide pairing enables particle export models based on the 238U/234Th

distribution in the sea (Savoye et al., 2006). In the simplest one box model, 234Th activity

is a result of a balance between its production from 238U, its radioactive decay, its removal

on sinking particles and its advection/diffusion into or out of the box:

dATh
dt

= λAU − λATh − P + V (1.9)

where λ is the decay constant of 234Th (0.028 76 d−1), A are the radioisotopes activities,

P the removal on particles and V the advection/diffusion term. Under steady-state

conditions (dATh
dt

= 0), and assuming negligible advection/diffusion processes, the net
234Th flux at the base of a layer (P) equals the depth-integrated total 234Th activity

deficit relative to 238U multiplied by the decay constant λ:

P = λ

∫ z

0

(AU − ATh) (1.10)

The 234Th flux (dpm m−2 d−1) is then multiplied by a POC:234Th ratio (mmol dpm−1) to

obtain a particulate organic carbon flux (mmol m−2 d−1) at the base of disequilibrium in-

tegration depth. The 234Th half life of 24.1 days allows to study the integrated export over

a time scale of ∼three weeks prior to the measurement. Other models taking into account

non steady-state conditions (dATh
dt
6= 0) were developed and require two consecutive visits

of the same station (Savoye et al., 2006). Finally, models taking into account advection

were developed for areas where horizontal velocities cannot be neglected (Benitez-Nelson

et al., 2000). Because the 234Th method is logistically simpler and less expensive than

the deployment of a sediment trap, this proxy constitutes the most abundant database

of particle export from the upper ocean (Le Moigne et al., 2013a). The 234Th proxy is

now accepted as a reference to study the particulate export and, when coupled with NPP

measurements, provides a direct estimate of PEeff (Henson et al., 2012; Le Moigne et al.,
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2013a; Maiti et al., 2013). Alternatively, another radionuclide pair, the 210Pb/210Po, with

similar properties can be used to estimate export fluxes (Cochran and Masqué, 2003;

Le Moigne et al., 2013b).

Many uncertainties are associated with radionuclide budgets. Firstly, a strong un-

certainty exists in C:234Th ratio that can temporally vary 60-fold at a single location

(Buesseler et al., 2006). The POC:234Th ratio is strongly influenced by particle size and

composition, although little is known of its dependence on these two variables. Some

studies have tried to address this issue using a size-fractionated POC:234Th ratio (e.g.

Jacquet et al., 2011). Moreover, the 234Th deficit occurs over a time scale equal to its half

life (24.1 days), whereas the POC:234Th is an instantaneous ratio only representative of

the sampling conditions. The integration of the 234Th also complicates the comparison

of 234Th-derived export with daily NPP measurements. Finally, the assumption that the

entirety of the 234Th deficit is due to export might not be true in an ecosystem with a

very short food web where energy and matter is efficiently transferred to highly motile

higher trophic levels (Huntley et al., 1991). This might lead to an overestimation of export

fluxes. This question has not been addressed to date.

1.3.3 Optical methods

Bulk particulate matter distribution in the ocean can be tracked optically using a trans-

missiometer (Gardner et al., 1990). This instrument emits an optical signal (usually at

660 nm) and measures the fraction of the signal that is absorbed during its path in the

water. When corrected for the attenuation due to pure water, the measurement provides

an attenuation coefficient attributed to particles (cp). Strong empirical relationships be-

tween cp and POC concentration have been identified (Loisel and Morel, 1998; Cetinić

et al., 2012) and the recent integration of transmissiometers with Argo floats and sea glid-

ers facilitates the study of POC distribution at high temporal and spatial resolution (e.g.

Bishop and Wood, 2009; Xing et al., 2014). Another optical property, the backscattering

coefficient (bbp , ∼1 % of the total particulate scattering bp) has been mechanistically

linked to the concentration of small particles (< 20µm), positively correlated to chloro-

phyll a concentration (Loisel and Morel, 1998) and to a lesser extent POC concentration

(Cetinić et al., 2012). A modified version of an upward-looking transmissiometer was used

to study particle export during the SOFEX artificial fertilization experiment (Coale et al.,

2004). In the Norwegian Sea, Dall’Olmo and Mork (2014) used bbp from an Argo float

to calculate the variation of POC stocks in constant depth intervals and derived POC

export from this optical measurement. Such instruments can provide data at very high

frequency (several profiles per day) but cannot document important qualitative aspects

of particulate material that may drive export processes. However, recent efforts to link

optical properties with the composition of the phytoplanktonic community (Cetinić et al.,
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2015) may represent a way to address such limitations.

Concomitantly, other instruments have been developed to study particulate matter

distribution. The underwater Vision Profiler (UVP, Picheral et al., 2010) takes pictures

of particles > 52 µm at high frequency (6 Hz) during vertical downcasts. The particle

equivalent spherical diameter (d) is calculated from the pixel area of each particle. The

UVP represents a significant step forward in studying particle distribution and particle

size spectra in the ocean (Gorsky et al., 2000; Stemmann et al., 2004). Guidi et al. (2008)

compiled a global database of particle d and POC fluxes from short term sediment trap

deployments. The authors derived a power relationship between d and the POC flux:

POCflux (mg m−2 d−1) = 12.5d (mm)3.81 (n = 118, R2 = 0.73) (1.11)

This empirical relationship has been used to derive POC fluxes at local (Jouandet et al.,

2011; Martin et al., 2013; Jouandet et al., 2014) and global scale (Guidi et al., 2008,

2015). The calibration performed at global scale assumes that particle sinking velocity

and organic carbon content (the two properties setting the POC flux) are directly related

to particle diameter. Any increase in particle content is therefore translated to an increase

in POC flux, which might be misleading in the case of carbon-poor particles (e.g. empty

diatom frustule aggregates or nepheloid layers). Moreover laboratory measurements sug-

gest there is no single relationship between particle equivalent spherical diameter and

sinking speed (see the data compilation by Laurenceau-Cornec et al., 2015b). Moreover

recent studies suggest that shape is as important as diameter in driving the sinking ve-

locity of marine snow (McDonnell and Buesseler, 2010; Laurenceau-Cornec et al., 2015b).

The lower end of size range recorded by the UVP (52 µm) ignores the contribution of

small particles (e.g. single phytoplankton cells) to total export (Durkin et al., 2015).

Alternative optical tools such as the video Plankton Recorder (VPR) have also been used

to assess POC export fluxes (McDonnell and Buesseler, 2012).

1.3.4 Sediment traps

Another approach to estimate POC export flux is to directly catch sinking particles.

The development of moored sediment traps (conical funnel catching the sinking material

in sample cups) in the late 1970s allowed the collection of biogenic particles over time

scales of days, weeks and years (Berger, 1971; Honjo, 1976). Having direct access to the

exported material brings valuable information on essential particle characteristics likely to

influence POC export such as the size (Suess, 1980), the chemical composition (Ittekkot,

1993; Armstrong et al., 2002; Ragueneau et al., 2006; Honjo et al., 2008) and biological

composition (Gersonde and Wefer, 1987; Wilson et al., 2008; Salter et al., 2012). However,

early studies also demonstrated that hydrodynamics around moored sediment traps might

introduce a strong bias in the trapping efficiency (Buesseler et al., 2007, for a review).
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Firstly, the trap itself introduces turbulence at small scale likely to modify the composition

of particles through aggregation/disaggregation processes (Baker et al., 1988). Secondly,

because horizontal velocities relative to the trap might (1) bend the sediment trap line,

modifying the collecting area and (2) select the size of the particles collected by the trap

(Hawley, 1988). In this context, it was proposed that moored sediment traps should not

be used in shallow areas subjected to strong velocities, with an upper limit of 12 cm s−1

(Baker et al., 1988). Additionally, it was demonstrated that the higher the aspect ratio

(height to diameter ratio) of the trap funnel, the lower the hydrodynamic bias.

To overcome hydrodynamic bias, surface-tethered sediment traps were developed.

These shallow traps are attached to a surface buoy and drift in a quasi-Lagrangian way

(e.g. Buesseler et al., 2000; Nodder et al., 2001). The horizontal current velocities rela-

tive to the trap are thus reduced (except in the case of stong current shear with depth),

but vertical movements remain problematic. A more recent development is the use of

neutrally buoyant sediment traps (NBST). A NBST is generally composed of a profiling

float associated with a trap funnel. It can be programmed to remain on fixed isopycnal

levels until trap retrieval (Buesseler et al., 2000; Salter et al., 2007; Lampitt et al., 2008).

NBSTs have proven to be less prone to hydrodynamic biases, but as for surface-tethered

sediment traps, vertical movements are unavoidable and logistical constraints limit the

extent of the deployment period.

Another possible bias occurring in shallow sediment traps are zooplankton organisms

that may actively enter the collection funnel. This can manifest itself in an overestimation

of POC flux or underestimation if significant feeding on particles within the trap occurs.

Furthermore there is no standard protocol to remove swimmers from passively sinking

material (Buesseler et al., 2007), or indeed to distinguish between swimmers actively or

passively entering the trap. Some authors sieve the bulk trapped material on 1 mm, whilst

others manually pick swimmers according to the preservation of the organic material. The

swimmer issue is strongly reduced in the case of deep sediment traps (>1000 m). Another

potential bias occurring during long term deployments of moored sediment traps is the

degree of particle solubilization in the sampling cups. The two main preservatives used in

sediment trap studies are mercuric chloride (HgCl2) and formaldehyde. HgCl2 acts as a

poison to inhibit microbial activity whereas the formaldehyde also fixes biological mem-

branes. Antia (2005) and O’Neill et al. (2005) studied particle solubilization in sediment

traps samples and demonstrated that despite the preservative effect, up to 60 % of the

particulate organic phosphorous and 30 % of the POC could be dissolved during an annual

deployment. Such a bias inevitably leads to an underestimation of trap-derived particu-

late export fluxes. It is in theory possible to correct for particle leaching by measuring

dissolved organic carbon and nutrients in the preservative solutions before and after the

deployment. However, this is rarely carried out and carbon solubilization can only be

corrected in HgCl2 poisoned traps. An unfortunate consequence of these uncertainties is



24

that comparisons of export fluxes measured by different methods are challenging.

The biases described above should be taken into account when studying particle fluxes

with sediment traps. They can be constrained for example by a careful examination of

the hydrodynamical environment (coupling current meters to the sediment trap), an effi-

cient swimmer sorting procedure, and appropriate corrections for particle solubilization.

Despite these uncertainties, annual deployments of moored sediment traps have provided

highly valuable data to better understand seasonal and regional differences in export fluxes

(Lutz et al., 2002, 2007) and the biological components contributing to these fluxes (e.g.

Romero and Armand, 2010). A detailed description of up-to-date chemical and biological

export fluxes derived from moored sediment traps in the Southern Ocean is provided in

section 1.4.3.

Another type of sediment trap has been developed to study the composition of the ex-

ported particles. These small cylindrical traps contain a polyacrilamide gel that collects

and conserves the shape of marine particles as they sink in the water column (Lunds-

gaard, 1994; Waite et al., 2000; Ebersbach and Trull, 2008; McDonnell and Buesseler,

2010; Laurenceau-Cornec et al., 2015a). It avoids physical disruption of aggregates or

the modification of original particle properties (size, shape) that occurs during the pro-

cessing of traditional sediment trap samples (splitting, sieving, swimmers sorting). High

resolution pictures of the particles trapped by the gel are taken, and particle volume can

be converted to organic carbon using appropriate C:volume ratios. These traps enable

a detailed study of particle size spectra and determination of the relative contribution

of phytoplankton aggregates or faecal pellets to the export fluxes. Similar to surface-

tethered and neutrally-buoyant sediment traps, the gel traps are currently only deployed

for short periods of time to avoid overloading gels with particulate material.
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1.4 The Southern Ocean case

1.4.1 Importance of the Southern Ocean in global biogeochem-

ical cycles

The Southern Ocean surrounds the Antarctic continent, covers a surface corresponding

to 20 % of the global ocean, and interconnects the three other oceanic basins (Atlantic,

Pacific and Indian, Fig. 1.8a). It is the only unbounded ocean and is often defined by a

dynamic geographical limit: the eastward-flowing Antarctic Circumpolar Current (ACC)

generated by westerlies. This ACC is composed of dynamic meridional fronts character-

ized by increased velocities (Fig. 1.8b). These fronts delineate major oceanographic zones

from North to South: the warm Subtropical Zone (STZ), the Subantarctic Zone (SAZ)

with important atmospheric forcing inducing very deep winter mixed layers, the Polar

Frontal Zone (PFZ) where significant downwelling occurs and the Antarctic Zone (AAZ)

characterized by a remaining temperature minimum layer of ∼ 2 ◦C. The AAZ contains

the Permanently Open Ocean Zone (POOZ) and the Seasonal Ice Zone (SIZ), under the

influence of the sea ice in winter. The meridional circulation of the Southern Ocean can

be schematically viewed as two convective cells located on each side of the Antarctic

divergence (Fig. 1.9b). Ekman drift along the ACC is responsible for the upwelling of

North Atlantic Deep Water (NADW) and Upper Circumpolar Deep Water (UCDW) and

the northward advection of modal waters: the Antarctic Intermediate Waters (AAIW)

and Subantarctic Mode Water (SAMW). Conversely, the westward katabatic winds along

the Antarctic coasts drive the subduction of Antarctic Bottom Water (AABW).

This “great mix-master of the world ocean” (Broecker, 1991) is responsible for the

exchange of heat, salt, nutrient and gases between the oceanic basins. The upwelling of

old DIC-rich deep water results in the outgassing of natural (pre-industrial) CO2 from

the ocean to the atmosphere (Mikaloff Fletcher et al., 2007; Takahashi et al., 2009). Con-

versely, the strong solubility pump associated with AAIW and SAMW formation repre-

sents an important sink of anthropogenic CO2 from the atmosphere (Marshall and Speer,

2012). Over the last century, 40% of the oceanic uptake of anthropogenic CO2 occurred

south of 40◦S (Sabine et al., 2004; Mikaloff Fletcher et al., 2006; Khatiwala et al., 2009;

Frölicher et al., 2014). However the anthropogenic carbon is not stored in the Southern

Ocean but is advected northward in the southern hemisphere subtropical thermocline

(Sabine et al., 2004; Sallée et al., 2012). All of the CMIP5 (Coupled Model Intercompar-

ison Project Phase 5) models agree on a warming and freshening of the Southern Ocean

waters over the 21st century (Meijers, 2014). However the impact of these changes on the

CO2 sink is still unclear. Some studies suggest a weakening of the CO2 sink due to (1) in-

creased stratification and weakening of the deep water formation (Sarmiento et al., 1998)

and (2) intensification of westerly winds that increases the upwelling of carbon-rich deep
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Figure 1.8: a. The recent view of the meridional overturning circulation adapted from
Broecker (1991) by Marshall and Speer (2012) that details the upwelling processes in
the Southern Ocean that now balance the deep water formation in the Atlantic. Figure
adapted from Marshall and Speer (2012). b. Sea surface temperature in the Southern
Ocean (World Ocean Atlas 2013) and major fronts (dotted line : Subtropical front from
Orsi et al. (1995), dashed line: Subantarctic front and continuous line: Polar front front
from Sallée et al. (2008)) that delimit Southern Ocean zones (STZ: Subtropical Zone,
SAZ: Subantarctic Zone, PFZ: Polar Frontal Zone, AAZ: Antarctic Zone).
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waters (le Quéré et al., 2007; Lovenduski et al., 2013). Other studies suggest an increase

in the future CO2 sink due to (1) increased wind-driven circulation that should enhance

the equatorward transport of anthropogenic carbon (Ito et al., 2010; Sallée et al., 2012)

and (2) weakening of the deep water ventilation leading to a decrease in CO2 outgasing

from deep waters of the Southern Ocean (Ito et al., 2015). To date, spatial and temporal

coverage of air and sea pCO2 measurements in the Southern Ocean are inadequate to

detect significant trends in its capability to absorb atmospheric CO2 (Lovenduski et al.,

2015). To overcome this issue, robust interpolation methods (neural network and MLD

budget-based interpolation) were used to derive continuous air-sea CO2 fluxes spatially

and temporally (Landschützer et al., 2015). Based on this approach, the authors con-

cluded a reduction in the Southern Ocean sink from 1990-2000 occured followed by a

strong increase from 2000 to present. This would be due to a more zonally asymmetric

atmospheric forcing in the Southern Ocean over the last decade.

Most of the Southern Ocean waters are remote from the coasts and display low con-

tents of the micronutrient iron. The lack of iron, despite high macronutrient availability

(Martin et al., 1990; de Baar et al., 1995), together with low surface irradiance and deep

mixed layers (Boyd, 2002; Boyd et al., 2007; Venables and Moore, 2010) limit primary

production and make the Southern Ocean one of the largest High Nutrient, Low Chloro-

phyll (HNLC, Minas et al., 1986) areas of the global ocean (Martin, 1990; Minas and

Minas, 1992). However, phytoplankton blooms are observed in areas where iron is de-

livered to surface water such as frontal systems (Moore and Abbott, 2002), downstream

of islands plateaus (Blain et al., 2001), in areas influenced by melting glaciers (Gerringa

et al., 2012), in seasonally ice-covered zones (Smith and Nelson, 1985, 1986), in coastal

polynyas (Arrigo and van Dijken, 2003) and in areas influenced by atmospheric dust de-

position (Mahowald et al., 2005). These conditions generally lead to the development of

massive, diatom-dominated phytoplankton blooms (Quéguiner, 2013) that strongly de-

crease DIC concentration in the mixed layer and generate air-to-sea CO2 fluxes (Merlivat

et al., 2015).

The Southern Ocean have played an important role in the glacial-interglacial atmo-

spheric CO2 variability. Martin (1990) highlighted the inverse relationship between iron

concentration and pCO2 in Vostok ice core over the last 160 kyr, with higher iron con-

centration and lower pCO2 during ice ages. It was suggested that higher atmospheric

dust deposition during glacial periods would enhance phytoplankton production and the

subsequent carbon sequestration to the deep ocean, lowering the atmospheric pCO2 (the

”Iron Hypothesis”). This process could account for ∼30-50 ppmv of the ∼80 ppmv differ-

ence in atmospheric pCO2 between the pre-industrial era and the last glacial maximum

(LGM, 25 000 - 18 000 years ago, Bopp et al., 2003; Kohfeld et al., 2005; Wolff et al.,

2006). Additional biological mechanisms to lower atmospheric pCO2 were proposed such

as an increase in the carbon to nitrogen ratio of export (Broecker, 1982) and a change in
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Figure 1.9: a. Surface water Si* distribution along a meridional transect in the Southern
Atlantic (modified from Sarmiento et al., 2004). b. Corresponding vertical section of
major circulation pathways and associated water masses. Major ACC fronts (STF: Sub-
tropical Front, SAF: Subantarctic Front, PF: Polar Front) delimit the Southern Ocean
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the dominant phytoplankton type from calcifyiers to silicifiers (Archer and Maier-Reimer,

1994). Finally, changes in oceanic circulation were also suggested to play an important

role in air-sea CO2 fluxes such as increased stratification that reduces the ventilation of

DIC-rich deep waters (Francois et al., 1997; Toggweiler, 1999; Sigman et al., 2010), an

increased area of ice-covered waters reducing the CO2 outgassing (Stephens and Keeling,

2000), and a change in the location and intensity of deep water formation (Toggweiler

et al., 2003).

Diatom Si(OH)4 to NO3
– uptake ratio increases in response to iron limitation (Takeda,

1998; Hutchins and Bruland, 1998). Moreover, the remineralization of N occurs at faster

rates than Si, leading to an increase in BSi to particulate organic nitrogen (PON) ratio in

exported particles with depth (Ragueneau et al., 2006). For these reasons the Southern

Ocean is a place of preferential export and trapping of silicon relative to phosphorus

and nitrogen (Holzer et al., 2014). These processes impose negative Si* values (Si* =

Si(OH)4-NO3
–) in productive areas where modal and intermediate water formation takes

place (Fig. 1.9a). Given that diatoms are usually thought to drive intense POC export

(Boyd and Newton, 1995; Buesseler, 1998), the northward advection of water with low

SiOH4 relative to NO3
– strongly constrains the production of siliceous plankton in the

low latitude ocean, with potentially important implications for the exported production

(Sarmiento et al., 2004). It has been proposed that a decrease in the Si(OH)4 to NO3
–

uptake ratio in response to increased iron availability during the LGM would have resulted

in an increased supply of Si(OH)4 to the low latitude ocean and an increase in primary

production at global scale (Brzezinski et al., 2002; Matsumoto et al., 2002). This ”Silicic

Acid Leakage Hypothesis” (SALH) directly links the stoichiometry of the biological pump

in the Southern Ocean to the atmospheric pCO2 at long time scale. In this context,

understanding the ecological factors that are responsible for the stoichiometry of the

biological pump in the Southern Ocean remains a fundamental question.

1.4.2 Iron availability and carbon export in the Southern Ocean

High macronutrient concentration in surface waters of the modern-day Southern Ocean

suggests that the biological pump is currently inefficient (Fig. 1.7, Volk and Hoffert, 1985;

Sarmiento and Orr, 1991). Following Martin (1990) ”Iron Hypothesis”, numerous pro-

grams have studied the impact of natural and artificial iron fertilization on the biological

pump in the Southern Ocean (Table 1.1, Fig. 1.10a).

In artificial fertilization experiments, iron sulfate (FeSO4) is delivered to HNLC sur-

face waters together with sulfur hexafluoride (Sf6) as a conservative tracer. The impact

of iron addition on the ocean biogeochemistry is typically studied over short time (weeks)

and space (∼ 100 km) scales. As reviewed by de Baar et al. (2005), all of the artifi-

cial fertilization experiments to date lead to a decrease in mixed layer DIC inventories
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accompanied with an increase in chlorophyll a. The significant relationship between max-

imum chlorophyll a concentration and the mixed layer depth suggested an iron-light

colimitation. Phytoplankton communities that responded to the iron availability were

mostly large diatoms during SOIREE (Fragilariopsis kerguelensis, Trichotoxon reinboldii,

Boyd et al., 2000), SOFEX-S (F. kerguelensis, Thalassiothrix antarctica, Coale et al.,

2004) and EIFEX (F. kerguelensis, Chaetoceros dichaeta, T. antarctica, Smetacek et al.,

2012). However, small diatoms (Pseudo-nitzschia and Chaetoceros hyalochaete), hap-

tophytes/prasinophytes, and other picoeukaryotes were the major groups to respond to

iron addition during the EisenEx (Assmy et al., 2007), SAGE (Peloquin et al., 2011),

and LOHAFEX (Martin et al., 2013) experiments, respectively. These varied responses

demonstrate the importance of initial conditions (notably Si(OH)4 availability) for bloom

development and the subsequent export of POC to depth in response to iron addition

(Table 1.1). Negligible export was observed in experiments where grazer biomass was

high enough to take advantage of the increased phytoplankton biomass and efficiently

recycle carbon within the mixed layer (Martin et al., 2013).

Artificial fertilization experiments have provided important information on the eco-

logical and chemical interactions during the initiation, development and fate of phyto-

plankton blooms in HNLC waters (factors controlling growth rate, nutrient uptake ratio,

sensitivity to grazing, export triggering, Boyd et al., 2007, and references therein). How-

ever the variability in carbon export and the technical constraints raised questions about

the ability of large scale fertilization to fulfil its initial objective and lower atmospheric

pCO2 (Chisholm et al., 2001; Zeebe and Archer, 2005). Additionally, numerical models

demonstrated that side-effects of artificial fertilization would not balance the benefits.

Sarmiento and Orr (1991) reported an anoxia of deep waters at global scale, Aumont and

Bopp (2006) suggested that most of the iron added would be lost to the sediments by

scavenging and Law (2008) described an increase in greenhouse gases emissions (N2O,

DMS, CH4) with a potentially positive feedback on global warming. Such cumulative

uncertainties on the impact of global scale fertilization cannot be solved short term and

spatially limited experiments. Other geoengineering tools such as direct air capture and

enhanced silicate weathering are now considered to mitigate the atmospheric increase of

CO2 (IPCC, 2013).

We suggest that ocean fertilization, in the open seas or territorial waters, should never

become eligible for carbon credits - Chisholm et al. (2001).

The concept of ”natural laboratory” evolved concomitantly with artificial fertiliza-

tion studies. In these studies the biogeochemical functioning of areas naturally fertilized

with iron is compared with surrounding HNLC waters. The input of iron from sedi-

ments and glacial melt water downstream of the subantarctic islands leads to large scale

(104 − 105km2) and long lasting (few months) phytoplankton blooms (Westberry et al.,
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Experiment Change in Method Reference

POC export

Artificial fertilization experiments

SOIREE No 234Th Charette and Buesseler (2000)

No drifting trap Nodder and Waite (2001)

SOFEX ×3 234Th Buesseler et al. (2004)

×6 optical ARGO Bishop et al. (2004)

EIFEX ×3 POC stocks Smetacek et al. (2012)

LOHAFEX No drifting trap Martin et al. (2013)

Natural fertilization experiments

KEOPS1 ×2 234Th Blain et al. (2007)

CROZEX ×3 moored trap Pollard et al. (2009)

SAZ-SENSE ÷4 234Th Jacquet et al. (2011)

DISCOVERY ×2 moored trap Manno et al. (2015)

BWZ ×3 234Th Charette (unpublished)

Table 1.1: Effect of natural or artificial fertilization experiments performed in the Southern
Ocean on POC export. The change in POC export is the ratio between POC export in
the fertilized area compared to the control area. See Fig. 1.10a for the location of the
studies.
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2013) that were studied by multidisciplinary programs such as KEOPS1 (Blain et al.,

2007), KEOPS2, CROZEX (Pollard et al., 2009), and DISCOVERY (Tarling et al., 2012)

(Fig. 1.10). Other natural fertilization processes such as upwelling of iron-rich deep wa-

ters (BWZ, Zhou et al., 2013), aerosol iron deposition (SAZ-SENSE, Bowie et al., 2011)

and sea-ice melting in coastal polynias (DynaLiFe, Arrigo and Alderkamp, 2012) have

also been studied. Most of these studies reported an increase in POC export in response

to fertilization that was comparable to artificial experiments (Table 1.1). The major

difference was the fertilization efficiency: the excess of carbon export per excess of iron

added (excess refers to the difference between the fertilized and control site). In artificial

fertilization experiments, the efficiency was of the order of magnitude ∼ 103 − 104 (mole

of C per mole Fe) whereas it reached values > 105 in natural fertilizations studies (Chever

et al., 2010). This is notably due to the mode of iron addition and its bioavailability.

Pulsed and intense inputs of iron during artificial fertilization lead to significant dilution

and losses (de Baar et al., 2005) whereas slow and continuous natural inputs are more

efficiently utilized (Blain et al., 2008b). Additionally, natural iron inputs deliver key lig-

ands maintaining iron available to biology whereas most of the artificial addition of FeSO4

precipitates (Gerringa et al., 2008; Thuróczy et al., 2012). One of the key characteristic of

both natural and artificial fertilization studies is their short duration imposed by logistical

reasons (e.g. ship availability). This does not allow to study the effect of iron addition

at long time scale. Therefore, carbon export is most of the time studied at short time

scale using the 234Th technique or drifting traps (Table 1.1). As a consequence, robust

estimates of the fertilization efficiency over an entire seasonal cycle are not possible.

Two studies reported the export of material to deep waters over an annual cycle

using moored sediment traps in the vicinity of Subantarctic islands. Manno et al. (2015)

highlighted the importance of zooplankton faecal pellets for carbon export in the vicinity

of South Georgia. Based on faecal pellet types, the authors identified a switch from

herbivorous to detritivorous zooplankton from spring to summer in the fertilized waters.

In the HNLC waters upstream of the island, detritivorous zooplankton faecal pellets were

dominant. At Crozet, Salter et al. (2012) identified resting spores of Eucampia antarctica

as a potentially efficient vector of carbon export in the fertilized waters. Moreover, the

authors described how changes in diatom community between sites were likely to shape

the preferential export of silicon and/or carbon. Diatom species with large and/or strong

frustules (F. kerguelensis, Corethron pennatum, Dactyliosolen antarcticus) were dominant

in the HNLC waters where the BSi:POC export ratio was twofold higher when compared

to the productive site. These two studies demonstrated how valuable sediment trap

data are to better understand ecological factors driving carbon and biomineral export at

annual scales. Such ecological characteristics might explain , for example, why export was

four times lower in the iron rich waters during SAZ-SENSE (Table 1.1, Jacquet et al.,

2011). The authors invoke a stronger grazer response in the productive site leading to
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higher carbon recycling within the mixed layer. This phenomenon was also reported by

(Cavan et al., 2015) downstream of South Georgia where the lowest PEeff was measured.

Interestingly, this observation was also reported during artificial fertilization experiments

(Martin et al., 2013).

1.4.3 Global distribution of export in the Southern Ocean

Distribution of sediment trap-derived annual records of POC, BSi and PIC export in the

Southern Ocean is shown in Fig. 1.10b (black crosses, updated database from Salter et al.,

2014). In order to compare the characteristics of export fluxes in different oceanic zones

of the Southern Ocean, data were grouped according to their zonal location (SAZ, PFZ,

POOZ and SIZ). POC fluxes were normalized to 250 m using the Martin curve and a b

value of -1 (a robust value for the Southern Ocean, Guidi et al., 2015). Molar BSi:POC

and PIC:POC ratios were also calculated on raw data without any depth normalization.

Results are shown as boxplots in Figure 1.11. The annual POC flux normalized to 250 m

is significantly lower in the POOZ compared to the SAZ and SIZ and no significant

difference can be found between the PFZ and the POOZ. The SAZ, PFZ and SIZ display

no significant difference in the BSi:POC ratio and the POOZ shows a significantly higher

BSi:POC ratio than the three other oceanographic zones. Finally, the PIC:POC ratio

significantly decreases southward with highest values observed in the SAZ and lowest

values in the POOZ and SIZ.

Significantly different annual POC fluxes are found depending on the hydrological zone.

However, the latitudinal pattern of POC flux does not simply follow the one observed

for primary production (Moore and Abbott, 2000). The positive relationship between

primary production and export production observed at global scale (Laws et al., 2011)

appears not to be valid in the Southern Ocean. More recently, Maiti et al. (2013) compiled

short term measurements of NPP and export and demonstrated the inverse relationship

between primary production and export efficiency in the Southern Ocean. These results

suggest that production itself cannot explain zonal patterns in POC export and that

other ecological factors (probably different in each hydrological zone) must be taken into

account. The variability in the BSi:POC export ratio probably derives from different

contribution of diatom to the exported community, together with a change in diatom

silicification level imposed by shift in diatom species and/or modification of the Si:N

uptake ratio in response to iron limitation (Hutchins and Bruland, 1998; Takeda, 1998).

Lam et al. (2011) have compiled POC concentration profiles in the global ocean and

showed that diatom-dominated ecosystems transfer a lower fraction of carbon from the

mixed layer to the mesopelagic ocean. A more recent compilation of UVP-derived POC

fluxes came to a similar conclusion (Guidi et al., 2015). Lam and Bishop (2007) introduced

the concept of ”High Biomass, Low Export” regime in which a major part of the large
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Figure 1.10: a. Location of artificial iron fertilization experiments (white dots) and
natural fertilization studies (encircled areas) in the Southern Ocean. Background color
represents the climatological surface chlorophyll a concentration (MODIS full mission).
b. Distribution of the sediment trap data in the Southern Ocean (black circles). Coloured
symbols represent studies where the fluxes of each biological constituent have been re-
ported.
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particles produced in the productive upper ocean are fragmented and remineralized by a

highly active heterotrophic community of efficient grazers. Results from the SAZ-SENSE

project (Table 1.1) are consistent with the HBLE theory (Jacquet et al., 2011). Before

the concept of HBLE was proposed, Huntley et al. (1991) suggested with a box model

that the elevated biomass of top predators observed in productive Antarctic ecosystems

would take advantage of enhanced food availability and respire a significant fraction (up

to 22 %) of the primary production.

... respiration of air-breathing predators will be most concentrated relatively near the

antarctic continent and few polar islands (...) This phenomenon may be a characteristic

feature of especially productive Antarctic marine ecosystems caused by seasonally

intensive feeding and respiration of highly concentrated birds and mammals. We conclude

that the CO2 respired by birds and mammals may represents a significant inefficiency in

the ability of the Southern Ocean to act as a carbon sink. - (Huntley et al., 1991).

Grazing pressure was also suggested to exert a strong control on the decoupling of

the POC and BSi export. Smetacek et al. (2004) proposed that under iron-sufficient

conditions, small and lightly silcified diatom would preferentially export carbon while un-

der iron-limiting conditions, the high grazing pressure of copepods would results in the

accumulation of large and heavily silicified diatom exporting preferentially silicon. This

hypothesis was verified during the EIFEX artificial fertilization experiment (Assmy et al.,

2013). Authors identified a ”silica sinker” community composed of robust, highly silici-

fied species like F. kerguelensis and a ”carbon sinker” community made of small, lightly

silicified ”bloom-and-bust” species characteristic of productive areas such as Chaetoceros

dichaeta. A preferential export of ”silica sinkers” in the POOZ would explain the higher

BSi:POC export ratio. A detailed description of the exported plankton community re-

mains necessary to better understand what are the ecological processes impacting the

intensity and stoichiometry of export fluxes.

Previous studies have provided a description of some of the biological components of

export (Fig. 1.10b). Highest diatom fluxes recorded by sediment traps (>1× 109 valve m−2 d−1)

were observed in the SIZ near Prydz Bay and Adélie Land and were dominated by F. ker-

guelensis and smaller Fragilariopsis species (Suzuki et al., 2001; Pilskaln et al., 2004). In

the POOZ, highest diatom fluxes were 2 orders of magnitude lower (1× 107 valve m−2 d−1

Abelmann and Gersonde, 1991; Salter et al., 2012; Grigorov et al., 2014). Despite a gen-

erally positive correlation between POC fluxes and diatom export fluxes over a seasonal

cycle (Romero and Armand, 2010; Salter et al., 2012; Rigual-Hernández et al., 2015b), a

quantitative estimation of diatom contribution to carbon export fluxes in the Southern

Ocean has been poorly studied. In contrast, the contribution of faecal pellets to POC

fluxes has received wide attention. It is typically higher in shelf regions (Schnack-Schiel

and Isla, 2005), with highest numerical fluxes and a contribution to POC flux >90%
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Figure 1.11: Export properties in different Southern Ocean oceanographic zones. a. POC
flux from annual sediment trap records in the Southern Ocean normalized to 250 m using
a b value of -1. Red dots represent the average annual primary production for each
hydrological zone (Moore and Abbott, 2000).b. BSi:POC ratio. c. PIC:POC ratio. Italic
letters correspond to significantly homogeneous groups as determined by a Kruskall-Wallis
test followed by a post-hoc Tuckey test (p=0.05).
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observed in the Bransfield Strait (Bodungen, 1986; Wefer et al., 1988). Authors have

attributed these faecal pellets to the massive Antarctic krill (Euphausia superba) popula-

tions in the marginal ice zone of the Scotia Sea.

Although the Southern Ocean has been typically considered as a diatom dominated

system, more recent work has established the significance of calcifying communities.

Satellite-derived PIC concentrations have been used to describe a ”great calcite belt”

located in the PFZ and SAZ (Balch et al., 2005, 2011) that has been attributed to coc-

colithophores. It is now clear that coccolithophores are present in the Southern Ocean,

even south of the Polar Front (Winter et al., 2014). Coccolithophore abundance de-

creases southward and they are mainly represented by the cosmopolitan species Emil-

iania huxleyi (Cubillos et al., 2007; Saavedra-Pellitero et al., 2014). This zonal pattern

is consistent with the southward decrease in the PIC:POC export ratio (Fig. 1.11c).

However, coccolithophores are not necessarily the dominant calcifying plankton in the

Southern Ocean, and foraminifera and pteropods have to be taken into account. High-

est planktic foraminifera fluxes of 1× 104 individual m−2 d−1 were reported in the SAZ

south of Tasmania (King and Howard, 2003). Authors reported a southward decrease

in the foraminifera export fluxes accompanied by a switch from temperate (Globigerina

bulloides) to cold-water species (Neoglobiquadrina pachyderma). In a review, Hunt et al.

(2008) have compiled pteropods abundance in the Southern Ocean and reported a switch

from a dominance of Limacina retroversa australis north of the PF to Limacina helic-

ina antarctica south of the PF. Salter et al. (2014) quantified the role of each calcifying

organism on the carbonate counter pump in the vicinity of the Crozet Islands. Strong

foraminifera response to phytoplankton biomass in the naturally fertilized region in the

PFZ was responsible for a major part of the intense PIC fluxes that drove a carbonate

counter pump representing 10-30 % of the POC flux. This study emphasized the need to

take into account the carbonate counter pump effect to calculate a robust carbon budget.

To date, it is the only study that quantified and partitioned the carbonate counter-pump

among the calcifying planktonic organisms.

... despite early warnings sent by ecologists (Banse, 1990; Wassmann, 1997), our

community of biogeochemists has tried to understand the functionning of the biological

pump from a too extreme ”flux-oriented” perspective and most importantly, probably

looking at the wrong temporal and spacial scales. - (Ragueneau et al., 2006).
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1.5 Thesis structure and objectives

This PhD thesis is based on seven scientific articles, published (five) or in preparation

(two) that aim to increase our present understanding of mechanisms regulating the in-

tensity and stoichiometry of export fluxes in the Southern Ocean. It is organised in four

chapters that address the following specific objectives:

• Chapter 2. Provides a detailed description of diatom and faecal pellet contribution

to POC export over an annual cycle in the two island systems of Southern Ocean: the

Kerguelen Islands (article 1, 2 and 3) and the South Georgia Island (article 4).

The articles describe how diatom ecological strategies (e.g. resting spore formation,

protection by a thick frustule or a large size) influence the preferential export of

carbon and silicon (article 2, 3 and 4).

• Chapter 3. Describes how plankton diversity regulates particulate matter stoi-

chiometry and composition. Firstly, how microplankton community structure con-

strains the particulate matter C:N:P:Si stoichiometry in summer around the Crozet

and Kerguelen Plateaus. What are the physiological and ecological processes lead-

ing to the observed particulate matter stoichiometry and what are the implications

for C and Si export (article 5) ? Secondly, the lipid composition of export will be

compared in three Southern Ocean island systems (Kerguelen, Crozet, and South

Georgia). The link between the lipids composition of export fluxes and the bio-

logical constituents of export is be investigated to understand how they shape the

lability of the exported matter (manuscript in preparation).

• Chapter 4. Estimates the carbonate counter pump intensity over the Kerguelen

Plateau and partitioning of PIC fluxes among the major calcifying organisms. The

article evaluates the influence of diversity of calcifying organisms and their morpho-

logical characteristics (e. g. size-normalized test weight) to the intensity of PIC

fluxes (article 6).

• Perspectives. Introduces new variables and tools to study the biological pump.

Firstly it proposes additional variables to quantify in sediment trap studies. Sec-

ondly, using a compilation of bio-optical data from the KEOPS cruises and the

SOCLIM bio-argo floats, it describes the seasonal evolution of biomass distribu-

tion and attenuation with depth and identify parameters likely to influence these

variables. Finally, a simple numerical model is developed that builds on the ob-

servational data acquired during the thesis to consider ecological processes such as

resting spore formation. Simulations are compared with the observed export.
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2.1 Export fluxes over the Kerguelen Plateau (arti-

cles 1 and 2)

The first article provides a detailed description of the physical environment of a sediment

trap moored over the central Kerguelen Plateau during the KEOPS2 cruise. The reliability

of the sediment trap data is discussed in the hydrological context and compared with

concomitant short term estimates of POC export during KEOPS2 and previous estimates

from KEOPS 1. It appears that the POC flux reported by the trap at 289 m is much

lower than estimates at 200 m in spring, summer and at annual scale. The favourable

hydrodynamical conditions do not support a hydrodynamical bias, but the hypothesis

of zooplankton feeding on the trap funnel cannot be neglected. However, strong carbon

export attenuation due to efficient grazers and possibly mesopelagic fish activity is also

likely to explain the low POC export fluxes observed at annual scale below the winter

mixed layer. Thus the central plateau would also be, as other productive sites of the

Southern Ocean, a high biomass-low export environment.

Sediment trap samples processing, swimmer sorting, mass flux and POC/PON anal-

yses were performed by the author. Raw physical data were provided by the Direction

Technique de l’INSU (CNRS).

The second article describes the diatom and faecal pellet contribution to the POC fluxes

collected from the trap introduced in the article 1. Contrary to previous studies, the

diatom were enumerated using a simple biological method that allows the differentiation of

full and empty cells. Thereby the accurate quantification of diatom contribution to POC

flux is possible. At annual scale, the export of Chaetoceros Hyalochaete and Thalassiosira

antarctica resting spores drives >60 % of the POC flux, whereas faecal pellets contribution

is lower (36 %). It is hypothesized that diatom resting spores are able to bypass the

strong grazing pressure responsible for the low POC flux observed at annual scale. A

strong relationship between the BSi:POC ratio and the empty:full cell ratio suggests that

the ecological processes regulating the abundance of empty frustules (e.g. grazing, viral

lysis) impose a first order control on the export stoichiometry. Moreover, the empty:full

cell ratio is species-specific, appears consistent with previous classification of species as

preferential ”silica sinkers” or ”carbon sinkers”.

BSi analyses, phytoplankton identification and biomass calculation, faecal pellet imag-

ing and measurements were performed by the author.
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Abstract. A sediment trap moored in the naturally iron-

fertilized Kerguelen Plateau in the Southern Ocean provided

an annual record of particulate organic carbon and nitro-

gen fluxes at 289 m. At the trap deployment depth, current

speeds were typically low (∼ 10 cm s−1) and primarily tidal-

driven (M2 tidal component). Although advection was weak,

the sediment trap may have been subject to hydrodynami-

cal and biological (swimmer feeding on trap funnel) biases.

Particulate organic carbon (POC) flux was generally low

(< 0.5 mmol m−2 d−1), although two episodic export events

(< 14 days) of 1.5 mmol m−2 d−1 were recorded. These in-

creases in flux occurred with a 1-month time lag from peaks

in surface chlorophyll and together accounted for approxi-

mately 40 % of the annual flux budget. The annual POC flux

of 98.2± 4.4 mmol m−2 yr−1 was low considering the shal-

low deployment depth but comparable to independent esti-

mates made at similar depths (∼ 300 m) over the plateau, and

to deep-ocean (> 2 km) fluxes measured from similarly pro-

ductive iron-fertilized blooms. Although undertrapping can-

not be excluded in shallow moored sediment trap deploy-

ment, we hypothesize that grazing pressure, including meso-

zooplankton and mesopelagic fishes, may be responsible for

the low POC flux beneath the base of the winter mixed layer.

The importance of plankton community structure in control-

ling the temporal variability of export fluxes is addressed in

a companion paper.

1 Introduction

The biological carbon pump is defined as the downward

transfer of biologically fixed carbon from the ocean surface

to the ocean interior (Volk and Hoffert, 1985). Global es-

timates of particulate organic carbon (POC) export cluster

between 5 Pg C yr−1 (Moore et al., 2004; Lutz et al., 2007;

Honjo et al., 2008; Henson et al., 2011; Lima et al., 2014)

and 10 Pg C yr−1 (Laws et al., 2000; Schlitzer, 2004; Gehlen

et al., 2006; Boyd and Trull, 2007; Dunne et al., 2007; Laws

et al., 2011). The physical transfer of dissolved inorganic car-

bon to the ocean interior during subduction of water masses

is 2 orders of magnitude higher (> 250 Pg C yr−1; Karleskind

et al., 2011; Levy et al., 2013). The global ocean represents a

net annual CO2 sink of 2.5 Pg C yr−1(Le Quéré et al., 2013),

slowing down the increase in the atmospheric CO2 concen-

tration resulting from anthropogenic activity. Although the

Southern Ocean (south of 44◦ S) plays a limited role in the

net air–sea CO2 flux (Lenton et al., 2013), it is a key compo-

nent of the global anthropogenic CO2 sink representing one-

third the global oceanic sink (∼ 1 Pg C yr−1) while covering

20 % of its surface (Gruber et al., 2009). The solubility pump

is considered to be the major component of this sink, whereas

the biological carbon pump is considered to be inefficient in

the Southern Ocean and sensitive to iron supply.

Following “the iron hypothesis” in the 1990s (Mar-

tin, 1990), iron limitation of high-nutrient, low-chlorophyll

(HNLC) areas, including the Southern Ocean, has been tested

Published by Copernicus Publications on behalf of the European Geosciences Union.
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in bottle experiments (de Baar et al., 1990) and through in

situ artificial fertilization experiments (de Baar et al., 2005;

Boyd et al., 2007). Results from these experiments are nu-

merous and essentially highlight that the lack of iron limits

macronutrient (N, P, Si) utilization (Boyd et al., 2005; His-

cock and Millero, 2005) and primary production (Landry et

al., 2000; Gall et al., 2001; Coale et al., 2004) in these vast

HNLC areas of the Southern Ocean. Due to a large macronu-

trient repository, the biological carbon pump in the South-

ern Ocean is considered to be inefficient in its capacity to

transfer atmospheric carbon to the ocean interior (Sarmiento

and Gruber, 2006). In the context of micronutrient limita-

tion, sites enriched in iron by natural processes have also

been studied and include the Kerguelen Islands (Blain et al.,

2001, 2007), the Crozet Islands (Pollard et al., 2007), the

Scotia Sea (Tarling et al., 2012) and the Drake Passage (Mea-

sures et al., 2013). Enhanced primary producer biomass in

association with natural iron supply (Korb and Whitehouse,

2004; Seeyave et al., 2007; Lefèvre et al., 2008) strongly sup-

port trace-metal limitation. Furthermore, indirect seasonal

budgets constructed from studies of naturally fertilized sys-

tems have been capable of demonstrating an increase in the

strength of the biological carbon pump (Blain et al., 2007;

Pollard et al., 2009), although strong discrepancies in carbon

to iron sequestration efficiency exist between systems. To

date, direct measurements of POC export over seasonal cy-

cles from naturally fertilized blooms in the Southern Ocean

are limited to the Crozet Plateau (Pollard et al., 2009; Salter

et al., 2012). The HNLC Southern Ocean represents a re-

gion where changes in the strength of the biological pump

may have played a role in the glacial–interglacial CO2 cy-

cles (Bopp et al., 2003; Kohfeld et al., 2005) and have some

significance to future anthropogenic CO2 uptake (Sarmiento

and Le Quéré, 1996). In this context, additional studies that

directly measure POC export from naturally iron-fertilized

blooms in the Southern Ocean are necessary.

POC export can be estimated at short timescales (days to

weeks) using the 234Th proxy (Coale and Bruland, 1985;

Buesseler et al., 2006; Savoye et al., 2006), by optical imag-

ing of particles (e.g. Picheral et al., 2010, Jouandet et al.,

2011) or by directly collecting particles into surface-tethered

sediment traps (e.g. Maiti et al., 2013 for a compilation in the

Southern Ocean) or neutrally buoyant sediment traps (e.g.

Salter et al., 2007; Rynearson et al., 2013). Temporal vari-

ability of flux in the Southern Ocean precludes extrapolation

of discrete measurements to estimate seasonal or annual car-

bon export. However, seasonal export of POC can be derived

from biogeochemical budgets (Blain et al., 2007; Jouandet

et al., 2011; Pollard et al., 2009) or be directly measured by

moored sediment traps (e.g. Salter et al., 2012). Biogeochem-

ical budgets are capable of integrating over large spatial and

temporal scales but may incorporate certain assumptions and

lack information about underlying mechanisms. Direct mea-

surement by sediment traps rely on fewer assumptions but

their performance is strongly related to prevailing hydrody-

namic conditions (Buesseler et al., 2007a), which can be par-

ticularly problematic in the surface ocean. Measuring the hy-

drological conditions characterizing mooring deployments is

therefore crucial to address issues surrounding the efficiency

of sediment trap collection.

The ecological processes responsible for carbon export re-

main poorly characterized (Boyd and Trull, 2007). There is

a strong requirement for quantitative analysis of the biologi-

cal components of export to elucidate patterns in carbon and

biomineral fluxes to the ocean interior (Francois et al., 2002;

Salter et al., 2010; Henson et al., 2012; Le Moigne et al.,

2012; Lima et al., 2014). Long-term deployment of moored

sediment traps in areas of naturally iron-fertilized produc-

tion, where significant macro- and micronutrient gradients

seasonally structure plankton communities, can help to es-

tablish links between ecological succession and carbon ex-

port. For example, sediment traps around the Crozet Plateau

(Pollard et al., 2009) identified the significance of Eucampia

antarctica var. antarctica resting spores for carbon transfer

to the deep ocean, large empty diatom frustules for Si : C ex-

port stoichiometry (Salter et al., 2012) and heterotrophic cal-

cifiers for the carbonate counter pump (Salter et al., 2014).

The increase in primary production resulting from nat-

ural fertilization might not necessarily lead to significant

increases in carbon export. The concept of “high-biomass,

low-export” (HBLE) environments was first introduced in

the Southern Ocean (Lam and Bishop, 2007). This concept

is partly based on the idea that a strong grazer response

to phytoplankton biomass leads to major fragmentation and

remineralization of particles in the twilight zone, shallow-

ing the remineralization horizon (Coale et al., 2004). In

these environments, the efficient utilization and reprocess-

ing of exported carbon by zooplankton leads to faecal-pellet-

dominated, low-POC fluxes (Ebersbach et al., 2011). A syn-

thesis of short-term sediment trap deployments, 234Th esti-

mates of upper ocean POC export, and in situ primary pro-

duction measurements in the Southern Ocean by Maiti et

al. (2013) highlighted the inverse relationship between pri-

mary production and export efficiency, verifying the HBLE

status of many productive areas in the Southern Ocean. The

iron-fertilized bloom above the Kerguelen Plateau exhibits

strong remineralization in the mixed layer compared to the

mesopelagic (Jacquet et al., 2008) and high bacterial carbon

demand (Obernosterer et al., 2008), features consistent with

a HBLE regime. Moreover, an inverse relationship between

export efficiency and zooplankton biomass in the Kerguelen

Plateau region supports the key role of grazers in the HBLE

scenario (Laurenceau-Cornec et al., 2015). Efficient grazer

responses to phytoplankton biomass following artificial iron

fertilization of HNLC regions also demonstrate increases in

net community production that are not translated to an in-

crease in export fluxes (Lam and Bishop, 2007; Tsuda et al.,

2007; Martin et al., 2013; Batten and Gower, 2014).

POC flux attenuation with depth results from processes

occurring in the euphotic layer (setting the particle export

Biogeosciences, 12, 3153–3170, 2015 www.biogeosciences.net/12/3153/2015/
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efficiency, Henson et al., 2012) and processes occurring in

the twilight zone between the euphotic layer and ∼ 1000 m

(Buesseler and Boyd, 2009), setting the transfer efficiency

(Francois et al., 2002). These processes are mainly biolog-

ically driven (Boyd and Trull, 2007) and involve a large

diversity of ecosystem components from bacteria (Rivkin

and Legendre, 2001; Giering et al., 2014), protozooplankton

(Barbeau et al., 1996), mesozooplankton (Dilling and All-

dredge, 2000; Smetacek et al., 2004) and mesopelagic fishes

(Davison et al., 2013; Hudson et al., 2014). The net effect of

these processes is summarized in a power-law formulation

of POC flux attenuation with depth proposed by Martin et al.

(1987) that is still commonly used in data and model applica-

tions. The b exponent in this formulation has been reported

to range from 0.4 to 1.7 (Buesseler et al., 2007b; Lampitt et

al., 2008; Henson et al., 2012) in the global ocean. Neverthe-

less, a change in the upper mesopelagic community structure

(Lam et al., 2011) and, more precisely, an increasing contri-

bution of mesozooplankton (Lam and Bishop, 2007; Ebers-

bach et al., 2011) could lead to a shift toward higher POC

flux attenuation with depth.

In this paper, we provide the first annual description of the

POC and PON export fluxes below the mixed layer within

the naturally fertilized bloom of the Kerguelen Plateau, and

we discuss the reliability of these measurements considering

the hydrological and biological context. A companion paper

(Rembauville et al., 2015) addresses our final aim: to iden-

tify the ecological vectors that explain the intensity and the

stoichiometry of the fluxes.

2 Material and methods

2.1 Trap deployment and mooring design

As part of the KEOPS2 multidisciplinary programme, a

mooring line was deployed at station A3 (50◦38.3 S–

72◦02.6 E) in the Permanently Open Ocean Zone (POOZ),

south of the polar front (PF; Fig. 1). The mooring line was

instrumented with a Technicap PPS3 (0.125 m2 collecting

area, 4.75 aspect ratio) sediment trap and inclinometer (NKE

S2IP) at a depth of 289 m (seafloor depth 527 m; Fig. 2). A

conductivity–temperature–pressure (CTD) sensor (Sea-Bird

SBE 37) and a current meter (Nortek Aquadopp) were placed

on the mooring line 30 m beneath the sediment trap (319 m).

The sediment trap collection period started on 21 October

2011 and continued until 7 September 2012. The sediment

trap was composed of 12 rotating sample cups (250 mL)

filled with a 5 % formalin hypersaline solution buffered with

sodium tetraborate at pH= 8. Rotation of the carousel was

programmed to sample short intervals (10–14 days) between

October and February to optimize the temporal resolution of

export from the bloom, and long intervals (99 days) between

February and September. All instruments had a 1 h recording

interval. The current meter failed on 7 April 2012.

Figure 1. Localization of the Kerguelen Plateau in the Indian sec-

tor of the Southern Ocean and detailed map of the satellite-derived

surface chlorophyll a concentration (MODIS level 3 product) aver-

aged over the sediment trap deployment period. Sediment trap loca-

tion at station A3 is represented by a black dot, whereas the black

circle represents the 100 km radius area used to average the sur-

face chlorophyll a time series. Arrows represent surface geostrophic

circulation derived from the absolute dynamic topography (AVISO

product). Positions of the Antarctic Circumpolar Current core (AAC

core), the polar front (PF) and the Fawn Trough Current (FTC) are

shown by thick black arrows. Grey lines are 500 and 1000 m iso-

baths.

2.2 Surface chlorophyll data

The MODIS AQUA level 3 (4 km grid resolution, 8-day av-

erages) surface chlorophyll a product was extracted from the

NASA website (http://oceancolor.gsfc.nasa.gov/) for the sed-

iment trap deployment period. An annual climatology of sur-

face chlorophyll a concentration, based on available satel-

lite products (1997–2013), was calculated from the multi-

satellite GlobColour product. The GlobColour level 3 (case

1 waters, 4.63 km resolution, 8-day averages) product merg-

ing SeaWiFS, MODIS and MERIS data with GSM merg-

ing model (Maritorena and Siegel, 2005) was accessed via

http://www.globcolour.info. Surface chlorophyll a concen-

trations derived from GlobColour (climatology) and MODIS

data (deployment year) were averaged across a 100 km radius

centred on the sediment trap deployment location (Fig. 1).

2.3 Time series analyses of hydrological parameters

Fast Fourier transform (FFT) analysis was performed on the

annual time series data obtained from the mooring, depth

and potential density anomaly (σθ ) that were derived from

the CTD sensor. Significant peaks in the power spectrum

were identified by comparison to red noise, a theoretical sig-

nal in which the relative variance decreases with increasing

frequency (Gilman et al., 1963). The red noise signal was

considered as a null hypothesis, and its power spectrum was

scaled to the 99th percentile of χ2 probability. Power peaks

higher than 99 % red noise values were considered to be sta-

www.biogeosciences.net/12/3153/2015/ Biogeosciences, 12, 3153–3170, 2015
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Figure 2. Schematic of the instrumented mooring line against ver-

tical temperature profiles. The sediment trap and the current me-

ter/CTD sensor location on the mooring line are shown by white

circles. Temperature profiles performed during the sediment trap

deployment (20 October 2011) are represented by grey curves. The

solid black curve is the median temperature profile from 12 casts re-

alized on the 16 November 2011. Dashed black lines are the first and

third quartiles from these casts. The grey rectangle represents the

Kerguelen Plateau seafloor. The different water masses are Antarc-

tic Surface Water (AASW), Winter Water (WW) and Upper Cir-

cumpolar Deep Water (UCDW).

tistically significant (Schulz and Mudelsee, 2002), enabling

the identification of periods of major variability in time se-

ries. In order to identify the water masses surrounding the

trap, temperature and salinity recorded by the mooring CTD

were placed in context to previous CTD casts conducted at

station A3 during KEOPS1 (39 profiles, 23 January 2005–

13 February 2005) and KEOPS2 (12 profiles, from 15 to 17

November).

2.4 Sediment trap material analyses

Upon recovery of the sediment trap the pH of the super-

natant was measured in every cup and 1 mL of 37 % formalin

buffered with sodium tetraborate (pH= 8) was added. Af-

ter allowing the particulate material to settle to the base of

the sample cup (∼ 24 h), 60 mL of supernatant was removed

with a syringe and stored separately. The samples were trans-

ported in the dark at 4 ◦C (JGOFS Sediment Trap Methods,

1994) and stored under identical conditions upon arrival at

the laboratory until further analysis. Nitrate, nitrite, ammo-

nium and phosphate in the supernatant were analysed colori-

metrically (Aminot and Kerouel, 2007) to check for possi-

ble leaching of dissolved inorganic nitrogen and phosphorus

from the particulate phase.

Samples were first transferred to a Petri dish and exam-

ined under stereomicroscope (Leica MZ8, ×10 to ×50 mag-

nification) to determine and isolate swimmers (i.e. organ-

isms that actively entered the cup). All swimmers were care-

fully sorted, cleaned (rinsed with preservative solution), enu-

merated and removed from the cups for further taxonomic

identification. The classification of organisms as swimmers

remains subjective, and there is no standardized protocol.

We classified zooplankton organisms as swimmers if organic

material and preserved structures could be observed. Empty

shells, exuvia (exoskeleton remains) and organic debris were

considered part of the passive flux. Sample preservation pre-

vented the identification of smaller swimmers (mainly cope-

pods), but, where possible, zooplankton were identified fol-

lowing Boltovskoy (1999).

Following the removal of swimmers, samples were quan-

titatively split into eight aliquots using a Jencons peristaltic

splitter. A splitting precision of 2.9 % (coefficient of vari-

ation) was determined by weighing the particulate mate-

rial obtained from each of four 1/8th aliquots (see below).

Aliquots for chemical analyses were centrifuged (5 min at

3000 rpm) with the supernatant being withdrawn after this

step and replaced by Milli-Q-grade water to remove salts.

Milli-Q rinses were compared with ammonium formate. Or-

ganic carbon content was not statistically different even

though nitrogen concentrations were significantly higher; as

a consequence, Milli-Q rinses were routinely performed. The

rinsing step was repeated three times. The remaining pel-

let was freeze-dried (SGD-SERAIL, 0.05–0.1 mbar, −30 to

30 ◦C, 48 h run) and weighed three times (Sartorius MC

210 P balance, precision × 10−4 g) to calculate the total

mass. The particulate material was ground to a fine powder

and used for measurements of particulate constituents.

For particulate organic carbon (POC) and particulate or-

ganic nitrogen (PON) analyses, 3 to 5 mg of the freeze-dried

powder was weighed directly into pre-combusted (450 ◦C,

24 h) silver cups. Samples were decarbonated by adding

20 µL of 2 M analytical-grade hydrochloric acid (Sigma-

Aldrich). Acidification was repeated until no bubbles could

be seen, ensuring all particulate carbonate was dissolved

(Salter et al., 2010). Samples were dried overnight at 50 ◦C.

POC and PON were measured with a CHN analyser (Perkin

Elmer 2400 Series II CHNS/O elemental analyser) calibrated

with glycine. Samples were analysed in triplicate with an an-

alytical precision of less than 0.7 %. Due to the small amount

of particulate material in sample cups #5 and #12, replicate

analyses were not possible. Uncertainty propagation for POC

and PON flux was calculated as the quadratic sum of errors

on mass flux and POC/PON content in each sample. The an-

nual flux (± standard deviation) was calculated as the sum of

the time-integrated flux.
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3 Results

3.1 Physical conditions around trap

The sediment trap was deployed in the upper layers of Up-

per Circumpolar Deep Water (UCDW), beneath seasonally

mixed Winter Water (WW; Fig. 2). The depth of the CTD

sensor varied between 318 and 322 m (1 and 99 % quan-

tiles), with rare deepening to 328 m (Fig. 3a). Variations in

tilt angle of the sediment trap were also low, mostly between

1 and 5◦, and occasionally reaching 13◦ (Fig. 3d). Current

speed amplitude varied between 4 and 23 cm s−1 (1 and 99 %

quantiles), with a maximum value of 33 cm s−1 and a mean

value of 9 cm s−1 (Fig. 3e). Horizontal flow vectors were di-

vided between northward and southward components with

strongest current speeds observed to flow northward (Fig. 3f

and g).

The range in potential temperature and salinity was 1.85–

2.23 ◦C and 34.12–34.26 (1–99 % quantiles; Fig. 3b and c).

From July to September 2012, a mean increase of 0.2 ◦C in

potential temperature was associated with a strong diminu-

tion of high-frequency noise, suggesting a drift of the
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able. The period corresponding to a significant power peak (power

peak higher than the red noise) is written.

temperature sensor. Consequently these temperature data

were rejected from the time series analysis. The potential

temperature–salinity diagram is compared to KEOPS1 and

KEOPS2 CTD downcast at station A3 (Fig. 4). The CTD sen-

sor recorded the signature of the UCDW, and no intrusion of

overlying WW could be detected.

The power spectrum of vertical sediment trap displace-

ments identified six significant peaks corresponding to fre-

quencies of 6.2, 8.2, 23.9 and 25.7 h and 14 days (Fig 5a).

Concomitant peaks of depth, angle and current speed were

also observed with a period of 14 days. However, spectral

analysis of the potential density anomaly σθ revealed only

one significant major power peak corresponding to a fre-

quency of 12.4 h (Fig. 5b). Isopycnal displacements were

driven by the unique tidal component (M2, 12.4 h period)

and trap displacements resulted from a complex combination

of multiple tidal components. The power spectrum analysis

suggested that a 40 h window was relevant to filter out most

of the short-term variability (black line in Fig. 3a–e).

A pseudo-Lagrangian trajectory was calculated by cumu-

lating the instantaneous current vectors (Fig. 6). Over short

timescales (hours to day) the trajectory displays numerous

tidal ellipses. The flow direction is mainly to the southeast in

October 2011 to December 2011 and northeast from Decem-

ber 2011 to April 2012. For the entire current meter record (6

months) the overall displacement followed a 120 km north-

easterly, anticlockwise trajectory with an effective eastward

current speed of approximately 1 cm s−1.

3.2 Seasonality of surface chlorophyll a concentration

above trap location

The seasonal variations of surface chlorophyll a concentra-

tion for the sediment trap deployment period differed signif-

icantly from the long-term climatology (Fig. 7a). The bloom

started at the beginning of November 2011, 10 days after

the start of the sediment trap deployment. Maximum sur-
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Figure 6. Progressive vector diagram (integration of the current

vectors all along the current meter record) calculated from current

meter data at 319 m. The colour scale refers to date.

face chlorophyll a values of 2.5 µg L−1 occurred on the first

week of November and subsequently declined rapidly to

0.2 µg L−1 in late December 2011. A second increase in sur-

face chlorophyll a up to 1 µg L−1 occurred in January 2012,

and values decreased to winter levels of 0.2 µg L−1 in Febru-

ary 2012. A short-term increase of 0.8 µg L−1 occurred in

mid-April 2012.

3.3 Swimmer abundances

No swimmers were found in cups #3 and #5 (Table 2). Total

swimmer numbers were highest in winter (1544 individuals

in cup #12). When normalized to cup opening time, swim-

mer intrusion rates were highest between mid-December

2011 and mid-February 2012 (from 26 to 55 individuals per

day) and lower than 20 individuals per day for the remain-

der of the year. Swimmers were numerically dominated by

copepods throughout the year, but elevated amphipod and

pteropod abundances were observed at the end of January

and February 2012 (Table 2). There was no significant cor-

relation between mass flux, POC and PON fluxes and to-

tal swimmer number or intrusion rate (Spearman’s corre-

lation test, p > 0.01). Copepods were essentially small cy-

clopoid species. Amphipods were predominantly represented

by the hyperidean Cyllopus magellanicus and Themisto gau-

dichaudii. Pteropods were represented by Clio pyramidata,

Limacina helicina forma antarctica and Limacina retroversa

subsp. australis. Euphausiids were only represented by the

genus Thysanoessa. One Salpa thompsoni salp (aggregate

form) was found in the last winter cup #12.

3.4 Seasonal particulate organic carbon and nitrogen

fluxes

Particulate organic carbon flux ranged from 0.15 to

0.55 mmol m−2 d−1 during the productive period ex-

cept during two short export events of 1.6± 0.04 and

1.5± 0.04 mmol m−2 d−1 sampled in cups #4 (2 to 12 De-
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cember 2011) and #9 (25 January to 8 February 2012),

respectively (Fig. 7b). The two flux events occurred with

an approximate time lag of 1 month compared to peaks

in surface chlorophyll a values. A modest value of

0.27± 0.01 mmol m−2 d−1 was observed in autumn (cup

#11, 22 February to 30 May 2012). The lowest POC flux

was measured during winter (0.04 mmol m−2 d−1, cup #12,

31 May to 7 October). Assuming that POC export was

negligible from mid-September to mid-October, the annu-

ally integrated POC flux was 98.2± 4.4 mmol m−2 yr−1 (Ta-

ble 1). The two short (< 14 days) export events accounted for

16.2± 0.5 % (cup #4) and 21.0± 0.6 % (cup #9) of the an-

nual carbon export out of the mixed layer (Table 1). Mass

percentage of organic carbon ranged from 3.3 to 17.4 %

(Fig. 7b). Values were slightly higher in autumn and winter

(respectively 13.1± 0.2 and 11± 2.1 % in cups #11 and #12)

than in the summer, with the exception of cup #5, where the

highest value of 17.4 % was observed. PON fluxes followed

the same seasonal patterns as POC. This resulted in a rel-

atively stable POC : PON ratio that varied between 6.1 and

7.4, except in autumn cup #11, where it exceeded 8.1 (Ta-

ble 1).

4 Discussion

4.1 Physical conditions of trap deployment

Moored sediment traps can be subject to hydrodynamic bi-

ases that affect the accuracy of particle collection (Bues-

seler et al., 2007a). The aspect ratio, tilt and horizontal flow

regimes are important considerations when assessing sedi-

ment trap performance. Specifically, the line angle and aspect

ratio of cylindrical traps can result in oversampling (Hawley,

1988). Horizontal current velocities of 12 cm s−1 are often

invoked as a critical threshold over which particles are no

longer quantitatively sampled (Baker et al., 1988). During the

sediment trap deployment period we observed generally low

current speeds (mean < 10 cm s−1), with 75% of the recorded

data lower than 12 cm s−1. Despite the high aspect ratio of

the PPS3 trap (4.75), and the small mooring line angle de-

viations, it is likely that episodic increases in current veloc-

ities (> 12 cm s−1) impacted collection efficiency. When in-

tegrated over the entire current meter record (October 2011

to April 2012), the resulting flow is consistent with the an-

nual northeastward, low-velocity (∼ 1 cm s−1) geostrophic

flow previously reported over the central part of the Kergue-

len Plateau (Park et al., 2008b).

The depth of the winter mixed layer (WML) on the Ker-

guelen Plateau is usually shallower than 250 m (Park et al.,

1998; Metzl et al., 2006). The sediment trap deployment

depth of∼ 300 m was selected to sample particle flux exiting

the WML. The moored CTD sensor did not record any evi-

dence of a winter water incursion during the deployment pe-

riod, confirming that the WML did not reach the trap depth.

The small depth variations observed during the deployment

period resulted from vertical displacement of the trap. Vari-

ations in σθ may have resulted from both vertical displace-

ment of the CTD sensor and possible isopycnal displace-

ments due to strong internal waves that can occur with an
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Table 1. Dynamics of carbon and nitrogen export fluxes at station A3 collected by the sediment trap at 289 m.

Fluxes (mmol m−2 d−1) Contribution to annual export (%)

Cup Start Stop POC PON POC : PON POC PON

1 21/10/2011 04/11/2011 0.15± 0.01 0.02± 0.00 6.80± 0.56 2.11± 0.06 2.30± 0.01

2 04/11/2011 18/11/2011 0.14 ± 0.01 0.02± 0.00 6.09± 0.67 1.94± 0.16 2.27± 0.15

3 18/11/2011 02/12/2011 0.15± 0.01 0.02± 0.00 7.33± 0.31 2.12± 0.06 1.99± 0.06

4 02/12/2011 12/12/2011 1.60± 0.04 0.23± 0.01 6.95± 0.29 16.18± 0.45 16.48± 0.07

5 12/12/2011 22/12/2011 0.34± 0.00 0.05± 0.00 6.87± 0.08 3.41± 0.03 3.64± 0.03

6 22/12/2011 01/01/2012 0.51± 0.04 0.08± 0.01 6.70± 0.78 4.82± 0.76 5.50± 0.39

7 01/01/2012 11/01/2012 0.42± 0.02 0.06± 0.00 6.73± 0.46 4.23± 0.14 4.65± 0.42

8 11/01/2012 25/01/2012 0.34± 0.01 0.05± 0.00 6.94± 0.38 4.83± 0.18 4.84± 0.11

9 25/01/2012 08/02/2012 1.47± 0.03 0.20± 0.01 7.38± 0.26 20.98± 0.57 21.07± 0.05

10 08/02/2012 22/02/2012 0.55± 0.04 0.08± 0.00 6.97± 0.88 7.83± 0.64 8.36± 0.57

11 22/02/2012 31/05/2012 0.27± 0.01 0.03± 0.00 8.09± 0.22 26.84± 0.47 24.12± 0.20

12 31/05/2012 07/09/2012 0.04± 0.00 0.01± 0.00 6.06± 0.17 4.71± 0.90 4.78± 0.09

Annual export (mmol m−2 yr−1) 98.24± 4.35 13.59± 0.30

amplitude of > 50 m at this depth (Park et al., 2008a). Our

measurements demonstrate that isopycnal displacements are

consistent with the M2 (moon 2, 12.4 h period) tidal forc-

ing described in physical modelling studies (Maraldi et al.,

2009, 2011). Spectral analysis indicates that high-frequency

tidal currents are the major circulation components. Time-

integrated currents suggest that advection is weak and occurs

over a longer timescale (months). Assuming the current flow

measured at the sediment trap deployment depth is represen-

tative of the prevailing current under the WML, more than

three months are required for particles to leave the plateau

from station A3, a timescale larger than the bloom duration

itself. Therefore we consider that the particles collected in

the sediment trap at station A3 were produced in the surface

waters located above the plateau during bloom conditions.

4.2 Swimmers and particle solubilization

Aside from the hydrodynamic effects discussed above, other

potential biases characterizing sediment trap deployments,

particularly those in shallow waters, are the presence of

swimmers and particle solubilization. Swimmers can artifi-

cially increase POC fluxes by entering the cups and releasing

particulate organic matter or decrease the flux by feeding in

the trap funnel (Buesseler et al., 2007a). Some studies have

focused specifically on swimmer communities collected in

shallow sediment traps (Matsuno et al., 2014, and references

therein), although trap collection of swimmers is probably

selective and therefore not quantitative. Total swimmer in-

trusion rate was highest in cups #6 to #9 (December 2011

to February 2012) generally through the representation of

copepods and amphipods (Table 2). The maximum swimmer

intrusion rate in mid-summer as well as the copepod domi-

nance is consistent with the 4-fold increase in mesozooplank-

ton abundance observed from winter to summer (Carlotti et

al., 2015). Swimmer abundance was not correlated with mass

flux, POC or PON fluxes, suggesting that their presence did

not systematically affect particulate fluxes inside the cups.

Nevertheless such correlations cannot rule out the possibility

of swimmers feeding in the trap funnel modifying particle

flux collection.

Particle solubilization in preservative solutions may also

lead to an underestimation of total flux measured in sediment

traps. Previous analyses from traps poisoned with mercuric

chloride suggest that ∼ 30 % of total organic carbon flux can

be found in the dissolved phase and much higher values of

50 and 90 % may be observed for nitrogen and phospho-

rous, respectively (Antia, 2005; O’Neill et al., 2005). Un-

fortunately the use of a formaldehyde-based preservative in

our trap samples precludes any direct estimate of excess of

dissolved organic carbon in the sample cup supernatant. Fur-

thermore, corrections for particle leaching have been consid-

ered problematic in the presence of swimmers since a frac-

tion of the leaching may originate from the swimmers them-

selves (Antia, 2005), potentially leading to overcorrection.

Particle solubilization may have occurred in our samples,

as evidenced by excess PO3−
4 in the supernatant. However

the largest values were measured in sample cups where total

swimmers were abundant (cups #8 to #12; data not shown).

Consequently, it was not possible to discriminate solubiliza-

tion of P from swimmers and passively settling particles, and

it therefore remains difficult to quantify the effect of parti-

cle leaching. However, leaching of POC should be less prob-

lematic in formalin-preserved samples because aldehydes fix

organic matter, in addition to poisoning microbial activity.

4.3 Seasonal dynamics of POC export

The sediment trap record obtained from station A3 provides

the first direct estimate of POC export covering an entire sea-
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Table 2. Number of swimmer individuals found in each cup and swimmer intrusion rate (number per day, bold numbers) for each taxa and

for the total swimmers.

Cup Copepod Pteropod Euphausid Ostracod Amphipod Cnidarian Polychaete Ctenophore Siphonophore Salp Total

1 166 13 1 2 1 0 0 0 0 0 183

12 1 < 1 < 1 < 1 0 0 0 0 0 13

2 55 0 0 0 0 0 0 0 0 0 55

4 0 0 0 0 0 0 0 0 0 4

3 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

4 113 0 0 0 0 0 0 0 0 0 113

11 0 0 0 0 0 0 0 0 0 11

5 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

6 540 0 1 0 2 5 1 4 1 0 554

54 0 < 1 0 < 1 < 1 0 0 0 0 55

7 583 0 0 0 0 2 2 3 0 0 590

58 0 0 0 0 < 1 < 1 < 1 0 0 58

8 686 33 2 2 8 5 1 4 0 0 741

49 2 < 1 < 1 1 < 1 < 1 < 1 0 0 52

9 392 14 4 3 121 4 2 0 0 0 540

28 1 < 1 < 1 9 < 1 < 1 0 0 0 38

10 264 69 1 2 18 11 0 2 0 0 367

19 5 < 1 < 1 1 1 0 < 1 0 0 26

11 54 0 0 0 29 4 1 0 0 0 88

1 0 0 0 < 1 < 1 < 1 0 0 0 1

12 1481 44 5 7 2 3 2 0 0 1 1544

15 < 1 < 1 < 1 < 1 < 1 < 1 0 0 < 1 15

son over the naturally fertilized Kerguelen Plateau. We ob-

served a temporal lag of 1 month between the two surface

chlorophyll a peaks and the two export events. Based on a

compilation of annual sediment trap deployments, Lutz et

al. (2007) reported that export quickly follows primary pro-

duction at low latitudes, whereas a time lag up to 2 months

could occur at higher latitudes. A 1–2-month lag was ob-

served between production and export in the pacific sector of

the Southern Ocean (Buesseler et al., 2001), as well as along

170◦W (Honjo et al., 2000) and in the Australian sector of

the Subantarctic Zone (Rigual-Hernández et al., 2015). The

temporal lag between surface production and measured ex-

port in deep traps can originate from ecological processes in

the upper ocean (e.g. carbon retention in the mixed layer) as

well as slow sinking velocities (Armstrong et al., 2009), and

one cannot differentiate the two processes from a single deep

trap signal. A global-scale modelling study suggests that the

strongest temporal decoupling between production and ex-

port (more than 1 month) occurs in areas characterized by a

strong seasonal variability in primary production (Henson et

al., 2014). The study attributes this decoupling to differences

in phenology of phytoplankton and zooplankton and evokes

zooplankton ejection products as major contributors to fast-

sinking particles sedimenting post-bloom.

On the Kerguelen Plateau there is evidence that a signifi-

cant fraction of phytoplankton biomass comprising the two

chlorophyll peaks is remineralized by a highly active het-

erotrophic microbial community (Obernosterer et al., 2008;

Christaki et al., 2014). Another fraction is likely channelled

toward higher trophic levels through the intense grazing

pressure that supports the observed increase in zooplankton

biomass (Carlotti et al., 2008, 2015). Therefore an impor-

tant fraction of phytoplankton biomass increases observed

by satellite may not contribute to export fluxes. Notably, the

POC : PON ratio measured in our trap material is close to

values reported for marine diatoms (7.3 ± 1.2; Sarthou et

al., 2005) compared to the C : N ratio of zooplankton fae-

cal pellets, which is typically higher (7.3 to > 15, Gerber

and Gerber, 1979; Checkley and Entzeroth, 1985; Morales,

1987). Simple mass balance would therefore suggest a sig-

nificant contribution of phytoplanktonic cells to the POC ex-

port, which is indeed corroborated by detailed microscopic

analysis (Rembauville et al., 2015).

Although we observed increasing contributions of faecal

pellet carbon post-bloom (Rembauville et al., 2015), in line

with the model output of Henson et al. (2014), differences

in phytoplankton and zooplankton phenology do not fully

explain the seasonality of export on the Kerguelen Plateau.

Considering the shallow trap depth (289 m) and typical sink-

ing speed of 100 m d−1 for phyto-aggregates (Allredge and

Gotschalk, 1988; Peterson et al., 2005; Trull et al., 2008a),

aggregate-driven export following bloom demise would sug-

gest a short lag of a few days between production and export

peaks. The temporal lag of 1 month measured in the present

study suggests either slow sinking rates (< 5 m d−1) charac-

teristic of single phytoplanktonic cells or faster-sinking par-
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ticles that originate from subsurface production peaks un-

detected by satellite. It is generally accepted that satellite

detection depth is 20–50 m (Gordon and McCluney, 1975),

and can be less than 20 m when surface chlorophyll a ex-

ceeds 0.2 µg L−1 (Smith, 1981), which prevents the detec-

tion of deep phytoplanktonic biomass structures (Villareal et

al., 2011). Although subsurface chlorophyll maxima located

around 100 m have been observed over the Kerguelen Plateau

at the end of the productive period, they have been interpreted

to result from the accumulation of surface production at the

base of the mixed layer rather than subsurface productivity

features (Uitz et al., 2009). In support of this, detailed tax-

onomic analysis of the exported material highlights diatom

resting spores as major contributors to the two export fluxes

rather than a composite surface community accumulated at

the base of the mixed layer. The hypothesis of a mass produc-

tion of nutrient-limited resting spores post-bloom with high

settling rates explains the temporal patterns of export we ob-

served (Rembauville et al., 2015). However a better knowl-

edge of the dynamics of factors responsible for resting spore

formation by diatoms remains necessary to fully validate this

hypothesis.

4.4 Evidence for significant flux attenuation over the

Kerguelen Plateau

The Kerguelen Plateau annual POC export

(98.2± 4.4 mmol m−2 yr−1) approaches the median global

ocean POC export value comprising shallow and deep

sediment traps (83 mmol m−2 yr−1; Lampitt and Antia,

1997), but is also close to values observed in HNLC areas

of the POOZ (11–43 mmol m−2 yr−1 at 500 m; Fischer

et al., 2000). Moreover, the magnitude of annual POC

export measured at ∼ 300m on the Kerguelen Plateau is

comparable to deep-ocean (> 2 km) POC fluxes measured

from the iron-fertilized Crozet (60 mmol m−2 yr−1; Salter et

al., 2012) and South Georgia blooms (180 mmol m−2 yr−1;

Manno et al., 2015).

We first compared the sediment trap export fluxes with

short-term estimates at 200 m in spring (KEOPS2) and sum-

mer (KEOPS1). The POC flux recorded in the moored sed-

iment trap represents only a small fraction (3–8 %) of the

POC flux measured at the base of the winter mixed layer

(200 m) by different approaches during the spring KEOPS2

cruise (Table 3). The same conclusion can be drawn when

considering the comparison with different estimates made

at the end of summer during KEOPS1. Moreover, the an-

nual POC export of ∼ 0.1 mol m−2 yr−1 at 289 m (Table 1)

represents only 2 % of the indirect estimate of POC export

(5.1 mol m−2 yr−1) at the base of the WML (200 m) on the

Kerguelen Plateau based on a seasonal dissolved inorganic

carbon (DIC) budget (Blain et al., 2007). The short-term es-

timates are derived from a diverse range of methods. The
234Th proxy is based on the 234Th deficit relative to the 238U

due to its adsorption on particles, and its subsequent con-

version to carbon fluxes using measured POC : 234Th ratios.

(Coale and Bruland, 1985; Buesseler et al., 2006; Savoye

et al., 2006). The UVP (underwater video profiler) provides

high-resolution images of particles (> 52 µm), and the par-

ticle size distribution is then converted to carbon fluxes us-

ing an empirical relationship (Guidi et al., 2008; Picheral et

al., 2010). Drifting gel traps allow for the collection, preser-

vation and imaging of sinking particles (> 71 µm) that are

converted to carbon fluxes using empirical volume–carbon

relationship (Ebersbach and Trull, 2008; Ebersbach et al.,

2011; Laurenceau-Cornec et al., 2015). Finally, drifting sedi-

ment traps are conceptually similar to moored sediment traps

but avoid most of the hydrodynamic biases associated with

this technique (Buesseler et al., 2007a). The diversity of the

methods and differences in depth where the POC flux was es-

timated render quantitative comparisons challenging. Never-

theless, POC fluxes measured at 289 m with the moored sed-

iment trap are considerably lower than other estimates made

at 200 m. This result indicates either extremely rapid attenu-

ation of flux between 200 and 300 m or significant sampling

bias by the sediment trap.

We note that low carbon export fluxes around 300 m

have been previously reported on the Kerguelen Plateau.

In spring 2011, UVP-derived estimates of POC export

at 350 m were 0.1 to 0.3 mmol m−2 d−1 (Table 3), val-

ues close to our reported value of 0.15 mmol m−2 d−1. In

summer 2005, POC export at 330 m from a gel trap was

0.7 mmol m−2 d−1 (Ebersbach and Trull 2008), which is

also close to our value of 1.5 mmol m−2 d−1. Using the

Jouandet et al. (2014) data at 200 m (1.9 mmol m−2 d−1)

and 350 m (0.3 mmol m−2 d−1) and the Ebersbach and

Trull (2008) data at 200 m (5.2 mmol m−2 d−1) and 330 m

(0.7 mmol m−2 d−1) leads to Martin power-law exponent

values of 3.3 and 4, respectively. These values are high when

compared to the range of 0.4–1.7 that was initially compiled

for the global ocean (Buesseler et al., 2007b). However, there

is increasing evidence in support of much higher b values in

the Southern Ocean that fall in the range of 0.9–3.9 (Lam and

Bishop, 2007; Henson et al., 2012; Cavan et al., 2015). Our

calculations are thus consistent with emerging observations

of significant POC flux attenuation in the Southern Ocean.

Using the aforementioned b values (3.3 and 4) and the

POC flux derived from 234Th deficit at 200 m in spring (Plan-

chon et al., 2014), we estimate POC fluxes at 289 m of 0.7

to 1.1 mmol m−2 d−1. The flux measured in our sediment

trap (0.15 mmol m−2 d−1) data represents 14 to 21 % of this

calculated flux. Very similar percentages (21 to 27 %) are

found using the POC fluxes derived from the 234Th deficit

in summer (Savoye et al., 2008). Therefore we consider that

the moored sediment trap collected ∼ 15–30 % of the 234Th-

derived particle flux equivalent throughout the year. Trap-

derived particle fluxes can represent 0.1 to > 3 times the
234Th-derived particles in shallow sediment traps (Buesseler,

1991; Buesseler et al., 1994; Coppola et al., 2002; Gustafs-

son et al., 2004), and this difference is largely attributed to the

Biogeosciences, 12, 3153–3170, 2015 www.biogeosciences.net/12/3153/2015/

51 2. Ecological vectors of export fluxes



M. Rembauville et al.: Seasonal dynamics of particulate organic carbon export 3163

Table 3. Summary of estimates of POC fluxes at the base of, or under, the mixed layer at station A3 from the KEOPS cruises.

Author Method Period Depth (m) POC flux

(mmol m−2 d−1)

KEOPS1

23 Jan–12 Feb 2005 100 23 ± 3.6

Savoye et al. (2008) 234Th deficit 150 25.7 ± 3.6

200 24.5 ± 6.8

Drifting gel trap, 4 Feb 2005 200 23.9

Ebersbach and Trull (2008) optical measurements, and 12 Feb 2005 100 5.3

both constant and power- 200 5.2

law C conversion factor 330 0.7

430 1

Jouandet et al. (2008) Annual DIC budget Annual MLD base 85

Trull et al. (2008b) Drifting sediment trap 4 Feb 2005 200 7.3–10

12 Feb 2005 200 3–3.1

22 Jan 2005 200 72.4

330 27.2

In situ optical 400 21.6

Jouandet et al. (2011) measurement (UVP) and power 23 Jan 2005 200 29.8

function C conversion factor 330 26.8

400 15.9

12 Feb 2005 200 4.8

330 5.6

400 7.9

KEOPS2

20 Oct 2011 100 3.5 ± 0.9

150 3.9 ± 0.9
234Th deficit, 200 3.7 ± 0.9

Planchon et al. (2014) steady-state model 16 Nov 2011 100 4.6 ± 1.5

150 7.1 ± 1.5

200 3.1 ± 0.6
234Th deficit, 16 Nov 2011 100 7.3 ± 1.8

non-steady-state model 150 8.4 ± 1.8

200 3.8 ± 0.8

Laurenceau-Cornec et al. (2015) Drifting gel trap, optical 16 Nov 2011 210 5.5

measurement of particles

Drifting sediment trap 210 2.2

In situ optical measurement 21 Oct 2011 200 0.2

Jouandet et al. (2014) (UVP) and power function C 350 0.1

conversion factor 16 Nov 2011 200 1.9

350 0.3

sum of hydrodynamic biases and swimmer activities (Bues-

seler, 1991), although it probably also includes the effect of

post-collection particle solubilization. In the Antarctic Penin-

sula, 234Th-derived POC export was 20 times higher than

the fluxes collected by a shallow, cylindrical, moored sedi-

ment trap at 170 m (Buesseler et al., 2010). The present de-

ployment context is less extreme (depth of 289 m, mean cur-

rent speed < 10 cm s−1, low tilt angle, high aspect ratio of

the cylindrical PPS3 trap) but we consider that hydrodynam-

ics (current speed higher than 12 cm s−1 during short tidal-

driven events) and possible zooplankton feeding on the trap

funnel are potential biases that may explain in part the low

fluxes recorded by the moored sediment trap. Therefore the

low fluxes observed likely result from a combined effect of

collection bias (hydrodynamics and swimmers) and attenu-

ation of the POC flux between the base of the WML and
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300 m. However, it is not possible with the current data set to

isolate a specific explanation for low flux values.

Strong POC flux attenuation over the Kerguelen Plateau

compared to the open ocean is also reported by Laurenceau-

Cornec et al. (2015), who associated this characteristic with

an HBLE scenario and invoked the role of mesozooplankton

in the carbon flux attenuation. Between October and Novem-

ber 2011, mesozooplankton biomass in the mixed layer dou-

bled (Carlotti et al., 2014) and summer biomass was a further

2-fold higher (Carlotti et al., 2008). These seasonal patterns

are consistent with the maximum swimmer intrusion rate and

swimmer diversity observed in summer (Table 2). It has pre-

viously been concluded that zooplankton biomass is more

tightly coupled to phytoplankton biomass on the plateau

compared to oceanic waters, leading to higher secondary pro-

duction on the plateau (Carlotti et al., 2008, 2014). The find-

ings of Cavan et al. (2015) that document the lowest export

ratio (exported production/primary production) in the most

productive, naturally fertilized area downstream of South

Georgia provide further support linking zooplankton dynam-

ics to HBLE environments of iron-fertilized blooms. Another

important ecosystem feature associated with the HBLE en-

vironment of the Kerguelen Plateau, and likely shared by

other island-fertilized blooms in the Southern Ocean, is the

presence of mesopelagic fish (myctophid spawning and lar-

vae foraging site; Koubbi et al., 1991, 2001). Mesopelagic

fish can be tightly coupled to lower trophic levels (Saba and

Steinberg, 2012) and can play a significant role in carbon flux

attenuation (Davison et al., 2013). Although important for

carbon budgets, mesopelagic fish represents a compartment

often neglected due to the challenge of quantitative sampling

approaches. We suggest that the HBLE scenario and large at-

tenuation of carbon flux beneath the WML at Kerguelen may

reflect the transfer of carbon biomass to higher and mobile

trophic groups that fuel large mammal and bird populations

rather than the classical remineralization-controlled atten-

uation characterizing open-ocean environments. Although

technically challenging, testing this hypothesis should be a

focus for future studies in this and similar regions.

5 Conclusions

We report the seasonal dynamics of particulate organic car-

bon (POC) export under the winter mixed layer (289 m)

of the naturally iron-fertilized and productive central Ker-

guelen Plateau. Annual POC flux was remarkably low

(98 mmol m−2) and occurred primarily during two episodic

(< 14 days) flux events exported with a 1-month lag follow-

ing two surface chlorophyll a peaks. Analysis of the hydro-

logical conditions and a comparison with different estimates

of POC fluxes in spring and summer at the same station sug-

gests that the sediment trap was subject to possible hydro-

dynamic and biological biases leading to under-collection of

particle flux. Nevertheless, the low POC export was close to

other estimates of deep (> 300 m) POC export at the same

station and is consistent with high attenuation coefficients

reported from other methods. We invoke heterotrophic mi-

crobial activity and mesozooplankton and mesopelagic fish

activity as possible explanations for efficient carbon flux at-

tenuation and/or transfer to higher trophic levels which re-

sults in a high-biomass, low-export environment.

The biogenic silicon, diatoms assemblages and faecal pel-

let fluxes are reported in a companion paper that identifies

the primary ecological vectors regulating the magnitude of

POC export and seasonal patterns in BSi : POC export (Rem-

bauville et al., 2015).
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Abstract. The biological composition of the material ex-

ported to a moored sediment trap located under the win-

ter mixed layer of the naturally fertilized Kerguelen Plateau

in the Southern Ocean was studied over an annual cy-

cle. Despite iron availability in spring, the annual particu-

late organic carbon (POC) export (98.2 mmol m−2) at 289 m

was low, but annual biogenic silica export was significant

(114 mmol m−2). This feature was related to the abundance

of empty diatom cells and the ratio of full to empty cells ex-

erted a first-order control in BSi : POC export stoichiometry

of the biological pump. Chaetoceros Hyalochaete spp. and

Thalassiosira antarctica resting spores were responsible for

more than 60 % of the annual POC flux that occurred during

two very short export events of < 14 days in spring–summer.

Relatively low diatom fluxes were observed over the remain-

der of the year. Faecal pellet contribution to annual carbon

flux was lower (34 %) and reached its seasonal maximum in

autumn and winter (> 80 %). The seasonal progression of fae-

cal pellet types revealed a clear transition from small spher-

ical shapes (small copepods) in spring, to larger cylindrical

and ellipsoid shapes in summer (euphausiids and large cope-

pods) and finally to large tabular shapes (salps) in autumn

and winter. We propose in this high-biomass, low-export

(HBLE) environment that small but highly silicified and fast-

sinking resting spores are able to bypass the intense grazing

pressure and efficient carbon transfer to higher trophic lev-

els that are responsible for the low fluxes observed the dur-

ing the remainder of the year. More generally our study also

provides a statistical framework linking the ecological suc-

cession of diatom and zooplankton communities to the sea-

sonality of carbon and silicon export within an iron-fertilized

bloom region in the Southern Ocean.

1 Introduction

The Southern Ocean is the place of exposure of old upwelled

waters to the atmosphere and the formation of mode wa-

ters, thereby ventilating an important part of the global ocean

and playing a central role in distributing heat, carbon and

nutrients in the global ocean (Sarmiento et al., 2004; Taka-

hashi et al., 2012; Sallée et al., 2012). Silicon trapping oc-

curs in the Southern Ocean because silicon is stripped out

of the euphotic zone more efficiently than phosphorus and

nitrogen (Holzer et al., 2014). It is generally acknowledged

that regional variations in plankton community structure are

responsible for variations in nutrient stoichiometry in the

Southern Ocean (Jin et al., 2006; Weber and Deutsch, 2010)

and that the biological pump is a central process regulat-

ing this stoichiometry (Ragueneau et al., 2006; Salter et al.,

2012; Primeau et al., 2013). These characteristics empha-

size the importance of biological processes in the Southern

Ocean waters for the availability of silicic acid and nitrate

(Sarmiento et al., 2004; Dutkiewicz et al., 2005) as well as

Published by Copernicus Publications on behalf of the European Geosciences Union.
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phosphate (Primeau et al., 2013) at lower latitudes, thereby

regulating part of the productivity of the global ocean. It has

been proposed that change in the uptake ratio of silicate and

nitrate by Southern Ocean phytoplankton in response to in-

creased iron availability during the Last Glacial Maximum

could have played a substantial role in varying atmospheric

CO2 (Brzezinski et al., 2002; Matsumoto et al., 2002).

Primary production in the Southern Ocean is regulated by

macro- and micronutrient availability (Martin et al., 1990;

J. K. Moore et al., 2001; Nelson et al., 2001; C. M. Moore

et al., 2013) and light levels as modulated by insolation and

surface layer mixing (Venables and Moore, 2010; Blain et

al., 2013). The complex interaction of these factors intro-

duces strong spatial heterogeneity in the distribution of pri-

mary producer biomass (Arrigo et al., 1998; Thomalla et al.,

2011). In particular, high-nutrient, low-chlorophyll (HNLC)

areas in the open ocean contrast strongly with highly pro-

ductive, naturally fertilized blooms located downstream of

island systems such as the Kerguelen Plateau (Blain et al.,

2001, 2007), Crozet Islands (Pollard et al., 2002) and South

Georgia (Park et al., 2010; Tarling et al., 2012). The diatom-

dominated phytoplankton blooms characteristic of these is-

land systems are the product of multiple environmental con-

ditions favourable for their rapid growth (Quéguiner, 2013),

which appear to promote POC export from the mixed layer

(Nelson et al., 1995; Buesseler, 1998). However the ecolog-

ical traits of certain species can impact the BSi : POC export

stoichiometry (Crawford, 1995; Salter et al., 2012), and may

therefore control the biogeochemical function of a particular

region of the Southern Ocean (Smetacek et al., 2004; Assmy

et al., 2013).

Among the numerous ecological characteristics of plank-

ton communities, algal aggregation (Jackson et al., 2005;

Burd and Jackson, 2009), mesozooplankton faecal pellets

(Lampitt et al., 1990; Wilson et al., 2008, 2013), vertical mi-

grations of zooplankton (Jackson and Burd, 2001; Steinberg

et al., 2002; Davison et al., 2013), radiolarian faecal pellets

(Lampitt et al., 2009) and diatom resting spore formation

(Salter et al., 2012; Rynearson et al., 2013) have all been

highlighted as efficient vectors of carbon export out of the

surface mixed layer. The challenge in describing the princi-

pal ecological processes regulating POC export fluxes is the

requirement to have direct access to sinking particles. Many

of the processes described occur in the upper layers of the

ocean, where circulation can strongly influence the reliabil-

ity of sediment trap collections (Baker et al., 1988; Bues-

seler et al., 2007). Short-term deployments of free-drifting

sediment traps can be an efficient solution to minimize the

hydrodynamic bias (Buesseler et al., 2000; Lampitt et al.,

2008), but spatial and temporal decoupling of production

and export needs to be considered (Salter et al., 2007; Ryn-

earson et al., 2013). In regions characterized by relatively

weak circulation, moored sediment trap observations in ar-

eas of naturally fertilized production can track temporal suc-

cession of exported material from long-term (several-month)

blooms (Westberry et al., 2013). Such an approach can par-

tially resolve how ecological processes in plankton commu-

nities regulate POC and biomineral export out of the mixed

layer (Salter et al., 2012, 2014), although selective processes

during export may modify original surface features.

The central Kerguelen Plateau is a good environment to

study the ecological vectors of export with sediment traps

due to the naturally fertilized recurrent bloom (Blain et al.,

2007) and shallow bathymetry that breaks the strong Antarc-

tic Circumpolar Current flow (Park et al., 2008, 2014). As re-

ported in the companion paper (Rembauville et al., 2015), an-

nual POC export measured by the sediment trap deployment

at 289 m beneath the southeastern iron-fertilized Kerguelen

bloom was 98± 4 mmol m−2 yr−1. This downward flux of

carbon may account for as little as ∼ 1.5 % of seasonal net

community carbon production (6.6± 2.2 mol m−2; Jouandet

et al., 2008) and < 2 % of seasonally integrated POC export

estimated at 200 m from a dissolved inorganic carbon budget

(5.1 mol C m−2; Blain et al., 2007). Although hydrodynami-

cal and biological biases related to the shallow moored sedi-

ment trap deployment may partly explain the low POC fluxes

we report, independent measurements of low POC fluxes

(> 300 m) at the same station (Ebersbach and Trull, 2008;

Jouandet et al., 2014) are consistent with the hypothesis of

flux attenuation below the winter mixed layer. These obser-

vations suggest a “high-biomass, low-export” (HBLE; Lam

and Bishop, 2007) status characterizing the productive Ker-

guelen Plateau. HBLE status appears to be a common fea-

ture of other productive sites of the Southern Ocean (Lam

and Bishop, 2007; Ebersbach et al., 2011; Lam et al., 2011;

Maiti et al., 2013; Cavan et al., 2015). Describing the tempo-

ral succession of POC and BSi flux vectors from the Kergue-

len Plateau is of interest to increase our understanding of the

ecological processes characterizing HBLE environments.

Numerous studies have described diatom fluxes from sedi-

ment trap records in the Southern Ocean (Leventer and Dun-

bar, 1987; Fischer et al., 1988, 2002; Abelmann and Ger-

sonde, 1991; Leventer, 1991; Gersonde and Zielinski, 2000;

Pilskaln et al., 2004; Ichinomiya et al., 2008; Salter et al.,

2012). Highest diatom fluxes recorded by sediment traps

(> 109 valves m−2 d−1 ) were observed in the seasonal ice

zone (SIZ) near Prydz Bay and Adélie Land and were dom-

inated by Fragilariopsis kerguelensis and smaller Fragilar-

iopsis species such as Fragilariopsis curta and Fragilari-

opsis cylindrus (Suzuki et al., 2001; Pilskaln et al., 2004).

These high fluxes occurred in summer and were associated

with the melting of sea ice. Changes in light availability and

melt water input appear to establish favourable conditions for

the production and export of phytoplankton cells (Romero

and Armand, 2010). In the Permanently Open Ocean Zone

(POOZ), highest diatom fluxes recorded were 2 orders of

magnitude lower,∼ 107 valves m−2 d−1 (Abelmann and Ger-

sonde, 1991; Salter et al., 2012; Grigorov et al., 2014), and

typically represented by F. kerguelensis and Thalassionema

nitzschioides. One notable exception is the naturally iron-

Biogeosciences, 12, 3171–3195, 2015 www.biogeosciences.net/12/3171/2015/

61 2. Ecological vectors of export fluxes



M. Rembauville et al.: Export fluxes in a naturally iron-fertilized area of the Southern Ocean 3173

fertilized waters downstream of the Crozet Plateau, where

resting spores of Eucampia antarctica var. antarctica domi-

nated the diatom export assemblage (Salter et al., 2012).

Other studies have reported faecal pellet contribution to

POC fluxes in the Southern Ocean (Dunbar, 1984; G. We-

fer et al., 1988; G. G. Wefer et al., 1990; Wefer and Fisher,

1991; Dubischar and Bathmann, 2002; Suzuki et al., 2001,

2003; Accornero and Gowing, 2003; Schnack-Schiel and

Isla, 2005; Gleiber et al., 2012), with a particular emphasis on

shelf environments where faecal pellet contribution to POC

flux was typically higher than in the oceanic regions (Wefer

et al., 1990; Wefer and Fischer, 1991; Schnack-Schiel and

Isla, 2005). In the Ross Sea, a northward decreasing contri-

bution to carbon flux of 59, 38 and 15 % for southern, cen-

tral and northern areas was reported from 235 m sediment

traps deployments (Schnack-Schiel and Isla, 2005). Faecal

pellets in the Ross Sea were generally represented by larger

shapes, with only 2 to 3 % of them present as small spherical

or ellipsoid shapes, and total faecal pellet flux was slightly

higher than 103 pellets m−2 d−1. High faecal pellet contribu-

tions to carbon fluxes (> 90 %) have been observed in the

Bransfield Strait and the marginal ice zone of the Scotia Sea,

and have been linked to the abundance of the Antarctic krill

Euphausia superba, resulting in maximum recorded fluxes of

> 5× 105 pellets m−2 d−1 (von Bodungen, 1986; von Bodun-

gen et al., 1987; Wefer et al., 1988). The strong contribution

of krill faecal pellets to carbon flux in the western Antarctic

Peninsula was confirmed over several years of observations,

with the highest contributions to carbon flux succeeding the

phytoplankton bloom in January and February (Gleiber et al.,

2012).

In the present study, particulate material exported from

the mixed layer in the naturally fertilized Permanently Open

Ocean Zone (POOZ) of the Kerguelen Plateau is described

from an annual sediment trap mooring. To develop our un-

derstanding of seasonal variability in the ecological flux vec-

tors and particle biogeochemistry, we investigate the link be-

tween the chemical (POC, PON, BSi) and biological (diatom

species and faecal pellet types) components of exported par-

ticles. Furthermore, we advance the limitations of previous

studies by explicitly distinguishing between full and empty

diatom cells in the exported material and thereby determine

species-specific roles for carbon and silica export.

2 Materials and methods

As part of the multidisciplinary research programme

KEOPS2, a moored sediment trap (Technicap PPS3) was de-

ployed at 289 m (seafloor depth: 527 m) at the representative

bloom station A3 (50◦38.3′ S, 72◦02.6′ E) for a period of 321

days (21 October 2011 to 7 September 2012). The sediment

trap mooring was located within an iron-fertilized bloom site

on the southern part of the Kerguelen Plateau (Blain et al.,

2007). The cup rotation dates of the sediment trap are listed

in Table 1. Details of sediment trap design, hydrological con-

ditions, sample processing, POC and PON analyses, and sur-

face chlorophyll a data extraction are described in a com-

panion paper (Rembauville et al., 2015). Comparison with

thorium-based estimates of carbon export suggests a trapping

efficiency of 15–30 % relative to the proxy, although strong

particle flux attenuation between 200 m and the trap depth

(289 m) might also contribute to the low fluxes. We therefore

interpret our results to accurately reflect the relationships be-

tween the biological and geochemical signals of the material

caught by the sediment trap, which we acknowledge may not

necessarily represent the entire particle export at 289 m.

2.1 Biogenic and lithogenic silicon analyses

For the analysis of biogenic silica (BSi) and lithogenic sil-

ica (LSi), 2 to 8 mg of freeze-dried material was weighed

(Sartorius precision balance, precision 10−4 g) and placed

into Falcon tubes. The extraction of silicon from biogenic

and lithogenic particle phases was performed following the

Ragueneau et al. (2005) triple NaOH/HF extraction proce-

dure. Silicic acid (Si(OH)4) resulting from NaOH extractions

was measured automatically on a Skalar 5100 autoanalyser,

whereas Si(OH)4 resulting from HF extraction was measured

manually on a Milton Roy Spectronic 401 spectrophotome-

ter. Si(OH)4 analyses were performed colorimetrically fol-

lowing Aminot and Kerouel (2007). Standards for the anal-

ysis of samples from the HF extraction were prepared in an

HF/H3BO4 matrix, ensuring the use of an appropriate cal-

ibration factor that differs from Milli-Q water. The contri-

bution of LSi to the first leaching was determined by us-

ing Si : Al ratios from a second leaching step (Ragueneau

et al., 2005). Aluminium concentrations were measured by

spectrophotometry (Howard et al., 1986). The triple extrac-

tion procedure is optimized for samples with a BSi content

< 10 µmol. For some samples (cups #3, #4, #6, #7, #8, #9

and #10) the Si : Al molar ratio in the second leachate was

high (> 10), indicating the incomplete dissolution of BSi.

For these samples it was not possible to use Si : Al ratios

to correct for LSi leaching. A crustal Si : Al mass ratio of

3.74 (Taylor and McClennan, 1986) was therefore used and

applied to all the samples for consistency. Precision (esti-

mated from measurement of 25 independent samples) was

13 nmol mg−1, which represents < 1 % of the BSi content

in all samples and 14 % of the mean LSi content. Blank

triplicates from each extraction were below the detection

limit. BSi results from this method were compared to the ki-

netic method from DeMaster (1981). There was an excellent

agreement between the two methods (Spearman rank corre-

lation, n= 12, p < 0.001, BSikinetic = 1.03 BSitriple extraction−

0.08; data not shown). To estimate the contribution of opal to

total mass flux, we assumed an opal composition of SiO2 0.4

H2O (Mortlock and Froelich, 1989).

In order to correct for the dissolution of BSi during deploy-

ment and storage, Si(OH)4 excess was analysed in the over-

www.biogeosciences.net/12/3171/2015/ Biogeosciences, 12, 3171–3195, 2015
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Table 1. Sediment bulk flux and composition results.

Cup Cup Cup Collection Season Mass flux POC flux PON flux BSi Flux LSi flux % opal POC : PON BSi : POC

opening date closing date time (days) (mg m−2 d−1)∗ (mmol m−2 d−1)∗ (mmol m−2 d−1)∗ (mmol m−2 d−1) (µmol m−2 d−1)

1 21/10/2011 04/11/2011 14 Spring 52.2 0.15 0.02 0.51 26.6 65.6 6.80 3.46

2 04/11/2011 18/11/2011 14 Spring 28.1 0.14 0.02 0.30 18.0 70.8 6.09 2.18

3 18/11/2011 02/12/2011 14 Spring 54.1 0.15 0.02 0.51 13.0 63.9 7.33 3.43

4 02/12/2011 12/12/2011 10 Summer 261.3 1.60 0.23 2.60 20.9 66.9 6.95 1.63

5 12/12/2011 22/12/2011 10 Summer 23.1 0.34 0.05 0.21 4.4 62.4 6.87 0.64

6 22/12/2011 01/01/2012 10 Summer 74.8 0.51 0.08 0.37 8.2 32.9 6.70 0.72

7 01/01/2012 11/01/2012 10 Summer 80.5 0.42 0.06 0.55 8.9 46.0 6.73 1.32

8 11/01/2012 25/01/2012 14 Summer 59.8 0.34 0.05 0.50 5.4 56.5 6.94 1.48

9 25/01/2012 08/02/2012 14 Summer 238.7 1.47 0.20 2.19 7.2 61.7 7.38 1.49

10 08/02/2012 22/02/2012 14 Summer 75.8 0.55 0.08 0.72 6.1 64.2 6.97 1.32

11 22/02/2012 31/05/2012 99 Autumn 24.4 0.27 0.03 0.08 1.5 21.5 8.09 0.29

12 31/05/2012 07/09/2012 99 Winter 5.1 0.04 0.01 0.03 2.2 35.0 6.06 0.66

Annual export∗∗ 322 14 438 98.2 13.6 114 1.85 53.1 7.2 1.2

∗ Data from Rembauville et al. (2015). ∗∗ Values assume no flux during the unsampled portion of the year.

lying preservative solution. Particulate BSi fluxes were cor-

rected for dissolution assuming that excess silicic acid orig-

inated only from the dissolution of BSi phases. Si(OH)4 ex-

cess was always < 10 % of total (dissolved + particulate) Si

concentrations. Error propagation for POC, PON, BSi fluxes

and molar ratios was calculated as the quadratic sum of the

relative error from triplicate measurements of each variable.

2.2 Diatom identification, fluxes and biomass

Many sediment trap studies reporting diatom fluxes in the

Southern Ocean use a micropalaeontological protocol that

oxidizes organic material (KMnO4, HCl, H2O2), thereby fa-

cilitating the observation of diatom valves (see Romero et

al., 1999, 2000, for a description). In the present manuscript,

our specific aim was to separately enumerate full and empty

diatom cells captured by the sediment trap to identify key

carbon or silicon exporters amongst the diatom species. We

therefore used a biological method following a similar pro-

tocol to that of Salter et al. (2007, 2012). To prepare samples

for counting, 2 mL of a gently homogenized one-eighth wet

aliquot was diluted in a total volume of 20 mL of artificial

seawater (S = 34). In order to minimize the exclusion and/or

breaking of large or elongated diatom frustules (e.g. Tha-

lassiothrix antarctica), the pipette tip used for sub-sampling

was modified to increase the tip aperture to > 2 mm. The di-

luted and homogenized sample was placed in a Sedgewick

Rafter counting chamber (Pyser SGE S52, 1 mL chamber

volume). Each sample was observed under an inverted mi-

croscope (Olympus IX71) with phase contrast at 200× and

400× magnification. Diatom enumeration and identification

was made from one-quarter to one-half of the counting cham-

ber (depending on cell abundance). The total number of di-

atoms counted was > 400 in all the cups, with the excep-

tion of the winter cup #12 (May–September 2012), where

the diatom abundance was low (< 100 diatoms counted). Di-

atoms species were identified following the recommenda-

tions of Hasle and Syvertsen (1997). All whole, intact and

recognizable frustules were enumerated. Full and empty cells

were counted separately, following suggestions in Assmy et

al. (2013).

Due to the lower magnification used and preserved cell

contents sometimes obscuring taxonomic features on the

valve face, taxonomic identification to the species level was

occasionally difficult and necessitated the categorizing of di-

atom species to genus or taxa groupings in the following

manner: Chaetoceros species of the subgenus Hyalochaete

resting spores (CRS) were not differentiated into species or

morphotypes but were counted separately from the vegetative

cells; Fragilariopsis separanda and Fragilariopsis rhombica

were grouped as Fragilariopsis separanda/rhombica; Mem-

braneis imposter and Membraneis challengeri and species

of the genera Banquisia and Manguinea were denominated

as Membraneis spp. (Armand et al., 2008a); diatoms of

the genus Haslea and Pleurosigma were grouped as Pleu-

rosigma spp.; all Pseudo-nitzschia species encountered were

grouped as Pseudo-nitzschia spp.; Rhizosolenia antennata

and Rhizosolenia styliformis were grouped as Rhizosolenia

antennata/styliformis; large and rare Thalassiosira oliver-

ana and Thalassiosira tumida were grouped as Thalassiosira

spp.; Thalassiosira antarctica resting spores (TRS) were

identified separately from the vegetative cells; small cen-

tric diatoms (< 20 µm) represented by Thalassiosira gracilis

and other Thalassiosira species were designated as small

centrics (< 20 µm); and finally large and rare centrics, includ-

ing Azpeitia tabularis, Coscinodiscus spp. and Actinocyclus

curvatulus, were grouped as large centrics (> 20 µm). Full

and empty frustules of each species or taxa grouping were

distinguished and enumerated separately. The cell flux for

each diatom species or taxa grouping was calculated accord-

ing to Eq. (1):

Cell flux=Ndiat · d · 8 ·Vcup ·
1

0.125
·

1

days
· chamber fraction, (1)

where Cell flux is in valves m−2 d−1, Ndiat is the number of

cells enumerated for each diatom classification, d is the dilu-

tion factor from the original wet aliquot, 8 is the total number

of wet aliquots comprising one sample cup, Vcup is the vol-

ume of each wet aliquot, 0.125 is the Technicap PPS/3 sedi-
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ment trap collecting area (m2), days is the collecting period,

and chamber fraction is the surface fraction of the counting

chamber that was observed (one-quarter or one-half). The an-

nually integrated full and empty diatom flux for each species

was calculated as follows:

Annual flux(x) =

12∑
i=1

(
Flux(x)i · daysi

)
, (2)

where Annual flux(x) is the annually integrated flux of a

full or empty diatom species x (cell m−2 yr−1), Flux(x)i is

the full or empty flux of this species in the cup number i

(cell m−2 d−1) and daysi is the collecting time for the cup

number i (d). The calculations assume that negligible ex-

port occurred during the month of September, which was not

sampled by the sediment trap. We consider this assumption

reasonable based on the preceding flux profile and low con-

centration of satellite-derived chlorophyll a (Rembauville et

al., 2015).

We directly compared the micropalaeontological (as used

in Rigual-Hernández et al. (2015) and biological count-

ing techniques in our sediment trap samples and noted the

loss of several species (Chaetoceros decipiens, Chaetoceros

dichaeta, Corethron pennatum, Corethron inerme, Guinardia

cylindrus and Rhizosolenia chunii) under the micropalaeon-

tological technique. We attribute this to the aggressive chem-

ical oxidation techniques used to “clean” the samples as

well as the centrifugation steps, which may also selectively

destroy or dissolve certain frustules. For the species that

were commonly observed by both techniques, total valve flux

was in good agreement (Spearman rank correlation, n= 12,

ρ = 0.91, p < 0.001; data not shown) although consistently

lower with the micropalaeontolgical technique, probably due

to the loss of certain frustules described above. Full details

of this method comparison are in preparation for a separate

submission.

Diatoms species that contributed to more than 1 % of total

full cell flux were converted to carbon flux. For E. antarc-

tica var. antarctica, Fragilariopsis kerguelensis, Fragilariop-

sis separanda/rhombica, Pseudo-nitzschia spp. and Thalas-

sionema nitzschioides spp., we used published cell-specific

carbon content (CellC, pg C cell−1) for diatoms communities

of the Kerguelen Plateau from Cornet-Barthaux et al. (2007).

As Chaetoceros Hyalochaete resting spores (CRS) and Tha-

lassiosira antarctica resting spores (TRS) largely dominated

the full diatom fluxes (> 80%), an appropriate estimation of

their carbon content based on the specific sizes observed

in our data set was required for accurate quantification of

their contribution to carbon fluxes. Biomass calculations for

both CRS and TRS were determined from > 50 randomly se-

lected complete resting spores observed in splits from cups

#4 to #11 (December 2011 to May 2012). Morphometric

measurements (pervalvar and apical axis) were made us-

ing the Fiji image processing package (available at http:

//fiji.sc/Fiji) on images taken with an Olympus DP71 cam-

era. Cell volumes followed appropriate shape-designated cal-

culations from Hillebrand et al. (1999; Table 2). The cell

volume coefficient of variation was 46 and 54 % for CRS

and TRS, respectively. CRS carbon content was estimated

from the derived cell volume using the volume-to-carbon re-

lationship of 0.039 pmol C µm−3 established from the rest-

ing spore of Chaetoceros pseudocurvisetus (Kuwata et al.,

1993), leading to a mean CellC value of 227 pg C cell−1 (Ta-

ble 2). There is currently no volume-to-carbon relationship

for Thalassiosira antarctica resting spores described in the

literature; therefore, the allometric relationship for vegeta-

tive diatoms (Menden-Deuer and Lessard, 2000) was used to

calculate our TRS carbon content, giving a mean CellC value

of 1428 pg C cell−1 (Table 2). Full diatom fluxes were con-

verted to carbon fluxes as follows:

C flux(x) =
Flux(x) · CellC(x)

M12C · 109
, (3)

where C flux(x) is the carbon flux carried by each diatom

species x (mmol C m−2 d−1), Flux(x) is the full cell numer-

ical flux of species x (cell m−2 d−1), CellC(x)is the carbon

content of species x (pg C cell−1), M12C is the molecular

weight of 12C (12 g mol−1) and 109 is a conversion factor

from pmol to mmol.

2.3 Faecal pellet composition and fluxes

To enumerate faecal pellets, an entire one-eighth aliquot

of each sample cup was placed in a gridded Petri dish

and observed under a stereomicroscope (Zeiss Discovery

V20) coupled to a camera (Zeiss Axiocam ERc5s) at 10×

magnification. Photographic images (2560× 1920 pixels,

3.49 µm pixel−1) covering the entire surface of the Petri dish

were acquired. Following Wilson et al. (2013), faecal pellets

were classified into five types according to their shape: spher-

ical, ovoid, cylindrical, ellipsoid and tabular. The flux of each

faecal pellet class (nb m−2 d−1) was calculated as follows:

Faecal pellet flux=NFP · 8 ·
1

0.125
·

1

days
, (4)

where NFP is the number of pellets within each class ob-

served in the one-eight aliquot. The other constants are as

described in Eq. (1). Individual measurements of the major

and minor axis for each faecal pellet were performed with the

Fiji software. The total number of spherical, ovoid, cylindri-

cal, ellipsoid and tabular faecal pellets measured was 4041,

2047, 1338, 54 and 29, respectively. Using these dimensions,

faecal pellet volume was determined using the appropriate

shape equation (e.g. sphere, ellipse, cylinder, ovoid/ellipse)

and converted to carbon using a factor of 0.036 mg C mm−3

(Gonzalez and Smetacek, 1994). Due to the irregularity of

the tabular shapes preventing the use of a single equation to

calculate their volume, a constant value of 119 µg C pellet−1,

representing a mid-range value for tabular shapes (Madin,

1982), was applied to tabular faecal pellets (Wilson et al.,
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Table 2. Chaetoceros resting spores (CRS) and Thalassiosira antarctica resting spores (TRS) measurement and biomass data from station

A3 sediment trap. The range and the mean value (bold) are reported for each variable.

Spore Number Pervalvar Apical axis Shapea Cell volume Volume–carbon Cell carbon content Cell carbon content

type measured axis (µm) (µm) (µm3) relationship (pmol C cell−1) (pg C cell−1)

CRS 63 3.1–8.5 7.2–17.4 Cylinder + 116.9–1415 0.039 pmol C µm−3b
5–55 55–662

6 12.1 two cones 483 19 227

TRS 57 10.2–26 25.6–35.3 Cylinder + 14035–48477 C= 0.582×V 0.811c
56–153 672–1839

20.8 32.6 two half-spheres 35502 119 1428

a As defined in Hillebrand et al. (1999). b Data representative of Chaetoceros pseudocurvisetus resting spore (Kuwata et al. 1993). c Equation from Menden-Deuer and

Lessard (2000), where C is the carbon content (pg C) and V is the cell volume (µm3).

2013). This value was appropriate because the observed tabu-

lar faecal pellets were within the size range reported in Madin

(1982). Ranges and mean values of faecal pellet volumes and

carbon content are reported in Table 3. Faecal fluff and dis-

aggregated faecal pellets were not considered in these calcu-

lations because quantitative determination of their volume is

difficult. We acknowledge that fragmentation of larger pel-

lets may represent an artifact of the sample-splitting proce-

dure. Alternatively, their presence may also result from nat-

ural processes within the water column, although dedicated

sampling techniques (e.g. polyacrylamide gel traps) are re-

quired to make this distinction (Ebersbach et al., 2014, 2011;

Ebersbach and Trull, 2008; Laurenceau-Cornec et al., 2015).

Consequently our present quantification of faecal pellet car-

bon flux should be considered as lower-end estimates.

The precision of our calculations depends on the reliability

of carbon–volume conversion factors of faecal pellets, which

vary widely in the literature, as well as variability in diatom

resting spore volumes (Table 2). To constrain the importance

of this variability on our quantitative estimation of C flux,

we calculated upper and lower error bounds using a constant

scaling of the conversion factors (±50 %).

2.4 Statistical analyses

Correspondence analysis was performed to summarize the

seasonality of diatom export assemblages. This approach

projects the original variables (here full and empty cells)

onto a few principal axes that concentrate the information

of the chi-squared (χ2) distance between both observations

and variables (Legendre and Legendre, 1998). χ2 distance is

very sensitive to rare events. Consequently, only species with

an annual mean flux higher than 10 % of the mean annually

integrated flux of all the species were retained in the corre-

spondence analysis. This selection was performed separately

on full and empty cell fluxes.

Partial least-squares regression (PLSR) analysis was used

to examine the relationships between ecological flux vec-

tors (full and empty diatom cells and faecal pellet fluxes

as columns of the X matrix, cups being the rows) and

bulk geochemical properties (POC flux, PON flux, BSi flux,

POC : PON and BSi : POC molar ratio and columns in the

Y matrix) of the exported material. The principle of PLSR

is to decompose both the X and Y matrix into their principal

components using principal component analysis and then use

these principal components to regress Y in X (Abdi, 2010).

PLSR is capable of modelling response variables from a large

set of predictors. The same filter as for the correspondence

analysis (full and empty cell fluxes > 10 % of the total mean

flux) was applied.

3 Results

3.1 Chemical composition of the settling material

Time series of the chemical signature of the settling material

are presented in Fig. 1, and export fluxes are reported in Ta-

ble 1. POC and PON fluxes are also reported and discussed in

the companion paper (Rembauville et al., 2015). BSi fluxes

exhibited the same seasonal pattern as POC fluxes (Fig. 1c)

with low fluxes (< 1 mmol m−2 d−1) except during the two

intense events (2.60± 0.03 and 2.19± 0.10 mmol m−2 d−1,

mean ± standard deviation). LSi fluxes were highest in

spring (> 10 µmol m−2 d−1 in cups #1 to #4, October to De-

cember 2011, Table 1). The contribution of LSi to total par-

ticulate Si was 5 and 10 %, respectively, in cups #1 (Octo-

ber/November 2011) and #12 (May to September 2012) and

lower than 3 % the remainder of the year. The BSi : POC

molar ratio was highest at the beginning of the season (be-

tween 2.18± 0.19 and 3.46± 0.16 in the first three cups

from October to December 2011, blue line in Fig. 1c) and

dropped to 0.64± 0.06 in cup #5 (end of December 2011),

following the first export event. BSi : POC ratios were close

in the two export events (1.62± 0.05 and 1.49± 0.08). The

lowest BSi : POC ratio was observed in autumn in cup #11

(0.29± 0.01, February to May 2012). Similarly, the opal con-

tribution to total mass flux was highest in spring (70.8 % in

cup #2, November 2011) and lowest in autumn (21.5 % in

cup #11, February to May 2012).
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Table 3. Faecal pellet measurement and biomass estimations from the station A3 sediment trap. For each variable, the range and the mean

value (bold) are reported.

Faecal Number Major axis Minor axis Volume Volume Volume–carbon Faecal pellet carbon Faecal pellet carbon

pellet shape measured (µm) (a) (µm) (b) equation (µm3) relationship content (µmol C pellet−1) content (µg C pellet−1)

Spherical 4041 11–1069 4/3 π (a/2)3 697–6.39× 108 0.036 mg C mm−3∗ 2.09× 10−6–1.91 2.51× 10−5–23

150 1.77 × 106 5.3 10-3 0.06

Ovoid 2047 85–1132 10–802 4/3 π (a/2) (b/2)2 4.45× 103 –3.81× 108 1.34× 10−5–1.14 1.60× 10−4–13.72

314 154 3.90 × 106 11.7 × 10−3 0.14

Cylindrical 1338 106–6152 14–547 π (b/2)2 a 1.63× 104–1.45× 109 4.89× 10−4–4.35 5.87× 10−4–52

981 136 1.43 × 107 0.04 0.51

Ellipsoid 54 301–3893 51–1051 4/3 π (a/2) (b/2)2 4.10× 105–2.25× 109 1.2× 10−3–6.75 0.01–81

1329 413 1.19× 108 0.36 4.28

Tabular 29 Highly variable shapes; see text Constant, 9.92 119

119 µg C pellet−1∗∗

∗ Conversion factor from Gonzalez and Smetacek (1994). ∗∗ Conversion factor from Wilson et al. (2013).
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Figure 1. (a) Time series of the surface chlorophyll a concentration averaged in a 100 km radius around the trap location. The black line

represents the climatology calculated for the period 1997/2013, whilst the green line corresponds to the sediment trap deployment period

(2011/2012). (b) POC fluxes (grey bars) and C / N molar ratio (red line) of the exported material, (c) BSi flux (light-blue bars) and BSi : POC

ratio (blue line). Error bars are standard deviations on triplicates.

3.2 Diatom fluxes

Diatoms from 33 taxa were identified and their fluxes deter-

mined across the 11-month time series. Fluxes are reported

in Tables 4 and 5 for full and empty cells, respectively. Full

and empty cell fluxes for the total community and for the

taxa that are the major contributors to total diatom flux (eight

taxa that account for > 1 % of total cells annual export) are

presented in Fig. 2. The full and empty cell fluxes for each

diatom species or taxa are reported in Tables 4 and 5, respec-

tively.

During spring (cups #1 to #3, October to Decem-

ber 2011) and autumn/winter (cups #11 and #12, Febru-

ary to September 2012) the total flux of full cells was

< 5× 106 cells m−2 d−1 (Fig. 2a). The total flux of full

cells increased to 5.5 and 9.5× 107 cells m−2 d−1 (cups #4

and #9, December and end of January, respectively) dur-

ing two episodic (< 14 days) sedimentation events. The

two largest flux events (cups #4 and #9) were also asso-

ciated with significant export of empty cells with respec-

tively 6.1× 107 and 2.9× 107 cells m−2 d−1 (Fig. 2a). For

Chaetoceros Hyalochaete spp. resting spores (CRS), full

cell fluxes of 4× 107 and 7.8× 107 cells m−2 d−1 accounted

for 76 and 83 % of the total full cell flux during these

two events, respectively (Fig. 2b), whereas a smaller con-

tribution of Thalassiosira antarctica resting spores (TRS;

2.7× 106 cells m−2 d−1, 5 % of total full cells) was observed

during the first event (Fig. 2h). CRS also dominated (79–

94 %) the composition of full cells in the intervening pe-

riod (cups #5 to #8, December 2011 to January 2012), al-

though the magnitude of cell flux was moderate (9× 106–

2.5× 107 cells m−2 d−1) by comparison (Fig. 2b). In cup
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Figure 2. (a) Total diatom cell fluxes (bars, left axis) and total empty : full cell ratio (blue line, right axis). (b–h) Fluxes of diatom cells from

selected species identified as major contributors to diatom fluxes (> 1 % of total diatom fluxes). In (b), full cells are Chaetoceros Hyalochaete

resting spores and empty cells are the vegetative stage. Full cell fluxes are represented by grey bars, whereas empty cell fluxes are represented

by white bars.

#4 (December 2011), the empty cell flux contained 61 %

Chaetoceros Hyalochaete spp. vegetative empty cells and

27 % unidentified small centrics (< 20 µm) empty cells. In

cup #9 (end of January 2012), the total empty cell flux con-

tained 60 % Chaetoceros Hyalochaete spp. vegetative stage

and only 2 % small centrics (< 20 µm) empty cells.

Fragilariopsis kerguelensis and Fragilariopsis sepa-

randa/rhombica (Fig. 2d and e) were mostly exported from

spring through the end of summer (cups #1 to #10, Oc-

tober 2011 to February 2012) with total (full + empty)

fluxes < 3× 106 cells m−2 d−1, a value ∼ 20 times lower

than the highest CRS fluxes recorded. During this time,

these species were represented by > 50 % of empty cells.

In autumn and winter (cups #10 and #11, February to

May 2012), these species were only represented by low

fluxes (< 0.5× 10−6 cells m−2 d−1) of empty cells. Thalas-

sionema nitzschioides spp. fluxes were highest in spring

and early summer (cups #1 to #4, October to December

2011), with total fluxes comprising between 3.5× 106 and

6.7× 106 cells m−2 d−1 (Fig. 2g). The remainder of the year,

total flux was < 2× 106 cells m−2 d−1 and was essentially

represented by full cells. Pseudo-nitzschia spp. were mostly

represented by full cells (Fig. 2f) with the highest flux of

1.2× 107 cells m−2 d−1 observed in the second intense ex-

port event (cup #9, end of January 2012). Eucampia antarc-

tica var.antarctica total fluxes were always represented by

> 50 % of full cells (Fig. 2c). Total cell fluxes of Eucampia

antarctica var. antarctica gradually increased from < 1× 105

to 1.3× 106 cells m−2 d−1 from spring to summer (cups #1

to #9, October 2011 to January 2012) and then decreased

to a negligible flux in winter (cup #12, May to Septem-

ber 2012). This species was observed as both the lightly

silicified, chain-forming, vegetative form and the highly

silicified winter growth stage form. Both forms were ob-

served throughout the year without a specific seasonal pat-

tern. Small centric species (< 20 µm) were essentially rep-

resented by empty cells (Fig. 2i). Their total fluxes were

< 4× 106 cells m−2 d−1, except in the first export event (cup

#4, December 2011), where their flux represented a consid-

erable export of 1.7× 107 cells m−2 d−1.

Diatoms and sampling cup projection on the first two axes

from the correspondence analysis is presented in Fig. 3.

χ2 distance in the correspondence analysis is based on fre-

quency distribution; therefore the results of the analysis must

be considered as representative of the community composi-

tion as opposed to cell flux. The first two factors accounted

for the majority (75.6 %) of total explained variance. Early in

the season (cups #1 to #3, October to mid-December 2011),

during the period of biomass accumulation in the surface

(Fig. 1a), diatom fluxes were characterized by empty cells
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Table 4. Full diatoms cells flux (106 m−2 d−1) from the station A3 sediment trap.

Cup number Contribution to

annual full

cells flux (%)

Species – taxa group 1 2 3 4 5 6 7 8 9 10 11 12

Asteromphalus spp. 0 0.01 0 0.03 0 0 0 0 0.12 0 0 0 0.1

Chaetoceros atlanticus Cleve 0 0 0 0 0 0 0 0 0.07 0 0 0 0.0

Chaetoceros atlanticus f. bulbosus Ehrenberg 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Chaetoceros decipiens Cleve 0 0 0.02 0 0 0 0 0 0.07 0 0 0 0.0

Chaetoceros dichaeta Ehrenberg 0 0 0 0.07 0 0 0 0 0.26 0 0 0 0.1

Chaetoceros Hyalochaete spp.∗ 0.70 0 1.95 39.92 7.42 23.04 14.37 15.88 78.29 20.24 0.68 0 80.2

Corethron inerme Karsten 0 0 0 0 0 0 0 0 0.23 0 0 0 0.1

Corethron pennatum Grunow 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Dactyliosolen antarcticus Castracane 0 0 0 0.05 0 0 0 0 0.02 0 0 0 0.0

Eucampia antarctica var. 0.08 0.03 0.06 0.19 0.08 0.36 0.19 0.65 1.03 0.45 0.08 0.01 1.6

antarctica (Castracane) Mangin

Fragilariopsis kerguelensis (O’Meara) Hustedt 0.88 1.06 0 1.93 0.40 0.13 0.21 0.12 1.40 0 0 0 2.4

Fragilariopsis separanda/rhombica group 0.02 0.16 0 0.68 0.05 0.20 0.13 0.07 1.47 0 0 0 1.1

Guinardia cylindrus (Cleve) Hasle 0 0 0 0 0 0 0 0 0.07 0 0 0 0.0

Leptocylindrus sp. 0 0 0 0.03 0 0 0 0 0 0 0 0 0.0

Membraneis spp. 0.04 0.01 0 0.19 0 0 0.02 0.02 0.02 0 0 0 0.1

Navicula spp. 0 0 0.04 0.64 0 0 0 0.29 0.58 0 0 0 0.6

Odontella weissflogii (Grunow) Grunow 0 0 0 0.08 0 0 0 0 0.05 0 0 0 0.0

Pleurosigma spp. 0.01 0 0 0.22 0.02 0.02 0 0.03 0.96 0.04 0 0 0.5

Proboscia alata (Brightwell) Sundröm 0 0 0 0 0 0 0 0 0.09 0 0 0 0.0

Proboscia inermis (Castracane) 0 0 0 0.03 0 0 0 0 0.33 0 0 0 0.2

Jordan & Ligowski

Proboscia truncata (Karsten) 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Nöthig & Logowski

Pseudo-nitzschia spp. 0.26 0.02 0.21 1.81 0.08 0.45 1.85 1.56 7.08 0.36 0.02 0 5.6

Rhizosolenia antennata/styliformis group 0 0 0 0 0 0 0 0 0.05 0 0 0 0.0

Rhizosolenia chunii Karsten 0 0 0 0 0.05 0 0 0.03 0.07 0 0 0 0.1

Rhizosolenia crassa Schimper in Karsten 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Rhizosolenia simplex Karsten 0 0 0 0 0 0 0 0 0.07 0 0 0 0.0

Thalassionema nitzschioides spp. 1.45 1.48 0.20 4.65 0.28 0.14 0.34 0.72 0.89 0.14 0.05 0.01 4.0

Pergallo & Pergallo

Thalassiosira lentiginosa (Janisch) Fryxell 0.01 0 0 0 0 0 0 0 0 0 0 0 0.0

Thalassiosira spp. 0 0.05 0 0.05 0 0 0 0 0.12 0.05 0 0 0.1

Thalassiosira antarctica resting 0.04 0 2.19 2.65 0.17 0.14 0.13 0.14 0.12 0 0.01 0 2.1

spore (TRS) Comber

Thalassiothrix antarctica Schimper ex Karsten 0 0 0 0.02 0.05 0.04 0.34 0.14 0.70 0 0 0 0.5

Small centrics (< 20 µm) 0.05 0 0 0.41 0 0 0 0 0.19 0.18 0 0 0.3

Large centrics (> 20 µm) 0 0 0.05 0.08 0 0 0 0 0.05 0 0 0 0.1

Total full cells 35.39 28.20 47.18 537.38 85.85 245.20 175.89 196.56 943.88 214.65 8.46 0.22

∗ Full cells of Chaetoceros Hyalochaete spp. were only found as resting spores.

of T. nitzschioides spp. and F. kerguelensis. Full TRS cells

were observed in cup #3 (end of November 2011) follow-

ing the initial bloom decline. The first major flux event (cup

#4, December 2011) contained mostly TRS, empty small

centrics (< 20 µm) cells and empty Chaetoceros Hyalochaete

spp. cells. The summer flux period (cups #5 to #8, Decem-

ber 2011 to January 2012) primarily consisted of CRS, al-

though E. antarctica var. antarctica, Pseudo-nitzschia spp.

and Thalassiothrix antarctica were present as full cells and

Plagiotropis spp., Membraneis spp., Pseudo-nitzschia spp. as

empty cells. The second major flux event (cup #9, end of Jan-

uary 2012) was tightly associated with CRS and full Pseudo-

nitzschia spp. cells. Subsequent cups (#10 and #11, February

to May 2012) were characterized by full cells of E. antarctica

var. antarctica and Thalassiothrix antarctica and empty cells

of Corethron inerme, P. alata, F. separanda/rhombica and

F. kerguelensis. Winter fluxes (cup #12, May to September

2012) were similar to the initial three cups characterized pri-

marily by empty cells of small diatom taxa. The centralized

projection in Fig. 3 of full F. kerguelensis and T. nitzschioides

spp. highlights their constant presence throughout the annual

record.

The total empty : full cell ratio is presented in Fig. 2a

(blue line). This ratio was highest in spring and early sum-

mer (cups #1 to #4, October to December 2011), ranging

between 1.1 and 2.4, suggesting more empty cells to full

cells. The ratio was lowest, representing considerably more

full cells to empty cells in cups #5 to #10 (December 2011

to February 2012) with values between 0.1 and 0.4. In au-

tumn (cup #11, February to May 2012), the empty : full ratio

increased to 0.7. In the winter cup #12 (May to September

2012), the total amount of full diatom cells was very low

and therefore we could not calculate a robust empty : full

ratio. Across the time series, certain diatom taxa were ob-

served exclusively as empty cells, notably Chaetoceros at-

lanticus f. bulbosus and Corethron pennatum. For diatom
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Table 5. Empty diatoms cells flux (106 m−2 d−1) from the station A3 sediment trap.

Cup number Contribution to

annual empty

cells flux (%)

Species – taxa group 1 2 3 4 5 6 7 8 9 10 11 12

Asteromphalus spp. 0.02 0.02 0.09 0.08 0 0.05 0 0.03 0.05 0 0 0 0.3

Chaetoceros atlanticus Cleve 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Chaetoceros atlanticus f. bulbosus Ehrenberg 0.01 0 0 0 0 0 0 0.02 0 0.02 0 0 0.0

Chaetoceros decipiens Cleve 0 0 0.02 0.24 0 0 0 0 0 0 0 0 0.2

Chaetoceros dichaeta Ehrenberg 0 0 0.06 0.07 0 0 0 0 0.05 0 0.01 0 0.2

Chaetoceros Hyalochaete spp. 0 0 0.45 38.19 0 0 0 0.60 18.23 0.18 0 0 41.2

Corethron inerme Karsten 0.01 0.01 0.04 0 0 0.02 0 0 0.23 0.31 0.06 0 0.9

Corethron pennatum Grunow 0 0 0.02 0 0 0 0 0.02 0 0 0.01 0 0.1

Dactyliosolen antarcticus Castracane 0 0 0 0.05 0 0 0 0.07 0.02 0.05 0 0 0.2

Eucampia antarctica var. 0 0 0.04 0.25 0.06 0.05 0.06 0.09 0.28 0.11 0.04 0 1.0

antarctica (Castracane) Mangin

Fragilariopsis kerguelensis (O’Meara) Hustedt 2.25 0.46 0.84 1.02 0.26 0.63 0.88 1.17 1.17 1.45 0.16 0.03 9.4

Fragilariopsis separanda/rhombica group 0.19 0.17 0.18 0.53 0.14 0.52 0.32 0.87 0.82 1.23 0.15 0 5.0

Guinardia cylindrus (Cleve) Hasle 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Leptocylindrus sp. 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Membraneis spp. 0 0 0.02 0.05 0.02 0.04 0.02 0.07 0.14 0.07 0.01 0 0.4

Navicula spp. 0 0 0.13 0.36 0 0 0 0.12 0.12 0 0 0 0.5

Odontella weissflogii (Grunow) Grunow 0 0 0.02 0.10 0 0 0 0.02 0 0.02 0 0 0.1

Pleurosigma spp. 0.18 0.06 0.08 0.41 0.08 0 0.09 0.12 0.93 0.38 0.03 0 2.1

Proboscia alata (Brightwell) Sundröm 0 0 0 0 0 0 0 0.03 0.05 0.34 0.01 0 0.5

Proboscia inermis (Castracane) 0 0 0.01 0.08 0 0 0 0.03 0.05 0.13 0.01 0 0.3

Jordan & Ligowski

Proboscia truncata (Karsten) 0 0 0.02 0 0 0 0 0 0 0.02 0 0 0.0

Nöthig & Logowski

Pseudo-nitzschia spp. 0.59 0 0.12 0.59 0.09 0.04 0.99 0.75 5.26 0.34 0.02 0 7.4

Rhizosolenia antennata/styliformis group 0 0 0 0 0 0 0 0.02 0.02 0.13 0 0 0.2

Rhizosolenia chunii Karsten 0 0 0 0.03 0 0 0 0.02 0.02 0.20 0.02 0 0.4

Rhizosolenia crassa Schimper in Karsten 0 0 0 0 0 0 0 0 0 0.04 0 0 0.0

Rhizosolenia simplex Karsten 0 0 0 0 0 0 0 0.02 0 0 0 0 0.0

Thalassionema nitzschioides spp. 4.33 1.97 5.39 2.07 0.19 0.09 0.47 0.12 0.72 0.18 0.03 0.01 13.2

Pergallo & Pergallo

Thalassiosira lentiginosa (Janisch) Fryxell 0.25 0.06 0.10 0 0 0 0 0 0 0 0 0 0.4

Thalassiosira spp. 0.02 0.06 0.01 0 0 0 0 0 0 0 0 0 0.1

Thalassiosira antarctica resting 0 0 0 0 0 0 0 0 0 0 0 0 0.0

spore (TRS) Comber

Thalassiothrix antarctica Schimper ex Karsten 0 0 0 0 0 0.02 0 0 0 0.04 0 0 0.0

Small centrics (< 20 µm) 0.48 0.44 2.96 16.87 0.28 0.13 0.17 0.24 0.65 0.20 0.03 0.02 15.7

Large centrics (> 20 µm) 0 0.03 0.01 0.20 0 0 0 0 0.16 0.04 0 0 0.3

Total empty cells 8.34 3.28 10.57 61.20 1.12 1.59 3.01 4.43 28.98 5.46 0.59 0.07

taxa present as full and empty cells we calculated an annu-

ally integrated empty : full ratio (Fig. 4) and arbitrarily de-

fined threshold values of 2 (representing species mainly ob-

served as empty cells) and 0.5 (representing species mainly

observed as full cells). In decreasing order, the diatom taxa

exhibiting empty : full ratios > 2 were Thalassiosira lentigi-

nosa, small centrics (< 20 µm), Proboscia alata, Rhizosole-

nia antennata/styliformis, Chaetoceros decipiens, Corethron

inerme, Dactyliosolen antarcticus, large centrics (> 20 µm),

and Asteromphalus spp. The diatom taxa displaying an

empty : full ratio < 0.5 were Thalassiothrix antarctica, Rhi-

zosolenia simplex CRS, Eucampia antarctica var. antarctica,

Thalassiosira spp. and Navicula spp. Species or grouped taxa

with ratio values falling between the thresholds < 2 and > 0.5

(R. chunii, through to C. dichaeta in Fig. 4) were perceived

as being almost equally represented by full and empty cells

when integrated annually across the time series.

3.3 Faecal pellet fluxes

The seasonal flux of faecal pellet type, and volume and their

estimated carbon flux are summarized in Fig. 5 and Table 6.

Total faecal pellet flux was < 2× 103 pellets m−2 d−1 in

spring (cups #1 to #3, October to December 2011). Cups #4

and #5 (December 2011) were characterized by the highest

fluxes of 21.8× 103 and 5.1× 103 pellets m−2 d−1 (Fig. 5a,

Table 6). Faecal pellet numerical flux decreased gradually

from mid-summer (cup #5, December 2011) to reach a mini-

mal value in winter (140 pellets m−2 d−1 in cup #12, May

to September 2012). In spring (cups #1 to #3, October to

December 2011), spherical and cylindrical shapes domi-

nated the numerical faecal pellet fluxes. Ellipsoid and tab-
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Figure 4. Annual ratio of empty to full cells for species observed

as both forms. The dashed lines are the 0.5 and 2 ratio values.

Chaetoceros Hyalochaete spp. full cells were only observed as rest-

ing spores.

ular shapes were absent from these spring cups. The first ex-

port event (cup #4, December 2011) was numerically domi-

nated by the spherically shaped pellets; however the remain-

der of the summer (cups #5 to #10, December 2011 to Febru-

ary 2012) contained spherical, ovoid and cylindrical shapes

in comparable proportions. Ellipsoid shapes were observed

from mid-summer to autumn (cups #7 to #11, January to

May 2012), but their overall contribution to pellet flux was

low (< 6 %, Table 6). Rare tabular shapes were observed in

summer (cups #6 and #8, December and January 2012) and

their contribution to numerical fluxes was highest in autumn

and winter (cups #11 and #12, February to September 2012).

The median faecal pellet volume showed a seasonal sig-

nal, with a maximum peak > 5.5× 106 µm3 in mid-summer

(cups # 6 to #8, mid-December to January 2012) and values

< 4× 106 µm3 the remainder of the year (Fig. 5b). Concomi-

tantly with the highest median volume, the largest variance in

faecal pellet size was also observed in the summer (highest

interquartile values in Fig. 5b).

Total faecal pellet carbon flux was lowest in spring

(< 0.05 mmol C m−2 d−1 in cups #1 to #3, October to De-

cember 2011, Fig. 5c, Table 6). The highest total faecal pel-

let carbon flux of nearly 0.5 mmol C m−2 d−1 was observed

during the first export event in cup #4 (December 2011)

and was essentially composed of spherical shapes (83 %, Ta-

ble 6). For the remainder of the summer (cups #5 to #10,

December 2011 to February 2012), total faecal pellet car-

bon flux was between 0.03 and 0.15 mmol C m−2 d−1, with

a dominant contribution of cylindrical, ellipsoid and tabu-

lar shapes. In autumn and winter (cups #11 and #12, Febru-

ary to September 2012), faecal pellet carbon fluxes of 0.13

and 0.06 mmol C m−2 d−1 were strictly dominated by tabular

shapes (> 90 % to total faecal pellet carbon fluxes, Table 6).

3.4 Statistical analysis of biological and biogeochemical

signatures

The β correlation coefficients of standardized variables ob-

tained from the PLSR analysis are presented as a heat map

in Fig. 6. The full cell fluxes of all diatom taxa, in addition
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Table 6. Faecal pellet numerical fluxes (normal text) and contribution to faecal pellet carbon fluxes (bold) from the station A3 sediment trap.

Contribution (%)

Cup Total FP flux Total FP carbon flux Median volume Spherical Ovoid Cylindrical Ellipsoid Tabular

(nb m−2 d−1)× 103 (mmol m−2 d−1) (106µm3)

1 1.39 0.02 2.07 53.3 19.7 27.0 0.0 0.0

36.8 18.6 44.6 0.0 0.0

2 1.75 0.04 3.55 36.5 29.7 33.9 0.0 0.0

22.4 21.3 56.3 0.0 0.0

3 0.72 < 0.01 0.95 62.7 37.3 0.0 0.0 0.0

54.5 45.5 0.0 0.0 0.0

4 21.81 0.48 1.91 76.4 22.8 0.8 0.0 0.0

83.1 15.3 1.6 0.0 0.0

5 5.10 0.12 3.71 26.6 35.0 38.3 0.1 0.0

13.8 18.3 67.4 0.5 0.0

6 2.69 0.15 5.67 28.8 33.1 37.9 0.0 0.2

4.6 10.9 43.1 0.0 41.3

7 2.46 0.12 6.71 15.6 45.5 37.1 1.8 0.0

2.5 16.1 56.0 25.3 0.0

8 2.06 0.20 6.18 37.6 15.5 44.2 2.2 0.4

1.9 2.1 34.6 15.8 45.5

9 1.36 0.09 3.59 40.4 20.5 35.4 3.7 0.0

2.8 4.9 27.9 64.4 0.0

10 1.22 0.03 2.34 56.0 22.4 21.3 0.4 0.0

17.7 9.1 69.9 3.3 0.0

11 0.27 0.13 2.10 38.9 30.8 20.3 5.7 4.3

0.4 0.7 2.5 3.9 92.6

12 0.14 0.06 2.41 18.4 57.6 20.3 0.0 3.7

0.4 2.6 5.3 0.0 91.8

Annually integrated contribution 53.8 27.3 17.8 0.7 0.4

to faecal pellet flux 17.9 6.6 17.3 7.7 50.4

to spherical and ovoid and ellipsoid faecal pellet fluxes were

positively correlated with POC and PON fluxes. By contrast,

empty cell fluxes of F. kerguelensis, P. alata, T. nitzschioides

spp. and T. lentiginosa as well as cyclindrical, ellipsoid and

tabular pellet fluxes were either uncorrelated or negatively

correlated with POC and PON fluxes. Full and empty cell

fluxes of all diatom taxa were positively correlated with BSi

fluxes, although this correlation was notably weak for empty

cells of C. inerme, P. alata and T. lentiginosa. Only spherical

and ovoid faecal pellets were positively correlated with BSi

fluxes. Full cell fluxes of CRS and E. antarctica var. antarc-

tica were the most negatively correlated with BSi : POC mo-

lar ratio, whereas TRS, F. kerguelensis, T. nitzschioides spp.

and T. lentiginosa full cell fluxes were positively correlated.

Spherical and ovoid faecal pellets were weakly and nega-

tively correlated with the BSi : POC molar ratio, whereas the

cylindrical, ellipsoid and tabular shapes were more strongly

negatively correlated with the BSi : POC molar ratio. All the

biological components exhibited weak or no correlations to

the POC : PON molar ratio.

The first two latent vectors of the PLSR accounted for 61.3

and 74.1 % of cumulative variance in X (full and empty di-

atom and pellet fluxes) and Y (biogeochemical properties).

In order to show how the seasonal succession of flux vectors

was related to the bulk geochemical properties of particles,

the sampling cups, biological and chemical factors were pro-

jected on the first two latent factors of the PLSR analysis

(Fig. 7). Positively projected on the first axis are the POC,

PON and BSi fluxes, close to the export events sampled in

cups #4 (December 2011) and #9 (end of January 2012). The

closest biological components comprise a complex assem-

blage of full and empty cells and spherical and ovoid faecal

pellet shapes. All the other cups are projected far from these

two export events. Spring cups (#1 to #3, October to mid-

December 2011) are opposite to the autumn (#11, February

to May 2012) and winter (#12, May to September 2012) cups

on the second axis. Empty frustules of F. kerguelensis, T.

lentiginosa and T. nitzschioides spp. are projected close to

the spring cups (#1 to #3, October to mid-December 2011)

together with the BSi : POC molar ratio, whereas autumn

(#11, February to May 2012) and winter cups (#12, May to

September 2012) are projected far from the BSi : POC mo-

lar ratio and close to the tabular and cylindrical faecal pellet

shapes.
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Figure 5. (a) Faecal pellet numerical fluxes partitioned among fae-

cal pellet types and (b) box plot of faecal pellet volume. On each

box, the central mark is the median, the edges of the box are the

first and third quartiles, and the whiskers extend to the most ex-

treme data points comprised in 1.5 times the interquartile distance.

(c) Faecal pellet carbon fluxes partitioned between the five faecal

pellet types. The two arrows represent the two strong POC export

events (cup #4 and #9, December 2011 and end of January 2012,

respectively).

3.5 Partitioning carbon fluxes among ecological vectors

We estimated the contribution of resting spores and fae-

cal pellets to carbon flux, calculated their cumulative val-

ues and compared them to measured values (Fig. 8a and b).

A highly significant correlation (Spearman rank correlation,

n= 36, ρ = 0.84, p < 0.001) was evident between calculated

and measured carbon flux, suggesting that the main ecolog-

ical flux vectors observed in the sample were capable of ex-

plaining the seasonal variation in total POC flux. Table 7

lists the contribution of each vector to the calculated flux.

In cup #1 (October to mid-November 2011), CRS and other

diatoms dominated the calculated POC fluxes, with respec-

tively 25.3 and 38.6 %. Diatoms other than spores domi-

nated the calculated carbon flux (35.4 %) together with cylin-

drical faecal pellets (36.4 %) in cup #2 (November 2011).

TRS dominated the POC fluxes (85.1 %) in cup #3 (Novem-

ber/December 2011). CRS strictly dominated the calculated

POC fluxes in summer (cups #4 to #10, December 2011 to

February 2012), with a contribution ranging from 46.8 to

88.1 %. During the autumn and winter (cups #11 and #12,

February to September 2012), POC fluxes were almost exclu-

sively associated with tabular faecal pellets, 81 and 93.3 %,

respectively. At annual scale, diatom’s resting spores (CRS

and TRS), other diatoms and faecal pellets respectively ac-
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Figure 6. Heat map representation of β correlation coefficients be-

tween the biological variables (empty and full cell diatom and fae-

cal pellet type fluxes) and the chemical variables (POC, PON, BSi,

POC : PON and BSi : POC) resulting from the partial least-squares

regression. Blue circles represent full diatom cells, and white cir-

cles are empty diatom cells. Brown circles represent the faecal pel-

let type fluxes. The alphabetical labels within the circles are used to

identify the variable projections shown in Fig. 7. CRS: Chaetoceros

Hyalochaete resting spores; TRS: Thalassiosira antarctica resting

spores.

counted for 60.7, 5 and 34.3 % of the calculated POC fluxes.

Annual POC fluxes estimated from ecological vectors con-

sidered here were slightly less than measured values (93.1

versus 98.2 mmol m−2).

4 Discussion

4.1 The significance of resting spores for POC flux

Generally POC fluxes were < 0.5 mmol m−2 d−1, with the

notable exception of two pulsed (< 14 days) export events

of ∼ 1.5 mmol m−2 d−1 that accounted for ∼ 40 % of annual

POC export. These two flux events were characterized by a

noticeable increase and general dominance of diatom resting

spores. During both of these pulsed export events, cumulative

Chaetoceros Hyalochaete spp. resting spore (CRS and Tha-

lassiosira antarctica resting spore (TRS) fluxes accounted

for 66 and 88 % of the measured POC flux, whereas total fae-

cal pellet flux accounted for 29 and 5.2 %, respectively (Ta-

ble 7). The combination of CRS and TRS was responsible for
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Table 7. Measured and calculated POC fluxes as well as POC flux partitioning among the major identified ecological vectors of carbon

exported out of the mixed layer at station A3.

Contribution to calculated POC flux (%)

Cup Measured POC Calculated POC CRSb TRSc Other Spherical Ovoid faecal Cylindrical Ellipsoid Tabular Total

flux (mmol m−2 d−1)a flux (mmol m−2 d−1) diatoms faecal pellet pellet faecal pellet faecal pellet faecal pellet faecal pellet

1 0.15 0.05 25.3 8.1 38.6 10.3 5.2 12.5 0.0 0.0 28.0

2 0.14 0.06 0.0 0.0 35.4 14.5 13.7 36.4 0.0 0.0 64.6

3 0.15 0.31 12.1 85.1 1.4 0.8 0.6 0.0 0.0 0.0 1.4

4 1.60 1.62 46.8 19.4 3.9 24.8 4.6 0.5 0.0 0.0 29.8

5 0.34 0.29 48.0 6.9 3.3 5.8 7.7 28.2 0.2 0.0 41.8

6 0.51 0.63 69.7 2.7 3.2 1.1 2.7 10.5 0.0 10.1 24.4

7 0.42 0.43 63.1 3.5 5.8 0.7 4.4 15.4 7.0 0.0 27.5

8 0.34 0.56 54.4 2.9 6.8 0.7 0.8 12.4 5.7 16.3 35.9

9 1.47 1.71 86.8 0.8 7.2 0.1 0.3 1.4 3.3 0.0 5.2

10 0.55 0.44 88.1 0.0 4.3 1.4 0.7 5.4 0.3 0.0 7.7

11 0.27 0.14 9.1 1.2 2.2 0.3 0.6 2.2 3.4 81.0 87.5

12 0.04 0.06 0.0 0.0 0.5 0.4 2.6 5.2 0.0 91.3 99.5

Contribution to annual calculated POC flux (% 52.1 8.6 5.0 5.1 2.0 5.2 2.2 19.8 34.3

a Data from Rembauville et al. (2015). b CRS: Chaetoceros Hyalochaete resting spores. c TRS: Thalassiosira antarctica resting spores.
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60.7 % of the annual calculated POC flux, a value 10 times

higher than the contribution of other diatoms (5 %). We did

not observe any full cells of the vegetative stage of Chaeto-

ceros Hyalochaete, a feature possibly related to its high sus-

ceptibility to grazing pressure in the mixed layer (Smetacek

et al., 2004; Quéguiner, 2013; Assmy et al., 2013). Empty

Chaetoceros Hyalochaete spp. cells were vegetative stages

different in shape from the resting spores. These empty frus-

tules may be the remnants of vegetative stages following

spore formation. Alternatively, dissolution of the lightly sili-

cified valves or girdle bands of the vegetative cell could result

in the rapid consumption of the cellular organic material in

the upper water column, and this may also explain the ab-

sence of full vegetative cells in the sediment trap record. Our

flux data reveal that small (10 to 30 µm) and highly silicified

resting spores bypass the intense grazing pressure character-

izing the base of the mixed layer, and are the primary mech-

anism through which carbon, and to a lesser extent silicon, is

exported from the surface.

Numerous sediment trap studies have reported a strong

contribution, if not dominance, of CRS to diatom fluxes at

depth in various oceanographic regions: firstly, in coastally

influenced regions, e.g. the Antarctic Peninsula (Leventer,

1991), Bransfield Strait (Abelmann and Gersonde, 1991),

Gulf of California (Sancetta, 1995), the Omura Bay (Kato

et al., 2003), Santa Barbara basin (Lange, 1997), North Pa-

cific Ocean (Chang et al., 2013) and the Artic (Onodera et

al., 2015); secondly in upwelling-influenced regions (east-

ern equatorial Atlantic (Treppke et al., 1996); and finally

in the open ocean in the subarctic Atlantic (Rynearson et

al., 2013). Similar to sediment trap observations, CRS are

reported as dominant in surface sediments of coastal re-

gions (peri-Antarctic shelf and Antarctic sea ice (Crosta

et al., 1997; Zielinski and Gersonde, 1997; Armand et al.,

2005), the North Scotia Sea (Allen et al., 2005) and east

of the Kerguelen Islands (Armand et al., 2008b), as well as

in upwelling-influenced regions (e.g. the northeast Pacific;

Grimm et al., 1996; Lopes et al., 2006) and finally in the

open ocean (the North Atlantic; Bao et al., 2000). More-

over, the annual POC export from the A3 station sediment

trap at 289 m (98.2± 4.4 mmol m−2 yr−1) falls near annual

estimates from deep sediment traps (> 2000 m) located in

the naturally fertilized area downstream of the Crozet Is-

lands (37–60 and 40–42 mmol m−2 yr−1; Salter et al., 2012),

where fluxes were considered as mainly driven by resting

spores of Eucampia antarctica var. antarctica. Diatom rest-

ing spores are frequently observed in blooms heavily influ-

enced by the proximity of the coast. Major resting spores’

contribution to carbon fluxes was observed in only one study

in the open North Atlantic Ocean (Rynearson et al., 2013),

but they are generally absent or very rare in open ocean sedi-

ment trap studies (Fischer et al., 2002; Grigorov et al., 2014;

Rigual-Hernández et al., 2015). The frequent occurrence and
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Figure 8. (a) Grey bars in the background are measured POC fluxes, and coloured bars in the foreground are calculated POC fluxes partitioned

among the main ecological vectors identified. (b) Regression (r2
= 0.72) between the measured and calculated POC fluxes. The correlation

is highly significant (Spearman rank correlation, n= 36, ρ = 0.84, p < 0.001). Error bars were generated by increasing/decreasing the car-

bon/volume conversion factors by 50 %. Black dashed line is the 1 : 1 relation, red line is the regression line, and red dashed lines denotes

the 99 % confidence interval. CRS Chaetoceros Hyalochaete resting spores; TRS: Thalassiosira antarctica resting spores.

widespread distribution of a diatom’s resting spores in the

neritic or coastally influenced ocean suggest their pivotal role

in the efficient transfer of carbon to depth in these areas.

Chaetoceros resting spores have been reported to con-

tain up to 10 times more carbon than the vegetative forms

(Kuwata et al., 1993) with no vacuole and high contents

of lipids and carbohydrates (Doucette and Fryxell, 1983;

Kuwata et al., 1993). Moreover, CRS resist grazing and have

been found to lower copepods grazing pressure (Kuwata and

Tsuda, 2005). We suggest that diatom resting spores gather

three essential characteristics for effective POC export to the

deep ocean: (1) they efficiently bypass the grazing pressure

near the mixed layer due to their morphological characteris-

tics such as very robust frustules (CRS) or numerous spines

(TRS; high export efficiency), (2) they are efficiently trans-

ferred to depth due to the thick and dense frustule increasing

sinking velocity and (3) their high carbon content is protected

from microbial degradation by the thick frustules (these last

two points result in a high transfer efficiency). The spatial

distribution and formation of resting spores may therefore be

an integral ecological component defining the strength and

efficiency of the biological pump in specific regions. Nutri-

ent depletion has been shown to trigger resting spore forma-

tion in Chaetoceros Hyalochaete laboratory cultures (Gar-

rison, 1981; Sanders and Cibik, 1985; Kuwata et al., 1993;

Oku and Kamatani, 1997) over relatively rapid timescales (6

to 48 h; McQuoid and Hobson, 1996). Although Si(OH)4 de-

pletion appears to be the most likely biogeochemical trigger

at the Kerguelen Plateau (from 24 µmol L−1 in early spring

to 2 µmol L−1 in summer (Mosseri et al., 2008; Closset et al.,

2014), other environmental factors (iron or light availability)

could influence resting spore formation. Notably, dissolved

iron concentration in the mixed layer rapidly decreases to

∼ 0.1 to 0.2 nmol L−1 after the beginning of the spring bloom

at A3; however the vertical entrainment is much weaker in

summer compared to spring (Bowie et al., 2014). Rynear-

son et al. (2013) reported the absence of spores in the mixed

layer despite a strict dominance of the trap samples. Rest-

ing spore formation at some depth below the summer mixed

layer (possibly implying a light control) could explain the

temporal decoupling between the surface production tracked

by the satellite in the surface layer (first ∼ 20 m) and the ex-

port events. Further work to establish seasonal dynamics of

factors linked to diatom life cycles and specifically the for-

mation of resting spores is necessary.

4.2 Contribution of faecal pellets to POC flux

Although diatom resting spores are the primary vector for

POC flux below the mixed layer, faecal pellets were also im-

portant and accounted for 34.3 % of annual export. It has

been hypothesized that faecal pellets are the dominant flux

component in high-biomass, low-export (HBLE) environ-

ments, where biomass is routed to higher trophic levels (Lam

and Bishop, 2007; Ebersbach et al., 2011). However, this hy-

pothesis does not appear to be true for the bloom of the cen-

tral Kerguelen Plateau, suggesting that faecal material is ef-

ficiently reprocessed in the mixed layer, or that a significant

part of the pellet flux is excreted below the trap depth by ver-

tically migrating zooplankton. Small spherical faecal pellets

dominated the annual numerical faecal pellet flux (53.8 %,

Table 6). The short and intense export of small spherical fae-

cal pellets was concomitant with the first strong POC ex-

port in cup #4 (December 2011, Table 6). The significance

of small spherical faecal pellets to POC flux is somewhat un-

characteristic in comparison to other sediment trap records

in shallow areas of the Southern Ocean (Schnack-Schiel and

Isla, 2005). They are possibly produced by small cyclopoid

copepods, like Oithona similis, that are abundant in the

POOZ (Fransz and Gonzalez, 1995; Pinkerton et al., 2010).

More specifically, O. similis represents > 50 % of mesozoo-
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plankton abundance at A3 in spring (Carlotti et al., 2015) and

has been observed at station A3 in summer (Carlotti et al.,

2008). Oithona species are known to be coprophagous and

play an important role in flux reprocessing (Gonzalez and

Smetacek, 1994), which may partially contribute to the rapid

flux attenuation observed by efficiently retaining carbon in

the mixed layer. This reprocessing feeding strategy might

also explain the low faecal pellet flux we observed (highest

value of 21.8× 103 pellet m−2 d−1), which was 2 orders of

magnitude lower than the > 5× 105 pellet m−2 d−1 observed

in neritic areas where euphausiids dominate the mesozoo-

plankton community (von Bodungen, 1986; von Bodungen

et al., 1987; Wefer et al., 1988).

There were notable differences in faecal pellet types over

the course of the season. The transition from spherical and

ovoid pellets in spring to larger cylindrical and tabular pel-

lets in summer presumably reflects shifts in dominant zoo-

plankton species from small cyclopoid copepods towards

larger calanoid copepods, euphausiids and salps (e.g. Wil-

son et al., 2013). Carlotti et al. (2015) report that meso-

zooplankton biomass doubled between October and Novem-

ber 2011 and was 3-fold higher in January 2005 (Carlotti

et al., 2008). In spring, Carlotti et al. (2015) observed that

the small size fraction (300–500 µm) was numerically dom-

inated by Oithona similis (50 % of the total mesozooplank-

ton assemblage), although the larger size fractions dominated

the mesozooplankton biomass (dominated by Clausocalanus

citer and Rhicalanus gigas). This is consistent with the dom-

inance of small spherical faecal pellets and the lower contri-

bution of cylindrical shapes we observed in spring and early

summer (cups #1 to #4, October to December 2011, Table 6).

In summer (January 2005), the mesozooplankton community

was more diversified and comprised 21 % small individuals

(Oithona sp. and Oncea sp.), 20 % medium-sized individuals

(Clausocalanus sp. and Microcalanus sp.) and 21 % large in-

dividuals (Calanus sp., Metrida sp., Paraeuchaeta sp., Pleu-

romamma sp. and Rhincalanus sp.; Carlotti et al., 2008). As

the median size of faecal pellets increases, so does their rel-

ative contribution to carbon flux (Fig. 5b and d, Table 6).

Our observation of an increasing contribution of cylindrical

faecal pellet shapes in summer (cups #5 to #10, December

2011 to February 2012, Table 6) is consistent with the in-

creasing contribution of large calanoid copepods to the meso-

zooplankton assemblages. We note that pteropods showed

the highest contribution to mesozooplankton assemblages at

station A3 in summer (16 % of total abundance; Carlotti et

al., 2008). We associate this observation with the large ellip-

soid faecal pellet shape that was first observed in the sed-

iment trap in cup #5 (end of December 2011) and repre-

sented the highest contribution to faecal pellet carbon fluxes

in cup #9 (January/February 2012, Table 7). Tabular faecal

pellets dominated the low POC fluxes observed in the autumn

and winter, when chlorophyll a concentration was reduced

to background levels, although this interpretation should be

treated with caution since a constant and high carbon con-

tent was used for this shape. The increase in organic carbon

content and negative correlation between the abundance of

cylindrical, ellipsoid and tabular faecal pellets fluxes and the

BSi : POC molar ratio suggests that large zooplankton pro-

ducing these tabular pellets (large copepods, euphausiids and

salps) was not feeding directly on diatoms. During the au-

tumn and winter, microbial components other than diatoms

must sustain the production of these large zooplankton. Di-

rect observation of faecal pellet content is beyond the scope

of the present study but would help in elucidating how sea-

sonal trends of zooplankton feeding ecology influence car-

bon and biomineral export. Moreover, dedicated studies are

still needed to document the seasonal dynamic of euphausiid

and salp abundances over the Kerguelen Plateau to compare

them with our reported faecal pellet fluxes.

4.3 Diatom fluxes

The diatom fluxes (sum of empty and full cells) observed

at the central Kerguelen Plateau reached their maximum

value of 1.2× 108 cells m−2 d−1 during the two short ex-

port events, which is equivalent to 2.4× 108 valves m−2 d−1.

This latter value falls between the highest values observed

in POOZ (∼ 107 valves m−2 d−1; Abelmann and Gersonde,

1991; Salter et al., 2012; Grigorov et al., 2014) and the

SIZ (> 109 valves m−2 d−1; Suzuki et al., 2001; Pilskaln et

al., 2004). The diatom fluxes over the Kerguelen Plateau

are similar to the 2.5–3.5× 108 valves m−2 d−1 measured at

200 m depth in a coastal station of the Antarctic Peninsula,

where CRS represented ∼ 80 % of the phytoplankton as-

semblage (Leventer, 1991). Previous studies report the pres-

ence of a resting spore formation strategy in diatom species

as typically associated with neritic areas (Smetacek, 1985;

Crosta et al., 1997; Salter et al., 2012). During the summer

KEOPS1 cruise, a shift in plankton community composition

was observed at station A3 between January and February.

The surface community initially dominated by Chaetoceros

Hyalochaete vegetative chains gave way to one dominated

by Eucampia antarctica var. antarctica, concomitant with

increasing CRS abundance in the mixed layer (Armand et

al., 2008a). The abundance of dead cells (within chains or

as empty single cells and half-cells) in the surface water

column also increased from January to February, suggest-

ing intense heterotrophic activity. Surface sediments at sta-

tion A3 contain, in decreasing abundance, F. kerguelensis,

CRS and T. nitzschioides spp. cells (Armand et al., 2008b).

These sedimentary distributions are consistent with the dom-

inant species observed in the sediment trap, F. kerguelensis

and T. nitzschioides spp. being present throughout the year

and mostly represented by empty cells, whereas CRS are ex-

ported during short and intense events.

Eucampia antarctica var. antarctica resting spores domi-

nated the deep (2000 m) sediment trap diatom assemblages

in the naturally fertilized area close to the Crozet Islands

with fluxes > 107 cells m−2 d−1(Salter et al., 2012). We ob-
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served highest Eucampia antarctica var. antarctica full cell

fluxes of ∼ 106 cells m−2 d−1 in summer, which represents

< 10 % of the total cell flux. Both vegetative and resting

stages were observed. Our results suggest that Eucampia

antarctica var. antarctica are unlikely to be a major driving

vector for carbon fluxes to depth over the central Kerguelen

Plateau, in part because the community was not forming mas-

sive highly silicified, fast-sinking resting spores, contrary to

observations near the Crozet Islands. Moreover their biogeo-

graphic abundance distribution from sea floor observations

suggests they are not dominant in this region of the plateau

(Armand et al., 2008b). The iron-fertilized Crozet bloom is

north of the polar front and dissolved Si(OH)4 concentra-

tions were depleted to 0.2 µmol L−1 (Salter et al., 2007) com-

pared to ∼ 2 µmol L−1 on the Kerguelen Plateau (Mosseri et

al., 2008). It is possible, along with differences in iron dy-

namics between the two plateaus, that differences in nutrient

stoichiometry favour bloom dynamics and resting spore for-

mation of Chaetoceros Hyalochaete populations surrounding

the Kerguelen Islands. Nevertheless, the increasing full cell

flux of Eucampia antarctica var. antarctica from spring to

summer in the sediment trap time series is consistent with the

observations of an increasing abundance in the mixed layer

at the station A3 in summer (Armand et al., 2008a).

Highest Pseudo-nitzschia spp. full cell fluxes were ob-

served in summer, concomitantly with the second export

peak (cup #9, end of January 2012). Pseudo-nitzschia species

are rarely found in deep sediment trap studies and are absent

from sediment diatom assemblages, presumably due to their

susceptibility to water column dissolution (Grigorov et al.,

2014; Rigual-Hernández et al., 2015). The species Pseudo-

nitzschia hemii has been reported to accumulate in sum-

mer in deep chlorophyll maximum in the Polar Frontal Zone

(Kopczynska et al., 2001). Such deep biomass accumulation

is hypothesized to benefit from nutrient diffusion through the

pycnocline (Parslow et al., 2001). These general observations

are consistent with the peaks in Pseudo-nitzschia spp. fluxes

we report in summer over the Kerguelen Plateau.

Although their fluxes were very low, species of the Rhi-

zosolenia and Proboscia genera were mostly exported as

empty cells at the end of summer and during autumn (cups

#8 to #11, end of January to May 2012), occurring in par-

allel with the full cell fluxes of the giant diatom Thalassio-

thrix antarctica (Table 4). It has been suggested that these

species belong to a group of “deep shade flora” that accumu-

late at the subsurface chlorophyll maxima in summer, with

their large frustules protecting them from grazing pressure

in stratified waters (Kemp and Villareal, 2013). Interestingly

these species were also found in deep sediment traps lo-

cated in an HNLC area south of the Crozet Plateau (Salter

et al., 2012), as well as in subsurface chlorophyll maximum

in HNLC waters of the Southern Ocean (Parslow et al., 2001;

Holm-Hansen et al., 2004; Gomi et al., 2010). A subsurface

chlorophyll maximum has previously been observed at 120 m

on the Kerguelen Plateau (also station A3) during summer

(Uitz et al., 2009) and appears to correspond to an accu-

mulation of particles consisting of aggregates of large di-

atom species (Jouandet et al., 2011). The fact that Rhizosole-

nia spp. and Proboscia spp. were observed as empty cells

whereas Thalassiothrix antarctica was mostly represented by

full cells suggests species-specific grazing on these commu-

nities. There appears to be ecological differentiation within

the “deep shade flora” that precludes describing a single ef-

fect on export stoichiometry. Moreover, on the Kerguelen

Plateau, these species are not exported in “massive” propor-

tions as the “fall-dump” hypothesis suggests (Kemp et al.,

2000). The physical and biogeochemical factors responsible

for their production and export are still to be determined,

and should be investigated thoroughly given the potential im-

portance that these species might have for export fluxes on

a global scale (Kemp et al., 2000; Richardson et al., 2000;

Kemp and Villareal, 2013).

4.4 Preferential carbon and silica sinkers

Unlike most previous sediment trap studies in the Southern

Ocean, we used a counting technique that facilitated the iden-

tification of carbon and siliceous components of exported

material. Although we lost a small degree of taxonomic res-

olution with this approach (see Methods), it allowed us to

avoid unnecessary assumptions concerning carbon content of

exported diatoms and directly constrain the role of different

species for carbon and silica export.

The annual BSi : POC ratio of the exported material (1.16)

is much higher than the usual ratio proposed for marine di-

atoms of 0.13 (Brzezinski, 1985). Moreover, the BSi : POC

ratio of the exported material in spring (2.1 to 3.4, cups #1 to

#3, October to mid-December 2011) is significantly higher

than the BSi : POC ratio of 0.3 to 0.7 in the mixed layer of

the same station during spring (Lasbleiz et al., 2014; Trull

et al., 2015). Numerous chemical, physical, biological and

ecological factors can impact BSi : POC ratios of marine di-

atoms (e.g. Ragueneau et al., 2006). However, the 10-fold

differences in BSi : POC ratios of exported particles between

spring and summer is unlikely to result only from phys-

iological constraints set during diatoms growth (Hutchins

and Bruland, 1998; Takeda, 1998). Previous comparisons

in natural and artificially iron-fertilized settings have high-

lighted the importance of diatom community structure for

carbon and silica export (Smetacek et al., 2004; Salter et

al., 2012; Quéguiner, 2013; Assmy et al., 2013). The pres-

ence of different diatom species and their characteristic traits

(e.g. susceptibility to grazing, apoptosis, viral lysis) are all

likely to influence the flux of full and empty cells. There-

fore, the net BSi : POC export ratio results from the net effect

of species-specific Si : C composition (Sackett et al., 2014)

and the subsequent species-specific mortality pathway and

dissolution. A significant correlation between BSi : POC and

empty : full cell ratio (Spearman rank correlation, n= 12,

ρ = 0.78, p < 0.05) suggests the latter acts as a first-order
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control on the silicon and organic carbon export stoichiome-

try. Differences in BSi : POC ratios between the mixed layer

suspended particle stock and particles exported out of the

mixed layer may be explained by the dominant sedimentation

of empty diatom frustules that results from the grazing pres-

sure by the zooplankton community and the intense carbon

utilization by heterotrophic microbial communities (Chris-

taki et al., 2014).

We classified species that were observed exclusively as

empty cells, or sinking with an integrated empty : full ra-

tio > 2, as predominantly silica exporters, and these in-

cluded C. bulbosus, C. pennatum, P. truncata, R. anten-

nata/styliformis, A. hookeri, A. hyalinus, C. decipiens, C.

inerme, D. antarcticus, P. alata, T. nitzschioides spp., T.

lentiginosa and small centric species (< 20 µm). Although F.

kerguelensis, T. nitzschioides spp. and T. lentiginosa were

present through the entire season, their fluxes were highly

correlated with BSi : POC ratios (Fig. 6), identifying these

species as significant contributors to silica export. However,

resting spores and species that sink with a major contribu-

tion of full cells (integrated empty : full ratio < 0.5) were

identified as belonging to the preferential carbon sinkers:

Chaetoceros Hyalochaete spp., E. antarctica var. antarc-

tica, R. simplex and Thalassiothrix antarctica. Among them,

CRS and E. antarctica var. antarctica were the most neg-

atively correlated with the BSi : POC ratio and were iden-

tified as key species for carbon export (Fig. 6). These ob-

servations are consistent with a previous study of natural

iron fertilization that identified C. pennatum, D. antarcti-

cus and F. kerguelensis as major silica sinkers and CRS and

E. antarctica var. antarctica resting spores as major carbon

sinkers downstream of the Crozet Islands (Salter et al., 2012).

During the EIFEX artificial fertilization experiment, Chaeto-

ceros Hyalochaete vegetative stages were identified as a ma-

jor carbon sinker, whereas F. kerguelensis was considered as

a strong silica sinker (Assmy et al., 2013). Notably, resting

spore formation was not observed in the artificial experiment

performed in the open ocean remote from coastal influence,

and carbon export was attributed to mass mortality and ag-

gregation of algal cells (Assmy et al., 2013). Nevertheless, a

more detailed analysis of species-specific carbon and silica

content in the exported material is necessary to fully eluci-

date their respective roles on carbon and silica export.

4.5 Seasonal succession of ecological flux vectors over

the Kerguelen Plateau

Although sediment trap records integrate cumulative pro-

cesses of production in the mixed layer and selective losses

during export, they provide a unique insight into the tem-

poral succession of plankton functional types and resultant

geochemical properties of exported particles characterizing

the biological pump. The seasonal cycle of ecological vec-

tors and associated export stoichiometry is summarized in

Fig. 7. The robustness of the relationship between measured

and calculated POC fluxes (Fig. 8b) suggests that the main

ecological flux vectors described from the samples are capa-

ble of predicting seasonal patterns of total POC fluxes. At

an annual scale the calculated POC fluxes slightly underes-

timate the measured fluxes (93.1 vs. 98.2 mmol m−2). This

might result from the minor contribution of full cells other

than the diatoms species considered, aggregated material, or-

ganic matter sorbed to the exterior of empty cells and faecal

fluff that was difficult to enumerate.

A scheme of phytoplankton and zooplankton communi-

ties succession in naturally fertilized areas of the South-

ern Ocean was proposed by Quéguiner (2013). Spring phy-

toplankton communities are characterized by small, lightly

silicified, fast-growing diatoms associated with small mi-

crophagous copepods. In summer, the phytoplankton com-

munity progressively switches toward large, highly silicified,

slow-growing diatoms resistant to grazing by large copepods.

In this scheme carbon export occurs mostly in the end of

summer through the fall dump. The species succession di-

rectly observed in our sediment trap samples differs some-

what to the conceptual model proposed by Quéguiner (2013),

although the general patterns are similar. The diatom species

exported in spring were F. kerguelensis and T. nitzschioides

spp. and small centric species (< 20 µm), whilst in summer

the comparatively very large (> 200 µm) species of Proboscia

sp., Rhizosolenia sp. and Thalassiothrix antarctica were ob-

served. However we observe that these species constituting

the spring fluxes are exported almost exclusively as empty

cells. The abundance of small spherical and ovoid faecal

pellet suggests an important role of small copepods in the

zooplankton (Yoon et al., 2001; Wilson et al., 2013), which

was corroborated by the finding of dominant Oithona sim-

ilis abundances in the spring mesozooplankton assemblages

at station A3 (Carlotti et al., 2015). Therefore, our data sug-

gest that spring export captured by the sediment trap was the

remnants of a diatom community subject to efficient grazing

and carbon utilization in, or at the base of, the mixed layer,

resulting in a BSi : POC export ratio > 2 (Table 1).

The main difference in our observations and the con-

ceptual scheme of Quéguiner (2013) is the dominance of

Chaetoceros Hyalochaete resting spores to diatom export as-

semblages and their contribution to carbon fluxes out of the

mixed layer in summer. Resting spores appear to efficiently

bypass the “carbon trap” represented by grazers and might

also physically entrain small faecal pellets in their downward

flux. In mid-summer, faecal pellet carbon export is domi-

nated by the contribution of cylindrical shapes. This appears

to be consistent with an observed shift toward a higher con-

tribution of large copepods and euphausiids to the meso-

zooplankton community in the mixed layer (Carlotti et al.,

2008). However, CRS still dominate the diatom exported as-

semblage. The corresponding BSi : POC ratio decreases with

values between 1 and 2 (Table 1). The fact that there are two

discrete resting spore export events might be explained by a

Biogeosciences, 12, 3171–3195, 2015 www.biogeosciences.net/12/3171/2015/
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mixing event that injected Si(OH)4 into the surface, allowing

the development of a secondary Si(OH)4 limitation.

In the autumn and winter, diatom fluxes are very low

and faecal pellet carbon export is dominated by cylindrical

and tabular contributions consistent with a supposed shift to

zooplankton communities dominated by large copepods, eu-

phausiids and salps (Wilson et al., 2013). The low BSi : POC

ratios characterizing export at this time suggest that these

communities feed primarily on suspended particles (in the

case of salps) and on micro- and mesozooplankton or small

diatoms, although direct measurements of faecal pellet con-

tent would be necessary to confirm this.

5 Conclusions

We report the chemical (particulate organic carbon and ni-

trogen, biogenic silica) and biological (diatom cells and fae-

cal pellets) composition of material exported beneath the

winter mixed layer (289 m) in a naturally iron-fertilized

area of the Southern Ocean. Annually integrated organic

carbon export from the iron-fertilized bloom was low

(98 mmol m−2), although biogenic silicon export was signif-

icant (114 mmol m−2). Chaetoceros Hyalochaete and Tha-

lassiosira antarctica resting spores accounted for more than

60 % of the annual POC flux. The high abundance of empty

cells and the lower contribution of faecal pellets to POC flux

(34 %) suggest efficient carbon retention occurs in or at the

base of the mixed layer. We propose that, in this HBLE en-

vironment, carbon-rich and fast-sinking resting spores by-

pass the intense grazing pressure otherwise responsible for

the rapid attenuation of flux. The seasonal succession of

diatom taxa groups was tightly linked to the stoichiome-

try of the exported material. Several species were identi-

fied as primarily “silica sinkers” (e.g. Fragilariopsis kergue-

lensis and Thalassionema nitzschioides spp.) and others as

preferential “carbon sinkers” (e.g. resting spores of Chaeto-

ceros Hyalochaete and Thalassiosira antarctica, Eucampia

antarctica var. antarctica and the giant diatom Thalassio-

thrix antarctica). Faecal pellet types described a clear transi-

tion from small spherical shapes (small copepods) in spring,

larger cylindrical an ellipsoid shapes in summer (euphausi-

ids and large copepods) and large tabular shape (salps) in au-

tumn. Their contribution to carbon fluxes increased with the

presence of larger shapes.

The change in biological productivity and ocean circula-

tion cannot explain the ∼ 80 ppmv atmospheric pCO2 dif-

ference between the pre-industrial era and the Last Glacial

Maximum (Archer et al., 2000; Bopp et al., 2003; Kohfeld et

al., 2005; Wolff et al., 2006). Nevertheless, a simple switch

in “silica sinker” versus “carbon sinker” relative abundance

would have a drastic effect on carbon sequestration in the

Southern Ocean and silicic acid availability at lower latitudes

(Sarmiento et al., 2004; Boyd, 2013). The results presented

here emphasize the compelling need for similar studies in

other locations of the global Ocean that will allow for identi-

fication of key ecological vectors that set the magnitude and

the stoichiometry of the biological pump.

The Supplement related to this article is available online

at doi:10.5194/bg-12-3171-2015-supplement.
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2.2 Export from one sediment trap sample at E1

A second sediment trap was moored at the station E1 (48◦27’S - 72◦11’E) at 1900 m over

a depth of 2700 m (Fig. 2.1). The carousel rotation stopped after the first sampling

cup. Therefore only one sample is available. It corresponds to a 15-days sampling period

from the 23 October 2011 to the 6 November 2011. The flux collected by this sample

equals 4.4 mmol m−2 d−1, which is three time higher than the highest resting spore driven

flux observed at A3 (1.5 mmol m−2 d−1). The BSi:POC ratio export ratio equals 2.8. The

sample is characterized by the absence of faecal material and is very similar in appearance

that the ones containing resting spores from the A3 sediment trap. Diatom community

composition was studied using the same methodology than for the A3 sediment trap.

Results are presented as pie chart in figure 2.2.

Figure 2.1: Location of the A3 and E1 stations where sediment traps have been deployed.
The 3D view of the Kerguelen Plateau highlights the particular bathymetry around the
E1 station with a semi-enclosed structure and an abrupt plateau flank.

The exported diatom community is characterized by a dominance of full Chaetoceros

Hyalochaete resting spores (58 %) followed by Fragilariopsis (18 %) mainly exported as

empty frustules. The total diatom cell flux equals 3.8× 108 cell m−2 d−1, a value again

three times higher than the highest flux at A3 (1.2× 108 cell m−2 d−1). When converted

to carbon flux, the Chaetoceros resting spores (CRS) represent a flux of 4.2 mmol m−2 d−1.
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Figure 2.2: Composition of a. the total, b. full, and c. empty diatom community
exported at E1 from the 23 October to the 6 November 2011.

This value is close to the 4.4 mmol m−2 d−1 measured. This suggests that CRS export is

again dominating the carbon export, and gives confidence in the carbon content calcu-

lated for CRS at A3. However, species of the Chaetoceros Hyalochaete subgenus are a

minor component of the mixed layer diatom community at this moment (Lasbleiz, pers.

comm.), and no spores where observed at this site during the cruise (Lasbleiz, personal

communication). The hypothesis of a resting spore formation at the E1 site is there-

fore not relevant. Given the abrupt flank of the Kerguelen Plateau, and the dominant

eastward circulation, it is likely that the CRS found in the trap at E1 are coming from

the shallow central plateau. It is difficult, however, to estimate if the spores found in

the trap at E1 come from the mixed layer or from the accumulated sediments on the

shallow plateau at A3. The rest of the diatom community is mainly composed of empty

cells of Fragilariopsis (mostly F. kerguelensis and to a lesser extent Eucampia antarctica.

The importance of empty diatom frutules leads to a high BSi:POC ratio (2.8), which is

comparable with the spring values observed at A3 (∼3) where empty cells dominate the

export fluxes. The empty cells assemblage is comparable with the composition of surface

sediments of the central plateau (Armand et al., 2008b) and supports the hypothesis of

an eastward advection of surface sediments.
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2.3 Export fluxes at KERFIX (article 3)

The first two articles described carbon export in the productive waters of the central

Kerguelen Plateau (station A3). The low annual carbon export at 300 m compared to the

net community production raised questions about the efficiency of a naturally fertilized

system in exporting carbon out of the mixed layer. A comparison with a less productive

system is necessary to draw conclusion on the relationship between the biological pump

efficiency and the natural iron-fertilization. In this manuscript, we present an unpublished

dataset of biogechemical and diatom export flux collected during KERFIX project (1993-

1995). The KERFIX (Kerguelen - point fixe, P.I. Catherine Jeandel) station was located

in HNLC waters on the western flank of the Kerguelen Plateau. A sediment trap moored

at 300 m collected sinking material for nearly one year (mid February 1994 - January

1995).

At KERFIX, diatom enumeration from sediment trap samples was performed using

a micropaleontological technique, preventing the quantification of the full- and empty

diatom cells and therefore the calculation of diatom contribution to carbon export (see

Appendix 2). However, hierarchical clustering based on the seasonality of diatom taxa

reveals consistent diatom groups with specific export seasonality. We obtain a positive

(or negative) association of certain diatom species with carbon export, consistent with

their classification as ”carbon (or silicon) sinkers” previously suggested at A3 and in

other studies. The contribution of Chaetoceros Hyalochaete resting spore to total diatom

community is low (5%). We explain this by their low contribution to mixed layer phyto-

plankton community previously described for these HNLC waters, together with Si(OH)4

concentrations that do not reach limiting values in summer. Finally, the comparison of

annual net community production (NCP) estimates and annual carbon export at 300 m

at KERFIX (HNLC) and A3 (productive) suggests that a low fraction of NCP is exported

at both sites (1.7 and 1.5 %, respectively). Therefore natural iron fertilization increases

primary production and export but does not increase PEeff. A low export efficiency seems

to be an intrinsic property of the Southern Ocean imposed by the food web structure

rather than iron availability.

BSi analyses were performed by the author. POC analyses were previously analysed

by J. C. Miquel, PIC analyses by F. Dehairs, and diatom identification and enumeration

by J. J. Pichon.
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Abstract

Upper ocean plankton assemblages are known to influence the export of carbon and

biominerals from the mixed layer. However, relationships between plankton community

structure and the magnitude and stoichiometry of export remain poorly characterized. We

present data on biogeochemical and diatom export fluxes from the annual deployment of a

sediment trap in a High Nutrient, Low Chlorophyll (HNLC) area upstream of the Kergue-

len Plateau (KERFIX station). The weak and tidal-driven circulation provided favorable

conditions for a quantitative analysis of export processes. Particulate organic carbon

(POC) fluxes were highest in spring and summer. Biogenic silica (BSi) fluxes displayed

similar seasonal patterns, although BSi:POC ratios were elevated in winter. Fragilari-

opsis kerguelensis dominated the annual diatom export assemblage (59.8 %). A cluster

comprised of F. kerguelensis and Thalassionema nitzschioides displayed highest relative

abundances in winter and was negatively correlated to POC flux. In contrast, a second

cluster composed notably of Chaetoceros Hyalochaete resting spores, Eucampia antarctica

(vegetative), Navicula directa and Thalassiothrix antarctica was positively correlated with

POC flux. Our results show that the differential role of certain diatom species for carbon

export, previously identified from iron-fertilized productive areas, is also valid in HNLC

regimes. A comparison with previously published work demonstrates that the fraction of

seasonal net community production exported below the mixed layer was similarly low in

HNLC (1.7 %) and iron-fertilized productive area (1.5 %). These findings suggest that

natural iron fertilization in the Southern Ocean does not increase the efficiency of carbon

export from the mixed layer.
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Introduction

The Southern Ocean is the largest high nutrient, low chlorophyll (HNLC, Minas et al.,

1986) area of the Global Ocean (Martin et al., 1990; Minas and Minas, 1992). In open

ocean areas of the Southern Ocean HNLC regime, the low primary production is mainly

attributable to iron limitation (Martin et al., 1990; de Baar et al., 1990, 1995). However,

in the vicinity of subantarctic islands and plateau regions, iron inputs from shelf sediments

and glacial melt represent a natural fertilization mechanism that can sustain long-lasting

(several months) phytoplankton blooms (Blain et al., 2001, 2007; Pollard et al., 2007;

Tarling et al., 2012). These blooms are associated with strong air to sea CO2 fluxes

(Jouandet et al., 2008; Merlivat et al., 2015). The fate of this carbon entering the ocean

has been studied in relation to the physical and biogeochemical characteristics during

multidisciplinary cruises such as the KEOPS1 and KEOPS2 cruises near the Kerguelen

Islands (Blain et al., 2008a). In spring and summer, short term measurement of carbon

export using the 234Th proxy indicates a two-fold increase in carbon export in naturally

fertilized water compared to HNLC waters (Blain et al., 2007; Savoye et al., 2008; Planchon

et al., 2015). An annual deployment of a moored sediment trap just below the mixed

layer at the productive station A3 (50◦38 S – 72◦02 E, Fig. 2.3) reported a low annual

particulate organic carbon (POC) flux of 98.2 mmol m−2 d−1 (Rembauville et al., 2015b)

with a major contribution (>60 %) of diatom resting spores to carbon export (Rembauville

et al., 2015a).

Conceptual schemes linking diatom community structure to export fluxes have been

proposed (Boyd and Newton, 1995, 1999; Quéguiner, 2013). Detailed descriptions of di-

atom export assemblages from iron fertilized blooms have highlighted the importance

of diatom life cycle ecology for the regulation of carbon and silicon export (Smetacek

et al., 2004, 2012; Salter et al., 2007, 2012; Assmy et al., 2013; Rembauville et al., 2015b).

However, despite significant levels of biomass production, low values of POC export have

raised questions concerning the efficiency of such systems to transfer carbon to depth

through the biological pump (Lam and Bishop, 2007; Jacquet et al., 2011; Rembauville

et al., 2015a). Indeed, the positive relationship between production and export efficiency

observed in most of the global ocean (Laws et al., 2000, 2011) appears to be invalid in the

Southern Ocean (Maiti et al., 2013). Furthermore, a recent global analysis comparing the

fraction of microphytoplankton with POC flux attenuation shows that highest attenuation

coefficients occur in high latitude regions (Guidi et al., 2015). These recent observations

are consistent with the concept of high biomass, low export (HBLE) regimes identified in

certain regions of the Southern Ocean (Lam and Bishop, 2007), and thereafter other loca-

tions of the global ocean (Lam et al., 2011). It has been suggested that in HBLE regimes,

iron availability does not necessarily lead to higher carbon export but rather results in

enhanced POC fragmentation, remineralization (Obernosterer et al., 2008), and/or trans-

fer to higher trophic levels (Huntley et al., 1991). Certain regional studies support this
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scenario. For example, in a naturally fertilized and diatom-dominated productive system

downstream of South Georgia, highest zooplankton biomass is associated with the lowest

particle export efficiency (Cavan et al., 2015). Although these snapshots offer intriguing

insights into ecosystem function, comparative studies linking chemical fluxes to ecological

vectors over seasonal and annual timescales remain necessary to compare export efficien-

cies of HNLC and productive systems.

KERFIX (Kerguelen fixed station) was a five year observation program that ran from

1991 to 1995 (Jeandel et al., 1998) and was established as a component of the interna-

tional JGOFS program. The KERFIX station is located on the southwestern flank of the

Kerguelen Plateau. A key objective of the program was to describe the factors responsi-

ble for low primary production in a region of the Antarctic Zone (AAZ) characterized by

high macronutrient concentrations. The monthly sampling program included hydrological

variables (Jeandel et al., 1998; Park et al., 1998), dissolved inorganic carbon and alkalin-

ity (Louanchi et al., 2001) as well as biological (Fiala et al., 1998; Razouls et al., 1998;

Kopczyńska et al., 1998) and geochemical parameters (Dehairs et al., 1996). These data

were used to build and calibrate numerical models to explain how the diatom spring bloom

contributed to intense silicon trapping despite an overall dominance of nanoplankton in

these HNLC waters (Pondaven et al., 1998, 2000).

During the last two years of the KERFIX program, sediment traps were deployed

below the mixed layer with the aim of providing a coupled description of production and

export. Ternois et al. (1998) have reported particulate organic carbon and lipid export

fluxes from a shallow sediment trap (175 m) over a 10-months time series (April 1993 to

January 1994). A high contribution of fresh (i. e. labile) marine material was recorded

during the summer and autumn months. During the winter months an unresolved and

complex mixture characterized the organic composition of particles and was linked to

zooplankton grazing. Despite these valuable insights, missing samples and location of

the sediment trap within the winter mixed layer (182 m, Park et al., 1998) prevented a

quantitative analysis of the export processes. A second sediment trap deployment was

carried out the following year at a slightly deeper position of 280 m covering a nearly

complete annual cycle. These samples provide a valuable opportunity to study the link

between the diatom flux assemblages and the intensity and stoichiometry of export in

iron-limited HNLC waters located 200 km upstream of the productive central Kerguelen

Plateau.

In the present study, we report the biogeochemical fluxes (POC, particulate inorganic

carbon - PIC, biogenic silica - BSi) and diatom community composition of material col-

lected by a moored sediment trap deployed below the mixed layer in a low productivity

area and covering an entire annual cycle. Our aims are (1) to assess the reliability of the

collected fluxes by analyzing the physical environment of the deployment, (2) to investi-

gate how diatom community composition influences the magnitude of the POC flux and



91 2. Ecological vectors of export fluxes

1000

52°S

50°S

48°S

66°E 68°E 70°E 72°E 74°E 76°E

0.0 0.2 0.4 0.6 0.8 1.0

Surface Chl a ( g L-1 )

A3

KERFIX

200
0

50
0

100
0

PF

Figure 2.3: Map of the Kerguelen Plateau showing the location of the KERFIX station
and A3 station where annual sediment trap deployments were carried out. Grey scale
corresponds to a 15-year climatology (1997-2013) of satellite-derived chlorophyll a (Glob-
colour). The dashed line represents a 0.5 µg L−1 value and highlights difference between
the productive central Kerguelen Plateau and HNLC area to the West. The grey contour
lines are the 500, 1000 and 2000 m isobaths, thick arrow denotes the approximate Polar
Front (PF) location.

(3) compare the fluxes from this HNLC area with previously published sediment trap data

from the productive central Kerguelen Plateau to examine the efficiency of both systems

in exporting carbon from the mixed layer.

Material and methods

Sediment trap deployment and chemical analyses

As part of the KERFIX program (Jeandel et al., 1998), a sediment trap was moored at the

HNLC station (50◦40 S – 68◦25 E), south of the Polar Front in the AAZ. The KERFIX

station is characterized by low phytoplankton biomass (Fiala et al., 1998; Kopczyńska

et al., 1998) in comparison to the productive central Kerguelen Plateau (Fig. 2.3). The

sediment trap (Technicap PPS5, 1 m2 collecting area) was moored at 280 m with a bottom

depth of 2300 m. To prevent the intrusion of macrozooplankton and mesopelagic fish,

the trap funnel was equipped with a baffle (8 mm diameter cells) with an aspect ratio

(height/diameter) of 6.2. A current meter (Anderaa RCM7) was placed 20 m below the

sediment trap and recorded current speed, pressure and temperature with a 2 h period.

The sediment trap contained a 24-sample carousel. Sample cups (250 mL) were filled

with a preservative solution of hyper saline seawater and 5 % formalin buffered to pH
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8 with filtered (0.2 µm) sodium tetraborate. The collection period was from the 19th

February 1994 to the 22nd January 1995 (total = 337 days). Sampling intervals were

programmed to reflect anticipated flux patterns with the highest temporal resolution in

spring and summer (7-10 days) and the lowest in winter (30 days). Following the recovery

of the sediment trap, 50 mL of supernatant was withdrawn from the sample and 1 mL of

buffered preservative solution was added. Samples were sieved through a 1.5 mm mesh and

both fractions were examined under binoculars to manually remove swimmers (organisms

actively entering the trap). After the swimmers were removed, both size fractions were

combined and the samples were split into 1/8 aliquots using a Folsom splitter (McEwen

et al., 1954) with a precision of <5 % (Sell and Evans, 1982).

Prior to chemical analysis, wet aliquots were centrifuged and rinsed with milli-Q water

(10 minutes at 5000 rpm, three times) to remove excess salt and formalin. The super-

natant was withdrawn and the resulting pellet freeze-dried (FTS systems DURA DRY).

Mass flux was determined from the weight of the lyophilized pellet (Mettler-Toledo AE163

balance, 10µg precision). For POC, of freeze-dried pellet (Sartorius M3P balance, 1 µg

precision) was placed in silver cups and phosphoric acid (1 N) added in excess to dis-

solve CaCO3. POC content was measured with a CHN analyzer (Heraeus CHN-O-Rapid)

calibrated with acetanilide (Miquel et al., 1994). The precision derived from repeat mea-

surements of carbon on the acetanilide standard was 1.4 %. For BSi, a kinetic method

(DeMaster, 1981) was used as described in Mosseri et al. (2008). Briefly, of freeze-dried

material was weighed and placed in centrifuge tubes with 40 mL of ultrapure NaOH (0.2

N). The samples were placed in a water bath at 95 ◦C and 200µL of solution were re-

moved after 1, 2, 3 and 4 h and placed into scintillation vials and made up to 10 mL with

milli-Q water. Silicic acid concentrations were determined colorimetrically on a Skalar

autoanalyser following Aminot and Kerouel (2007). The BSi content was determined by

fitting a linear regression to silicic acid concentration as a function of extraction time.

The intercept of this relationship is taken as BSi content without interference of silicon

leaching from lithogenic material (DeMaster, 1981). Particulate inorganic carbon (PIC)

was determined from direct measurement of calcium (Ca). 5 mg of freeze-dried material

was mineralized in Teflon vials by adding 0.5 mL of 65 % HNO3 and 0.5 mL of 40 % HF.

Samples were ultrasonicated and dried at 40 ◦C overnight. This residue was dissolved in

10 mL of 0.1 N HNO3 and the calcium concentrations determined by coupled plasma-

optical emission spectrometry (ICP-OES, HORIBA Jobin Yvon 48 and 38). The flux for

the unsampled month (February 1995) was estimated by calculating the mean flux of the

time series to compute the annually integrated POC, PIC and BSi fluxes.

Slides preparation and diatom taxonomy

Samples for diatom taxonomy were prepared using a micropaleontological oxidative method

as previously described in Romero et al. (1999). Briefly, a 1/8 wet aliquot was placed
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in a beaker and oxidized with potassium permanganate (20 mL, 65 g L−1), hydrochlo-

ric acid (50 mL, 37 %) and hydrogen peroxide (40 mL, H2O2 35 %) at 95 ◦C. Samples

were then rinsed with milli-Q water and centrifugated several times to raise the pH to

the one of the milli-Q water. Three slides were prepared per sample using a random

settling method (Bárcena and Abrantes, 1998). Slides were observed under an inverted

microscope with phase contrast (Olympus BH2) at 400 and 1000 x magnification. A

minimum of 400 valves were enumerated per sample following Schrader and Gersonde

(1978) recommandations. Diatoms were identified to the species level following (Hasle

and Syvertsen, 1997). Diatom counts were not possible in the last two sample cups

(January 1995) due to the very low quantity of material. Contrary to the direct ob-

servation of untreated samples (Salter et al., 2007, 2012; Rembauville et al., 2015b),

the micropaleontological technique prevents the distinction between full or empty cells

comprising the export assemblage. The micropaleontological method was originally de-

veloped for samples originating from sediment cores. The oxidation and multiple centrifu-

gation steps remove organic cell contents and separate diatom cells into valves. Conse-

quently the contribution of individual diatom species to total POC export fluxes cannot

be quantified. However the absence of organic material allows a detailed observation

of frustule characteristics that enables precise and detailed taxonomic analyses of the

diatom community. The biogeochemical and diatom taxonomy data are accessible at

http://www.obs-vlfr.fr/cd_rom_dmtt/OTHER/KERFIX/trapdata/.

Numerical and statistical analyses

To identify the major periods of current speed variations, current speed data was analyzed

using fast Fourier transform (FFT). The resulting power spectrum was compared to a red

noise, a theoretical signal in which the amplitude decreases with increasing frequency.

The red noise was considered as a null hypothesis and scaled to the power spectrum to

identify periods that differ significantly from a random distribution (Schulz and Mudelsee,

2002).

To categorize diatom groups that were exported with similar seasonality, a clustering

analysis was performed on the relative abundance of diatom taxa within each sample

cup. The Euclidian distance was calculated between taxa and the distance matrix was

used to build a dendrogram based on Ward’s agglomerative method (Ward, 1963). The

relative contribution of each cluster to the total diatom assemblage was then calculated

by summing the contribution of all species belonging to one cluster.

Results

Hydrological context

Hydrological properties recorded by the instruments moored together with the sediment

trap are shown in Figure 2.4. The trap depth gradually decreased by 4 meter (284 m to 280

http://www.obs-vlfr.fr/cd_rom_dmtt/OTHER/KERFIX/trapdata/
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sediment trap mooring: a. Trap depth variation, b. temperature and c. current speed.
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m) from February to June 1994 and remained at 280 m until the recovery. No strong depth

oscillation was observed except during two short deepening events (4-6 m amplitude)

that occurred in February and September 1994. Temperature remained mostly constant

between 1.8 and 2.2 ◦C except during one short event from 20 to 30 March 1994 where

temperature decreased to 1 ◦C. This event was not associated with any particular depth

or current speed variation. Current speed ranged from <1 to 30 cm s−1 and displayed a

highly variable signal over short time scales. There were no obvious seasonal patterns in

current speed distribution and 74 % of the current speed data was <12 cm s−1.

The progressive vector diagram displayed numerous tidal ellipses over short time scales

(hours to days, Fig. 2.5a). The integrated displacement over one year corresponds to a

450 km northward advection. Higher frequencies were observed for northwestward flow

when current speeds exceeded 20 cm s−1 (2.5b). Conversely, the southwestward flow dis-

played lower frequencies and was mainly characterized by speeds <10 cm s−1. Six signif-

icant peaks corresponding to tidal components were observed (2.5c). Short time scale

peaks (6.2 h and 6.8 h period) corresponded to a combination of tidal components of

longer periods. The moon 2 (M2, 12.4 h period) component was present, and long-term

components (3 d and 14 d period) were also observed.

Biogeochemical fluxes
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Mass flux POC BSi PIC Total valves
Cup Opening Closing (mg m−2 d−1) (µmol m−2 d−1) (106 valve m−2 d−1)

1 19/02/94 28/02/94 207 930 2144 67 131
2 28/02/94 10/03/94 132 604 1214 25 64
3 10/03/94 20/03/94 113 367 1026 14 68
4 20/03/94 31/03/94 64 241 589 15 39
5 31/03/94 30/04/94 74 262 710 18 42
6 30/04/94 31/05/94 69 176 665 1 29
7 31/05/94 30/06/94 25 74 264 1 16
8 30/06/94 31/07/94 6 29 40 2 2
9 31/07/94 31/08/94 2 14 10 1 1
10 31/08/94 30/09/94 2 22 8 1 1
11 30/09/94 11/10/94 2 29 9 4 1
12 11/10/94 21/10/94 2 19 4 0 1
13 21/10/94 31/10/94 2 25 3 0 0
14 31/10/94 08/11/94 2 16 2 1 2
15 08/11/94 16/11/94 6 39 20 9 1
16 16/11/94 23/11/94 7 38 13 76 0
17 23/11/94 30/11/94 7 45 7 57 1
18 30/11/94 08/12/94 12 136 45 112 2
19 08/12/94 16/12/94 15 116 99 46 3
20 16/12/94 24/12/94 23 122 182 50 21
21 24/12/94 31/12/94 29 129 229 90 32
22 31/12/94 08/01/95 42 233 343 165 6

Table 2.1: Sampling cups collecting period, biogeochemical fluxes and total diatom valves
flux from the KERFIX sediment trap.

Chlorophyll a concentrations started to increase in October 1993 from 0.2 µg L−1 to reach

1 µg L−1 in mid December 1993 when MLD was the shallowest (60 m, Fig. 2.6a). A

significant proportion of the phytoplankton biomass (70 %) was located below the MLD.

The MLD gradually decreased to 185 m in August 1994 concomitantly with a decrease in

chlorophyll a to 0.2 µg L−1. A second spring bloom occurred in November 1994 reaching a

maximum of 1.2 µg L−1 in December and was also associated with a shoaling of the MLD.

POC flux was highest in late summer (February 1994) following the sediment trap

deployment (0.9 mmol m−2 d−1) and decreased to 0.10 - 0.25 mmol m−2 d−1 in autumn

(Table 2.3, Fig. 2.6b). Winter fluxes were negligible (<0.1 mmol m−2 d−1 from July

to October 1994). A small increase in POC flux of up to 0.25 mmol m−2 d−1 occurred

concomitantly with the phytoplankton bloom in November-December 1994. Annual POC

export flux was estimated at 51.6 mmol m−2 yr−1. PIC fluxes were low in late summer

(25 - 75 µmol m−2 d−1, Table 2.3, Fig. 2.6b), negligible in winter, and increased to 50 –

160µmol m−2 d−1 during the spring bloom (November-December 1994). The annual PIC

export flux was estimated at 7.7 mmol m−2 yr−1.

BSi flux showed a similar seasonal pattern to POC with highest fluxes in late summer

(1 - 2 mmol m−2 d−1 in February – March 1994), moderate fluxes in autumn (∼0.5 mmol m−2 d−1),

and negligible fluxes in winter (Fig. 2.6c). A small but noticeable increase was observed
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Figure 2.6: Phytoplankton biomass and particulate export. a. Chlorophyll a concentra-
tion in the upper 300 m at the KERFIX station (monthly measurements, redrawn from
Fiala et al., 1998). Dotted line denotes the mixed layer depth from Park et al. (1998).
b. Particulate organic carbon (POC) and inorganic carbon (PIC) fluxes recorded by the
sediment trap at 280 m. c. Biogenic silica (BSi) and BSi:POC molar ratio in the exported
particles.

during the spring bloom (up to 0.4 mmol m−2 d−1). The BSi:POC molar ratio displayed a

clear seasonal pattern with a value close to 2 in late summer, increasing to 3.9 in autumn.

Winter values were <0.5, increasing to ∼1.8 during the spring bloom. The annually

integrated BSi:POC ratio was 2.2.

Diatom fluxes

The seasonal pattern of total diatom valve flux mirrored that of POC with the highest flux

observed in the first sample cup (1.3× 108 valve m−2 d−1, Fig. 2.7a), decreasing gradually

in autumn to reach very low values in winter (1× 106 valve m−2 d−1). Total diatom valve

flux increased again during the spring bloom to 3.5× 107 valve m−2 d−1.

Fragilariopsis kerguelensis dominated the diatom export assemblage at an annual scale

(59.8 %), with the highest relative contribution in winter (> 70 % of the diatom assemblage

in August). This species presented a notable export peak in summer (6×107 valve m−2 d−1,

Fig. 2.7b) and lower values during spring (1 × 107 valve m−2 d−1). A similar pattern
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of preferential summer export peaks was also evident for the following diatom species:

Chaetoceros Hyalochaete resting spores (10 % of the diatom assemblage in February),

Pseudo-nitzschia lineola (10 %), Pseudo-nitzschia heimii (5 %), Fragilariopsis rhombica

(3 %), Thalassiosira oestrupii (2 %) and Fragilariopsis pseudonana (1.7 %). In contrast,

other diatom species displayed export peaks during both spring and summer such as

Thalassionema nitzschiodes (16 % of the diatom community in November), Thalassiosira

gracilis (4 %), Navicula directa (6 %) and Dactyliosolen antarcticus (9 %).

Three distinct clusters were identified based on the relative abundance of diatoms in

each sediment trap sample cup (Fig. 2.8). Cluster A was comprised of the dominant

F. kerguelensis and T. nitzschioides. Cluster B primarily contained diatoms that had a

relatively minor contribution to the integrated annual export assemblage. Notably large

diatoms (>100µm) such as Corethron criophilum, Rhizosolenia hebetata f. hebetata, R.

antennata f. semispina, Coscinodiscus curvatulus and Proboscia inermis belonged to this

cluster. Finally, cluster C was comprised of abundant species (2-5 % of the exported

diatom community) such as Chaetoceros Hyalochaete resting spores, Pseudo-nitzschia

species, N. directa and the giant diatom Thalassiothrix antarctica.

Cluster A was the dominant component throughout the year (Fig. 2.9a). Its relative

abundance increased from 50 % in late summer (February 1994) to 80 % in winter (August

1994) when the total diatom flux was lowest (Fig. 2.7a). In spring, the relative contribu-

tion of cluster A decreased to 50 % in summer (January 1995). Cluster B exhibited the

lowest contribution with values <5 % in winter doubling to 10 % in spring. Cluster C had

lowest contributions of <25 % in winter with a marked increase of up to 50 % in spring

(November 1994 to January 1995). The total relative abundance of diatoms in clusters A

and C exhibited a significant correlation with POC flux (Pearson test on log-transformed

data, p <0.05, Fig. 2.9b). Regression analysis indicated a positive relationship in the

case of cluster C and a negative one for cluster A.

Discussion

Hydrological context and sediment trap record reliability

The mean temperature of ∼2 ◦ observed over the course of the year is consistent with the

temperature of water masses just below the winter water (WW) reported at the same

station (Park et al., 1998). The abrupt decrease in temperature to 1 ◦ at the end of March

is unusual considering the lowest recorded temperature of WW is 1.8 ◦ (Park et al., 1998).

Nevertheless, Park et al. (1998) reported the largest steric height negative anomaly during

the same period (February - March 1994). Such a major and abrupt change in water mass

circulation could entrain very cold WW northward and explain the observed temperature

decrease. Although the exact reason for this temperature change remains unresolved,

it did not affect the sediment trap depth and was not associated with any change in

current speed. Therefore it seems unlikely that it significantly impacted the sediment
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trap collection efficiency.

The KERFIX sediment trap deployment location was characterized by a major north-

westward flow. As the Antarctic Circumpolar Current (ACC) encounters the Kerguelen

Plateau, most of the surface water continues an eastward flow over the central plateau,

although deeper currents appear to exhibit a northward inflection when they meet the

western flank of the plateau at the KERFIX location (Park et al., 2008b). The pseudo-

Lagrangian view of the progressive vector diagram is therefore consistent with the current

understanding of circulation in the study area. The 450 km northward displacement in

one year corresponds to advection with a mean speed of 1.4 cm s−1. This is compara-

ble to the range of sinking speeds reported for marine particles in the region of 0.01 -

1.1 cm s−1 (Laurenceau-Cornec et al., 2015b), and thus advection should not have trans-

ported particles far away from the overlying surface before they reach the shallow trap

depth (280 m).

Current speed variations were associated with tidal components (Fig. 2.5c). A similar

finding was found on the central Kerguelen Plateau, with a major contribution of the

M2 tidal component (Rembauville et al., 2015a). At KERFIX, the tidal components are

more diverse and contain components of diurnal and semi-diurnal waves. The additional

complexity may arise from the proximity of the plateau flank where most of the tidal

energy is dissipated (Maraldi et al., 2011). Overall, the observations are entirely consistent

with short-term observations of tidal-driven water mass displacement (Park et al., 2008a)

and emphasize the importance of tides for circulation around the Kerguelen Plateau.

It is widely acknowledged that shallow sediment trap deployments are prone to hydro-

dynamic artifacts (Gardner, 1980; Buesseler et al., 2007). A current speed of 12 cm s−1 is

often invoked as an upper limit for the reliability of moored sediment trap (Baker et al.,

1988). In the present deployment 74 % of the current speed data observed is below this

threshold. The circulation patterns are mainly tidal-driven and advection is low over long

time scales. These data would suggest that the sediment trap was not subject to major

hydrodynamic biases beyond the normal conditions for shallow deployments (Gardner,

1980; Baker et al., 1988). The sediment trap used in the present study was equipped

with an 8 mm baffle (aspect ratio of the baffle: 6.2). This design is typically considered

to prevent the intrusion of large organisms (e.g. fishes) into sediment traps, but has no

effect on smaller swimmers intrusion (Nodder and Alexander, 1999). However, the low

aspect ratio (1.7) and conical funnel shape of the PPS5 could render this design more sus-

ceptible to hydrodynamic and biological artifacts(Hawley, 1988; Buesseler et al., 2007).

Unfortunately with the present dataset we cannot explicitly address trapping efficiencies

as has been carried out in previous studies (Coppola et al., 2002; Buesseler et al., 2010).

Export seasonality and diatom export assemblage

The annual record presented in this study covers a period from summer 1994 to summer
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1995 and is therefore considered representative of the main seasonal transitions at the

KERFIX site. Both POC and BSi fluxes display clear late-summer maxima. It seems

probable that any export production originating from the 1993 phytoplankton bloom

would have occurred during the summer prior to the sediment trap deployment. However,

the export in spring that occurs concomitantly with the 1994 bloom appears moderate

and the bloom dynamics are similar in 1993 and 1994. The timing of the export in spring

1994 is closely associated to the development of the spring phytoplankton bloom. The

tight temporal coupling between production and export observed at the HNLC KERFIX

station is in stark contrast with the one month lag observed at the productive A3 station

of the central Kerguelen Plateau (Rembauville et al., 2015a). We previously attributed

the temporal lag at A3 to the formation and export of diatom resting spores that dominate

POC flux (60-80 %) during export events that occur 1 month later than surface chlorophyll

a peaks (Rembauville et al., 2015b). The tight coupling between production and export

at the KERFIX site suggests export vectors aside from diatom spore formation may be

important in a HNLC regime.

Chaetoceros Hyalochaete resting spores represent a minor contribution to the exported

diatom community at the KERFIX station (5.6 %), whereas they were the dominant com-

ponent (70 %) at the productive A3 station (Rembauville et al., 2015b). These results are



103 2. Ecological vectors of export fluxes

consistent with the observation of a strict dominance of Eucampia antarctica var. antarc-

tica resting spores to the diatom export assemblage in the productive stations downstream

os the Crozet Islands and negligible contribution in the upstream HNLC area (Salter et al.,

2012). The vegetative stages of Chaetoceros Hyalochaete are a minor fraction of the mixed

layer diatom assemblage at KERFIX (Fiala et al., 1998). Additionally, it was hypoth-

esized that a strong decrease in silicic acid concentration in late summer in naturally

fertilized and productive areas could trigger the diatom resting spore formation (Salter

et al., 2012; Rembauville et al., 2015b). The silicic acid concentration in the mixed layer

never reaches values lower than 9µmol L−1 in summer at KERFIX (Jeandel et al., 1998)

whereas it is almost depleted (∼1 µmol L−1) over the central Kerguelen Plateau (Mosseri

et al., 2008). Very similar observations were made at Crozet with the absence of spore-

forming diatoms in the HNLC waters together with much lower silicic acid utilization in

summer when compared to iron-fertilized waters (Moore et al., 2007; Salter et al., 2007).

The exported diatom assemblage at the KERFIX station was strictly dominated by F.

kerguelensis (59.8 %), consistent with its dominance of the mixed layer diatom assemblage

(Fiala et al., 1998; Kopczyńska et al., 1998). Fragilariopsis species typically dominate

diatom export assemblages in the vast HNLC areas of the Southern Ocean (Romero and

Armand, 2010; Grigorov et al., 2014; Rigual-Hernández et al., 2015b,a), and it is the most

abundant species in the silica ooze under the ACC (Zielinski and Gersonde, 1997). Its

strong and thick frustules, together with its ability to form long chains, might protect this

species from grazing pressure in the AAZ and contribute towards its ecological success

(Hamm et al., 2003; Smetacek et al., 2004).

Clustering analysis delineates groups of diatom species that were exported with a spe-

cific seasonality. For example F. kerguelensis and T. nitzschioides (cluster A) were present

in export assemblages throughout the year but displayed a higher relative contribution to

fluxes in winter. The significant negative correlation between the relative abundance of

cluster A and POC flux suggests a minor contribution towards carbon export. In support

of this, Fragilariopsis species are frequently observed as empty frustules in both natural

and artificial fertilization experiments (Smetacek et al., 2004; Salter et al., 2012; Assmy

et al., 2013). A detailed quantitative analysis of exported diatom assemblages from the

productive waters of the central Kerguelen Plateau shows empty cells of F. kerguelensis

and T. nitzschioides dominating spring export fluxes coinciding with the lowest POC flux

(Rembauville et al., 2015b). However, at KERFIX, there was no significant relationship

between the seasonal dynamics of cluster A and the BSi:POC ratio suggesting that F.

kerguelensis flux dynamics did not exert a first-order control on Si-C export stoichiometry.

Other diatom species with specific empty:full cell ratio may impact BSi:POC export ratio

(Rembauville et al., 2015b), but this cannot be addressed with the present dataset. Con-

trary to the diatom-dominated, productive central Kerguelen Plateau, the phytoplankton

community at KERFIX is dominated by small flagellates (2-10µm) comprising Prasino-
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phyceae and Cryptophyceae and showing the highest relative abundance in winter (Fiala

et al., 1998; Kopczyńska et al., 1998). Therefore, contrary to a diatom-dominated system,

the seasonality of the BSi:POC ratio at KERFIX is likely to be influenced by processes

that are not quantified here (e. g. faecal pellet and/or non-diatom phytoplankton export).

The total relative abundance of cluster C was positively correlated to POC flux.

This cluster was comprised of Chaetoceros Hyalochate resting spores (CRS), Chaetoceros

dichaeta, E. antarctica, N. directa as well as the very large species T. antarctica. All

these species were found to be preferentially exported as full cells in the productive area

of the Kerguelen Plateau (Rembauville et al., 2015b). The positive correlation between

this diatom group and POC flux at the KERFIX site indicates they play a similarly im-

portant role as a carbon export vector in HNLC-like waters. Consistent with that, several

species of cluster C (Pseudo-nitzschia lineola, T. gracilis, N directa), were also positively

associated with POC flux in a deeper (800 m) sediment trap in the Polar Frontal Zone

south of Tasmania (Rigual-Hernández et al., 2015b). However, a precise quantification of

the fraction of full and empty cells (Assmy et al., 2013), together with the contribution

of non-diatom cells and faecal pellet material is necessary to fully quantify their relative

contributions to POC flux (Rembauville et al., 2015b).

Calcifying planktonic organisms were not quantified in the export assemblages as part

of the present study. Nevertheless, the seasonality of the PIC signal can be compared with

the abundance of calcifying communities from the mixed layer time series. The marked

increase in coccolithophore biomass in the mixed layer (Fiala et al., 1998; Kopczyńska

et al., 1998) occurs concomitantly with the highest PIC flux observed in the sediment

trap (from November 1994 to January 1995). Pteropods are a minor component (<7 %)

of the zooplankton assemblage at KERFIX in summer (Carlotti et al., 2008) and low

foraminifera abundances are typical for the AAZ (Mortyn and Charles, 2003; Bergami

et al., 2009; Lombard et al., 2011). Coccolithophore-derived CaCO3 has been recently

shown to dominate (85 %) PIC export at the productive A3 station (Rembauville et al.,

2016b). The co-occurrence of enhanced coccolithopore abundance in the mixed layer and

PIC export in the sediment trap implies a significant contribution of this calcifying group

to PIC export also occurs under HNLC conditions, although a more detailed analysis is

required to confirm this hypothesis.

Comparison with the iron-fertilized productive central Kerguelen Plateau

An upper limit of 1µg L−1 for chlorophyll a concentration has been suggested as a thresh-

old to define HNLC conditions (Tyrrell et al., 2005). Under this definition, the KERFIX

station lies in the upper limit of what is considered as HNLC conditions. We carried out

a comparison of water column and sediment trap data from the KERFIX (HNLC) and

nearby A3 site (productive) in an attempt to elucidate the impact of iron availability on

production and export processes around the Kerguelen Plateau (Table 2.2).
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Site KERFIX A3

(50◦40’ S - 68◦25’ E) (50◦38’ S - 72◦0.2’ E)

Trap depth (m) 280 289

Seasonal net community 3.1± 0.9a 6.6± 2.2b

production (mol m−2)

Maximum net primary 42c 180d

production (mmol m−2 d−1)

Annual POC export 51.6 98.2e

(mmol m−2 yr−1)

Maximum POC export 0.9 1.5e

(mmol m−2 d−1)

Annual BSi:POC 2.3 1.2f

(mol:mol)

Annual PIC export 7.7 6.6g

(mmol m−2 yr−1)

Major diatom Fragilariopsis kerguelensis Chaetoceros Hyalochaete
(59.8 %) resting spore (80 %)f

aLouanchi et al. (2001)
bJouandet et al. (2008)
cPondaven et al. (2000)
dCavagna et al. (2015)
eRembauville et al. (2015a)
fRembauville et al. (2015b)
gRembauville et al. (2016b)

Table 2.2: Comparison of production and export terms between the HNLC station KER-
FIX (this study) and the iron-fertilized productive site A3.
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One major difference we observed between the two sites is a two-fold higher annual

BSi:POC ratio under HNLC conditions. This is remarkably similar to the 2-3.5 fold

difference in BSi:POC ratio found in deep sediment traps (>2000 m) between HNLC

and iron-fertilized productive waters around the Crozet Plateau (Salter et al., 2012). At

KERFIX the maximum fluxes of F. kerguelensis are one order of magnitude higher than

at A3 and they dominate the diatom assemblage (60 %) at this HNLC site compared to a

lower contribution (10 %) at A3 (Rembauville et al., 2015b). F. kerguelensis is a strongly

silicified species (Smetacek et al., 2004; Assmy et al., 2013) that likely contributes to

the higher BSi:POC export ratio on seasonal and annual time scales (Rembauville et al.,

2015b). Similar observations were made at Crozet where the fluxes of heavily silicified

and/or large species (F. kerguelensis, C. pennatum and Dactyliosolen antarcticus) were

enhanced under HNLC conditions (Salter et al., 2012). Although non-diatom components

may influence POC fluxes, it is apparent that iron limitation favors the ecological selection

of large and heavily silicified diatoms with a measurable and consistent effect on Si:C

export stoichiometry.

Annual PIC export is similar at the KERFIX and A3 stations (∼ 7 mmol m−2 d−1).

This is in stark contrast to the Crozet Plateau where deep-ocean PIC fluxes were 7-10 are

higher at the iron-fertilized productive site (Salter et al., 2014). These differences are likely

related to the position of the two plateaus relative to the Polar and Subantarctic Fronts.

Foraminifera are a dominant component of PIC fluxes at the Crozet Plateau north of the

Polar Front and pteropod aragonite fluxes are notably enhanced (Salter et al., 2014). In

contrast, Emiliania huxleyi coccoliths dominate the PIC export at A3 south of the Polar

Front (Rembauville et al., 2016b) and it seems probable that they also contributed to PIC

export at KERFIX. South of the Polar Front, the cosmopolitan species E. huxleyi domi-

nates the coccolithophore community composition (Saavedra-Pellitero et al., 2014; Winter

et al., 2014). This species is known to prevail under low iron concentrations (Brand et al.,

1983; Muggli and Harrison, 1997) and coccolithophore blooms are strongly temperature-

dependant in the high latitude ocean (Sadeghi et al., 2012). Therefore the similarity in

nitrate and phosphate concentrations (Blain et al., 2015) and summer temperature may

explain the similarity of PIC flux mechanisms at both KERFIX and A3. These results

further support the idea that the response of calcifying communities to Southern Ocean

iron fertilization and the ensuing carbonate counter pump effect displays a strong regional

component linked to the major hydrological fronts (Salter et al., 2014; Rembauville et al.,

2016b).

The seasonal net community production (NCP, net primary production minus het-

erotrophic respiration integrated during the productive period) derived from DIC budgets

is two-fold higher at A3 compared to KERFIX, although maximum primary production

levels are four-fold higher at A3 (Table 2.2). Similar to NCP, annual POC export is

two-fold higher at A3. A conclusion that may be drawn from this comparison is that the
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fraction of net community production exported annually from the mixed layer is similar

at the productive station A3 (1.5 %) and the HNLC station KERFIX (1.7 %). However,

it must be stressed that estimates of seasonal NCP rely on DIC distribution and are asso-

ciated with important uncertainties (Jouandet et al., 2008), and potentially strong inter

annual variability (Louanchi et al., 2001). The annual sediment trap records are separated

by 17 years and may be influenced by inter annual variability and long-term trends that

are difficult to quantify. Furthermore, the sediment traps deployed at KERFIX and A3

were different models (Technicap PPS5 and PPS3, respectively) that differ in their funnel

shape and aspect ratio. We cannot eliminate the possibility that these designs may have

been subject to different hydrodynamic and biological biases that alter the collection ef-

ficiency of sinking particles (Hawley, 1988; Buesseler et al., 2007). Nevertheless, the low

and tidal-driven circulation observed at both KERFIX and A3 (Rembauville et al., 2015a)

instills a certain degree of confidence that there is value in comparing the two flux records.

Assuming a 2-fold uncertainty on both NCP and export estimates, we calculate that

the HNLC environment exports a similarly low fraction of seasonal NCP (<10 %) when

compared to a productive iron-fertilized regime (A3 station, Rembauville et al., 2015a).

Our findings suggest that natural iron fertilization in the Southern Ocean has a limited

capacity to increase the efficiency of carbon export from the mixed layer.
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2.4 Export fluxes at South Georgia (article 4)

The shallow sediment trap deployment (300 m) over the central Kerguelen Plateau (station

A3, Antarctic Zone) demonstrated the importance of diatom resting spore for carbon

export in a naturally iron-fertilized area (article 2). A similar mechanism has been

already reported in the naturally fertilized waters of the Polar Frontal Zone downstream

of the Crozet islands (Salter et al., 2012). Conversely, contribution of resting spore to the

exported diatom community was much lower at the HNLC station KERFIX (article 3).

Given its importance for the functioning of the biological pump, it is necessary to know

if this ecological strategy is also observed in other Subantarctic islands systems of the

Southern Ocean. In this article, we present particulate organic carbon (POC), biogenic

silicon (BSi), and diatom export fluxes from a third naturally-fertilized island system in

the Atlantic sector of the Southern Ocean: the South Georgia islands. Sediment trap

samples were provided by the British Antarctic Survey. We compare deep sediment trap

records at annual scale from a productive (P3, 2000 m) and HNLC (P2, 1500 m) site South

of the Polar Front.

The POC export is twice as high in the productive site (40 mmol m−2 yr−1) compared

to the HNLC site (26 mmol m−2 yr−1), an observation consistent with what was observed

at Kerguelen. A similar mechanism of resting spore formation by Chaetoceros Hyalochaete

in late summer explains most of the difference in the annual carbon export between the two

sites, whereas the remainder of the diatom community is similar in the two sites. These

results demonstrate that regardless of the depth, productive areas of the Southern Ocean

export a low amount of organic carbon, and that diatom resting spores contribute to a

high proportion of this export. At the productive site P3, a comparison of the mixed layer,

sediment trap (2000 m) and surface sediment (3750 m) diatom community demonstrates

that the relative contribution of Chaetoceros Hyalochaete resting spores increases with

depth. This observation confirms their high transfer efficiency that was hypothesized in

the previous papers. Finally, the quantification of full- and empty diatom cells collected

in the trap allows to identify taxa exported with a similar empty:full ratio and relative

abundance than at Kerguelen.

Diatom identification and enumeration was performed by the author. Sediment trap

samples were provided as wet aliquots by C. Manno and G. Tarling. POC and BSi analyses

were performed by C. Manno.
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a b s t r a c t

Biogeochemical and diatom export fluxes are presented from two bathypelagic sediment trap deploy-
ments in the Antarctic Zone of the Southern Ocean. One of the sediment traps was deployed in very
productive, naturally iron-fertilized waters downstream of South Georgia (P3, 2000 m) and compared to
a deployment in moderately productive waters upstream of the island system (P2, 1500 m). At both sites
significant diatom export events occurred in spring (November) and contained mostly empty cells that
were associated with low particulate organic carbon (POC) fluxes. A summer export pulse occurred one
month later at P2 (end February/March) compared to P3 (end January). Diatom fluxes at P3 were one
order of magnitude higher than at P2, a difference mainly attributed to the short and intense export of
resting spores from Chaetoceros Hyalochaete and Thalassiosira antarctica species. Aside from these resting
spores, diatom export assemblages at both sites were dominated by empty Fragilariopsis kerguelensis
frustules. The fraction of diatoms exported as empty frustules was considerably lower at P3 (52%) than P2
(91%). This difference was related to the flux of intact diatom resting spores at P3 and may partially
explain the lower Si:C export stoichiometry observed at P3 (1.1) compared to P2 (1.5). Through the
enumeration of full diatom frustules and subsequent biomass calculations we estimate that diatom
resting spores account for 42% of annual POC flux in the productive waters downstream of South Georgia.
At both sites the contribution of diatom vegetative stages to POC fluxes was considerably lower (o5%).
From these analyses we conclude that resting spore export contributes towards the slightly higher
bathypelagic (POC) flux at P3 (40.6 mmol m�2 y�1) compared to P2 (26.4 mmol m�2 y�1). We compared
our sediment trap records with previously published diatom assemblage data from the mixed layer and
surface sediments (3760 m) around South Georgia. The relative proportion of diatom resting spores
within diatom assemblages increases as a function of depth and is explained by selective preservation of
their robust frustules. Our study highlights the significance of diatom resting spore export as a carbon
vector out of the mixed layer. Furthermore, the contribution or resting spores to POC flux in the bath-
ypelagic ocean and sediments suggests they play a particularly important role in sequestering biologi-
cally fixed CO2 over climatically relevant timescales.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Southern Ocean (SO) is generally considered as the largest
high nutrient, low chlorophyll (HNLC) area of the global ocean,
where primary production is limited by iron availability (Martin,
1990; de Baar et al., 1990, 1995). Downstream of island plateaus,
such as those at Kerguelen (Blain et al., 2001, 2007), Crozet

(Pollard et al., 2009) and South Georgia (Whitehouse et al., 1996;
Korb and Whitehouse, 2004), shelf sediments and glacial melt
waters are a natural source of iron. These naturally-fertilized wa-
ters contrast strongly with surrounding HNLC conditions and
display large scale phytoplankton blooms that can persist for
several months (Westberry et al., 2013). In addition to the island
mass effect (Blain et al., 2001), trace metal inputs into surface
waters can sustain notable primary production (Moore and Abbott,
2000; Whitehouse et al., 2012) from upwelling associated with
major fronts of the Antarctic Circumpolar Current (Loscher et al.,
1997), atmospheric dust deposition (Meskhidze et al., 2007), sea
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ice melt (van der Merwe et al., 2011), glacial runoff (Hawkings
et al., 2014; van der Merwe et al., 2015) and melting icebergs
(Duprat et al., 2016). Primary production downstream of sub-
antarctic island systems is typically dominated by diatoms (Sme-
tacek et al., 2004; Quéguiner, 2013), a microphytoplankton group
generally considered to promote carbon export out of the mixed
layer directly by sinking (Smetacek, 1985; Boyd and Newton, 1995,
1999) or indirectly by sustaining faecal pellet-productive food
webs (Smetacek et al., 2004; Manno et al., 2014).

Maiti et al. (2013) demonstrated an inverse relationship be-
tween primary production and export efficiency in the Southern
Ocean, contrasting with the positive relationship between primary
production and export prevailing in most of the global ocean
(Laws et al., 2011). These so called high biomass, low export re-
gimes (HBLE, Lam and Bishop, 2007; Lam et al., 2011) appear to be
characterized by enhanced heterotrophic microbial activity
(Obernosterer et al., 2008; Christaki et al., 2014) and intense re-
processing and fragmentation of particulate matter by zoo-
plankton. On the Kerguelen Plateau for example, net community
production (NCP) was estimated to be 6.6 mol m�2 yr�1 (Jouandet
et al., 2008), although only a small fraction of this NCP was ex-
ported out of the mixed layer (Rembauville et al., 2015b). Annual
records of particulate organic carbon (POC) export fluxes derived
from moored sediment traps have been published for productive,
naturally-fertilized waters downstream of Crozet (Salter et al.,
2012), Kerguelen (Rembauville et al., 2015a,b) and South Georgia
(Manno et al., 2015). Irrespective of depth (300–2000 m), annual
POC export from these island systems exhibits low variability and
is typically o100 mmol C m�2 yr�1. This finding contrasts with
the high levels of productivity associated with these naturally
fertilized systems. Identifying the dominant export vectors from
such systems is therefore necessary to advance our understanding
of the mechanistic relationships between production and export in
the Southern Ocean.

A significant positive relationship between POC fluxes and
Eucampia antarctica var. antarctica winter stages highlighted its
important role as a carbon export vector from the Crozet bloom
(Salter et al., 2012). Similarly, quantification of diatom and carbon
fluxes from the Kerguelen bloom indicated that 60% of annual
carbon export was due to short term (o2 week) export events of
Chaetoceros Hyalochaete and Thalassiosira antarctica resting spores
(Rembauville et al., 2015a). Moreover, Salter et al. (2012) and Re-
mbauville et al. (2015a) observed that species-specific diatom
ecology (spore formation, protection from grazing through the
acquisition of a thick frustule) impacts not only the magnitude of
carbon fluxes, but also the Si:C export stoichiometry over annual
scales, corroborating previous suggestions (Smetacek, 1985; Sme-
tacek et al., 2004; Salter et al., 2012; Assmy et al., 2013). Down-
stream of South Georgia, faecal pellets were reported to dominate
(�60%) the second POC export peak often observed in March-
April (Manno et al., 2015). However, the contribution of diatoms to
bathypelagic POC flux at South Georgia has yet to be addressed.

The waters downstream South Georgia exhibit a large and re-
current phytoplankton bloom (Ward et al., 2002; Borrione and
Schlitzer, 2013) characterized by interannual variability in the
seasonal pattern (unimodal versus bimodal chlorophyll a peaks,
Park et al., 2010; Borrione and Schlitzer, 2013). The bloom is
dominated by microplankton diatoms (Korb and Whitehouse,
2004) with a major contribution of Fragilariospsis kerguelensis,
Chaetoceros Hyalochaete, Pseudo-nitzschia spp., Eucampia antarctica
var. antarctica and Corethron (Korb et al., 2008, 2010). The pro-
ductive waters downstream of South Georgia support a very large
biomass of mesozooplankton (Ward et al., 2012), macro-
zooplankton (Atkinson et al., 2008, 2009), mesopelagic fish (Col-
lins et al., 2012) and top predators (Boyd et al., 1994), with sig-
nificant implications for the amount of POC export out of the

mixed layer (Huntley et al., 1991). Upstream of South Georgia, the
lack of iron limits phytoplankton growth and phytoplankton bio-
mass is one order of magnitude lower than that is observed
downstream of the island (Korb et al., 2008). Although the con-
tribution of naked dinoflagellates to microplankton biomass is
higher than in naturally-fertilized waters, the diatom species
Fragilariospsis kerguelensis, Pseudo-nitzschia spp., small Thalassio-
nema nitzschioides and Chaetoceros Hyalochaete species still dom-
inate the microplankton assemblage (Korb et al., 2010). Korb et al.
(2012) hypothesized that differences in diatom community struc-
ture upstream and downstream of South Georgia would impact
the magnitude of POC export. However, these hypotheses have yet
to be addressed by a detailed analysis of diatom export assem-
blages and elemental fluxes around South Georgia.

In the present study we report diatom and biogeochemical
fluxes from two annual sediment trap deployments in varying
productivity regimes upstream and downstream of South Georgia.
The objectives are (i) to describe spatial and temporal patterns of
diatom export assemblages, (ii) to differentiate full and empty
frustules to estimate the contribution of specific diatom groups to
carbon fluxes and Si:C export stoichiometry and (iii) to compare
mixed layer, sediment trap and surface sediment data to describe
changes in diatom assemblages as a function of depth.

2. Materials and methods

2.1. Trap deployments and chemical analyses

Bottom-tethered moorings were deployed at two sites (P2 and
P3) for periods of approximately 12 months between January and
November 2012. P2 was located upstream of South Georgia
(55°11.99S, 41°07.42W), and P3 downstream (52°43.40S,
40°08.83W) (Fig. 1). Each sediment trap (McLane Parflux conical
sediment traps, 0.5 m2 surface collecting area, McLane Labs, Fal-
mouth, MA, USA) was equipped with 12 sample cups and fitted
with a plastic baffle mounted in the opening to prevent the en-
trance of large organisms. Prior to deployment, the sample cups
were filled with a preservative seawater solution of NaCl-buffered
HgCl2. Traps were deployed at a depth of 1500 m (P2, water depth
3200 m) and 2000 m (P3, water depth 3800 m), and the sample
carrousel was programmed to rotate at intervals of 15 days in
austral summer and 30 days in austral winter (Table 1). Sample
cups for April, July, October (P2) and August (P3) were missing on
recovery (unscrewed from the carrousel). Prior to splitting,
“swimmers” (i.e. zooplankton organisms that can enter the re-
ceiving 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 microscope. Large
aggregates, fragments of moults and empty tests retained by the
mesh were returned to the sample. Samples were split in replicate
fractions using a McLane rotary sample splitter (McLane Labs,
Falmouth, MA, USA). Replicate fractions were vacuum-filtered
through preweighed and precalcinated (450 °C, 4 h) Whatman GF/
F filters for POC analyses. Salt content was removed from the filters
by a short distilled water rinse and they were dried at 60 °C. For
POC determination, filters were treated with 2 N H3PO4 and 1 N
HCl to dissolve the carbonate fraction. POC was measured by
combustion in an elemental analyser (CHN). For biogenic silica
(BSi) analyses, replicate fractions were vacuum-filtered through
0.4 mm Nuclepore filters. Prior to BSi extraction, the material was
pretreated with 10% H2O2 and 1 N HCl to remove organic particle
coatings (Mortlock and Froelich, 1989). BSi was determined by a
time-series extraction experiment in a 0.5 M NaOH solution at
85 °C for 5 h (DeMaster, 1981). An aliquot of each sample was ta-
ken for silicic acid analysis every hour and the BSi content was
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estimated from the intercept of the extraction time-series (De-
Master, 1981).

2.2. Remote sensing and derived oceanographic variables

Satellite-derived surface chlorophyll a concentration (MODIS
Aqua, 4 km, 8-days composite, level 3 product) for the sediment
trap deployment period was accessed at http://oceancolor.gsfc.
nasa.gov/cms/. Altimetry-derived geostrophic velocities (AVISO
MADT, 1/4°, daily product) were extracted at http://www.aviso.al
timetry.fr/. For sea surface temperature (SST) data, the NOAA 1/4°
daily Optimum Interpolation Sea Surface Temperature (OISST) was
accessed at http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.
oisst.v2.html (Reynolds et al., 2002). Time series of chlorophyll a
concentration and SST were calculated by averaging the data in a
100 km radius centered on each sediment trap location. Averages
of chlorophyll a concentration and geostrophic velocities were
calculated for the sediment trap deployment period of January to
December 2012 (Fig. 1).

2.3. Diatom enumeration, identification and biomass

Diatom enumeration and identification was performed using a
biological counting technique that does not include any chemical
treatment before counting (Salter et al., 2012) and thereby allows
the separate enumeration of full and empty cells (Rembauville

et al., 2015a). A 1/8 aliquot of each sample was gently homo-
genized and 2 mL withdrawn and diluted in a final volume of
20 mL of artificial seawater (salinity¼34 PSU). A modified pipette
tip with a large aperture was used to avoid breakage of larger
species such as Thalassiothrix antarctica. The diluted sample was
placed in a Sedgewick-Rafter counting chamber (Pyser-SGI S52,
1 mL volume). One quarter to one half of the chamber (depending
on diatom abundance) was observed with an inverted microscope
with phase contrast (Olympus IX70) at 400� magnification.

Diatoms were identified to the lowest possible taxonomic level
following Hasle and Syvertsen (1997). The relatively low magni-
fication imposed by the counting technique and presence of or-
ganic material occasionally obscuring the valve face limited spe-
cies-level identification for some taxa. Consequently certain spe-
cies were classified as follows: Fragilariopsis separanda and Fragi-
lariopsis rhombica were grouped as Fragilariopsis separanda/rhom-
bica; all the Pseudo-nitzschia species (mainly Pseudo-nitzschia
lineola and Pseudo-nitzschia heimii) were grouped as Pseudo-nitz-
schia spp.; the genera Haslea and Pleurosigma were grouped as
Pleurosigma; species of the genera Banquisia and Manguinea and
Membraneis challengeri and Membraneis imposter were grouped as
Membraneis. Unidentifiable centric species o20 mm and large
centric species were denominated as Small centric (o20 mm) and
Large centric (420 mm), respectively. This arbitrary size classifi-
cation was chosen to differentiate small centric species, typically
attributable to the Thalassiosira genus, from genera such as

Fig. 1. Location of the South Georgia Plateau in the Atlantic sector of the Southern Ocean and location of the two sediment traps (P2, P3). Colors represent the satellite-
derived chlorophyll a concentration (MODIS) and arrows the altimetry-derived geostrophic velocities (AVISO) averaged over the sediment trap deployment period (January
to December 2012). Thick arrows denote the mean fronts positions during the deployment (PF: Polar Front, SACCF: Southern ACC Front) arbitrarily defined by enhanced
geostrophic velocities, (Moore et al., 1999; Thorpe et al., 2002). POOZ: Permanently Open Ocean Zone, SIZ: Seasonal ice Zone. Black isolines are the 1000 m and 2000 m
isobaths. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Azpeitia and Actinocyclus comprising the large centric species. All
of the whole, intact and recognizable frustules were counted
(Supplementary Fig. 1). For each sample, 4300 cells were coun-
ted, except in sample cups #1, 2, 7 and 8 from the less productive
site P2 where only �100 cells were counted. Full and empty cells
were enumerated separately (e.g. Assmy et al., 2013; Rembauville
et al., 2015a). We considered cells as full when plasts were clearly
visible and intact (Supplementary Fig. 1). The empty:full export
ratio of a given species was defined as the ratio of empty cells to
full cells following integration over the complete sediment trap
record. Although broken frustules and debris were present (Sup-
plementary Fig. 1), they were not enumerated in the samples. We
estimate that the relative abundance of broken frustules is o15%.
Diatom export assemblages were compared between the two sites
using Shannon’s diversity index ( ′ = ∑ ( )=H p ln pi

n
i i1 , where n is the

total number of species and pi the proportion of individuals of
species i) and Pielou’s evenness index ( ′ = ′ ′J H H/ max, where H′max is
the maximal possible value of H’, equal to ln (n)). Both indexes
were calculated on total (empty and full) cell numbers following
integration over the complete sediment trap record.

Full diatom fluxes were converted to carbon fluxes using pre-
viously published species-specific biomass values for diatoms in
the vicinity of the Kerguelen Plateau (Cornet-Barthaux et al., 2007)
which were considered as a good analogue for South Georgia
diatom populations. For species not listed in Cornet-Barthaux et al.
(2007), 10 representative individuals of each species were mea-
sured and biovolume was calculated following Hillebrand et al.
(1999). Carbon content was then calculated using the Menden-
Deuer and Lessard (2000) equation for diatoms (C¼0.288�V0.811).
For Chaetoceros Hyalochaete resting spores (CRS) and Thalassiosira
antarctica resting spores (TRS), 100 randomly selected individuals
were measured. Biovolume was calculated and carbon content was
estimated using the Kuwata et al. (1993) carbon:volume re-
lationship for CRS and the Menden-Deuer and Lessard (2000)
formulation for TRS. The mean carbon content (7 standard de-
viation) was 2407101 pgC cell�1 and 10187460 pgC cell�1 for

CRS and TRS, respectively. The list of diatom species and the cor-
responding carbon content is reported in Table 3.

To describe the change in diatom assemblage with depth, we
compared the annual sediment trap record from P3 with mixed
layer diatom assemblage from multiple summer surveys (February
2002, 2003 and January 2005) at the P3 trap location (Korb et al.,
2008) and surface sediment diatom assemblage from a core lo-
cated very close to the trap (42°09.2′S–41°10.7′W, 3760 m, Allen
et al., 2005).

3. Results

3.1. Biogeochemical fluxes

At P2, highest surface chlorophyll a concentration (1.5 mg L�1)
was observed in February, associated with the highest SST in
summer (3.5 °C, Fig. 2a). Chlorophyll a concentration remained
low in spring (o1 mg L�1 from October to December) when SST
increased from 0 to 2 °C. At P3, SST followed the same seasonal
signal but was 1 °C warmer. Chlorophyll a concentration was close
to P2 values in summer (1.5–2 mg L�1) but was much higher in
spring, reaching values 46 mg L�1 in December.

POC fluxes at P2 were o0.2 mmol m�2 d�1 throughout the
year, with the highest value observed in May (Table 1 and Fig. 2b).
At P3, POC fluxes were highest at the beginning of the sediment
trap record in January (0.9 mmol m�2 d�1) and
o0.2 mmol m�2 d�1 for the remainder of the year. POC export
integrated across the sediment trap deployment record was �1.7
times greater at P3 compared to P2 (40.6 vs. 26.4 mmol m�2, Ta-
ble 2). At P2, the highest BSi flux of 0.6 mmol m�2 d�1 was ob-
served in spring (November), and decreased in summer (February
to March) to 0.3 mmol m�2 d�1 (Table 1 and Fig. 2c). BSi fluxes
were o0.1 mmol m�2 d�1 the remaining of the year. At P3, the
highest BSi flux of 0.8 mmol m�2 d�1 was concomitant with the
highest POC flux at the end January. Winter values (April to

Table 1
Total mass flux (TMF), particulate organic carbon (POC), biogenic silica (BSi) fluxes and BSi:POC molar ratio of material collected by sediment traps upstream (P2, 1500 m)
and downstream (P3, 2000 m) of South Georgia.

Site Cup collection period (2012) TMF POC BSi BSi:POC

Opening Closing (mg m�2 d�1) (lmol m�2 d�1) (lmol m�2 d�1) (mol:mol)

P2 15/01 01/02 24.1 38 61 1.6
01/02 15/02 8.3 40 25 0.6
15/02 01/03 49.7 172 267 1.5
01/03 01/04 60.7 101 289 2.9
01/04 01/05 Lost
01/05 01/06 17.5 205 83 0.4
01/06 01/07 13.8 84 18 0.2
01/07 01/08 Lost
01/08 01/09 10.1 78 26 0.3
01/09 01/10 9.7 97 73 0.8
01/10 01/11 Lost
01/11 01/12 58.2 174 606 3.5

P3 15/01 01/02 146.0 904 765 0.8
01/02 15/02 42.5 164 191 1.2
15/02 01/03 22.3 73 60 0.8
01/03 01/04 25.0 156 145 0.9
01/04 01/05 9.5 86 20 0.2
01/05 01/06 9.0 65 18 0.3
01/06 01/07 8.9 46 10 0.2
01/07 01/08 15.1 70 17 0.3
01/08 01/09 Lost
01/09 01/10 17.8 110 44 0.4
01/10 01/11 39.3 90 349 3.9
01/11 01/12 70.3 92 344 3.7
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September) were o0.1 mmol m�2 d�1. Winter BSi:POC ratio was
similar at P2 and P3 with low values o0.5. The BSi:POC ratio in
spring was also similar at the two sites with the highest values
observed (3.5–4) in October and November. The main difference
between the two sites was in summer, when values of 1.5–3 were
observed at P2 whereas the BSi:POC ratio remained �1 at P3. The
integrated BSi fluxes were lower at P2 than P3 (38.6 versus
45.5 mmol m�2, Table 2) and the annual BSi:POC ratio was higher
at P2 (1.5 versus 1.1).

3.2. Diatom fluxes and contribution to carbon fluxes

At P2, the total diatom flux showed two peaks: the first oc-
curring in summer (3.5�106 cell m�2 d�1) and a second in the
following spring (7�106 cell m�2 d�1, Fig. 3a). During winter to-
tal diatom fluxes were o1�106 cell m�2 d�1. Diatom fluxes in
spring (November) were characterized by Fragilariopsis kergue-
lensis (39% of total cells), Fragilariopsis separanda/rhombica (50%),
Thalassiosira lentiginosa (12%), Pseudo-nitzschia spp. (10%) and
Dactyliosolen antarcticus (2%). Summer fluxes contained mainly F.
kerguelensis (41% of total cells), Thalassionema nitzschioides (16%),

and Thalassiosira gracilis (7%, Fig. 3b-h). When integrated over the
deployment period, empty diatoms constituted 91.1% of the total
diatom flux at P2 (Table 2). F. kerguelensis dominated (440%) the
empty, full and total diatom export assemblage (Table 3). Almost
all species were preferentially exported as empty cells (empty:full
ratio41) with the exception of Eucampia antarctica var. antarctica
and Navicula sp. that exhibited empty:full ratios close to 1
(Table 3).

At P3, total diatom flux displayed highest values in spring
(November) and summer (January). The highest flux of
6�107 cell m�2 d�1 observed at the end of January was one
order of magnitude higher than the corresponding maxima at
P2 (Fig. 4). In spring, the total cell flux of 8�106 cell m�2 d�1

was close to that observed at P2 during the same period. Diatom
fluxes were dominated by full cells of CRS, mainly exported
during one short event in mid January (3.8�107 cell m�2 d�1,
Fig. 4b). CRS accounted for 42.7% of the total diatom export
integrated over the complete record at P3 (Table 3). Con-
comitant to the significant flux of CRS in January (63% of total
cells in this sample), a noticeable export peak of Eucampia
antarctica (3%), Navicula sp. (3%) and TRS (1%) was also observed

Fig. 2. Oceanographic parameters and biogeochemical fluxes. (a) Satellite-derived surface chlorophyll a (dots) and sea surface temperature (SST, continuous lines) averaged
over an area with a 100 km radius centered on P2 (blue) and P3 (red). (b) Particulate organic carbon (POC) fluxes collected by sediment traps at P2 (1500 m, blue) and P3
(2000 m, red). (c) Biogenic silica (BSi) fluxes (bold lines) and BSi:POC ratio (dots). Asterisks denote missing cups. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Annually integrated fluxes of particulate organic carbon (POC), biogenic silica (BSi) and corresponding BSi:POC molar ratio. Fraction of total empty diatoms, diversity
(Shannon's H′) and evenness (Pielou's J′) indexes and contribution of each vector to measured carbon fluxes.

Site Annual flux (mmol m�2 or g m �2) BSi:POC raw (mol:
mol)

Empty diatom (%) H′ J′ Contribution to measured POC fluxes (%)

POC raw POC interpolated BSi raw BSi interpolated Diatom resting spores Other diatoms

P2 26.4
0.32

35.8
0.46

38.6
2.59

55.2
3.71

1.5 91.1 1.97 0.59 0 1.9

P3 40.6
0.49

43.3
0.52

45.5
3.06

46.4
3.12

1.1 51.5 1.70 0.48 41.7 3.9
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(Fig. 4b, f, g, and l). However, their relative contribution to an-
nual diatom export was much lower (o3%). Some species were
observed in both spring and summer such as F. kerguelensis, T.
nitzschioides, F. separanda/rhombica, Pseudo-nitzschia spp., T.
gracilis, and T. lentiginosa (Fig. 4c, d, e, i, j and k). Conversely,
other species were observed primarily in summer such as CRS,
E. antarctica var. antarctica, Navicula sp. and TRS (Fig. 4b, f, g,
and l).

At P3 approximately half (51.5%) of the diatoms were exported
as empty cells when integrated over the deployment period, lower
than the corresponding value at P2 (91%). The diatom assemblage

of full cells at P3 was dominated by CRS (87.9%, Table 3). Empty
cells were mostly represented by F. kerguelensis (55.6%), followed
by T. nitzschioides (15.9%) and F. separanda/rhombica (5%) (Table 3).
Only CRS were exported with an empty:full ratioo1, although E.
antarctica var. antarctica also showed a comparatively low empty:
full ratios (1.8). F. kerguelensis was exported with an empty:full
ratio of 10.6, a value similar to the one observed at P2 (Table 3).

At P2, diatoms comprised a minor contribution to measured
POC fluxes (1.9%, Table 2). Conversely, diatoms represented 41.7%
of measured POC fluxes at P3 with CRS alone accounting for 38.6%
of POC flux integrated over the deployment period. At both sites

Fig. 3. Diatom fluxes at P2. Empty (white bars) and full (grey bars) diatom fluxes (left axis) for (a) the total diatom community and (b-h) the diatom species/groups
contributing to 41% of the annual diatom flux. The relative contribution of each diatom species/group (emptyþfull) to the total diatom assemblage is shown as red dots
(right axis). The number in brackets is the relative contribution to the total diatom flux integrated over the deployment period and includes full and empty cells. Asterisks
denote missing cups.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 3
Contribution of each diatom species/group to the annual full, empty, and total diatom flux integrated over the entire record for each sediment trap. Values higher than 5% are
highlighted in bold. Total integrated empty:full ratio. Carbon content used to calculate diatom contribution to carbon export.

Species/group P2 P3 C content (pgC cell�1)

Annual contribution (%) Empty:full Annual contribution (%) Empty:full

Full Empty Total Full Empty Total

Asteromphalus hookeri 0 0.4 0.4 0 0.3 0.2 1900a

Ehrenberg
Asteromphalus hyalinus 0 0.6 0.6 0 0.5 0.2 365a

Karsten
Asteromphalus parvulus 0 0.1 0.1 0 0.1 0.1 365a

Karsten
Chaetoceros atlanticus 0 0.9 0.8 0 0 0 217b

Cleve
Chaetoceros bulbosus 0 0.2 0.1 0 0 0 222a

(Ehrenberg) Heiden
Chaetoceros dichaeta 0 0.5 0.5 0 0.1 0 303b

Ehrenberg
Chaetoceros Hyalochaete (spore) group 0 0 0 87.9 0.1 42.7 0.0 240c

Chaetoceros peruvianus 0 0 0 0 o0.1 o0.1 356b

Brightwell
Corethron inerme 0 0.9 0.8 0 1.6 0.8 1097a

Karsten
Corethron pennatum 0 1.0 0.9 0 0.6 0.3 1097a

(Grunow) Ostenfeld
Coscinodiscus group 0 0 0 0 o0.1 o0.1 244a

Dactyliosolen antarcticus 0 1.1 1.0 0 0.4 0.2 700a

Castracane
Eucampia antarctica var. antarctica 1.9 0.2 0.3 1.0 1.5 2.6 2.1 1.8 416a

(Castracane) Mangin
Fragilariopsis kerguelensis 42.4 46.0 45.7 11.2 5.6 55.6 31.4 10.6 158a

(O’Meara) Hustedt
Fragilariopsis separanda/rhombica (group) 30.7 14.2 15.6 4.7 0.2 5.0 2.6 30.3 128a

Guinardia cylindrus 0 0 0 0 o0.1 o0.1 495a

(Cleve) Hasle
Membraneis group 0 0.4 0.4 0 0.3 0.2 3225a

Navicula sp. 2.7 0.2 0.4 0.8 0.8 2.8 1.8 3.5 126a

Odontella weissflogii 0 0.3 0.3 0 0.9 0.5 1939a

(Grunow) Grunow
Pleurosigma group 0 0.5 0.5 0 0.8 0.4 469a

Proboscia alata 0 0.6 0.6 0 0.1 0.1 3686a

(Brightwell) Sundström
Proboscia inermis 0 0.8 0.7 0 0.1 0.1 2898a

(Castracane) Jordan & Ligowski
Proboscia truncata 0 0 0 0 o0.1 o0.1 2898a

(Karsten) Nöthig & Ligowski
Pseudo-nitzschia spp. group 18.2 5.4 6.6 3.1 0.7 2.4 1.6 3.7 127a

Rhizosolenia antenata f. semispina 0 0.4 0.4 0 0.2 0.1 1382a

Sundström
Rhizosolenia chunii 0 0.7 0.6 0 0.1 0.1 1382a

Karsten
Rhizosolenia simplex 0 0.4 0.3 0 0 0 1382a

Karsten
Rhizosolenia styliformis 0 0 0 0 0.1 0.1 1382a

Brightwell
Thalassionema nitzschioides 3.0 4.5 4.4 15.4 1.4 15.9 8.9 11.8 30a

(Grunow) Mereschkowsky
Thalassiosira antarctica (spore) 0 0 0 1.7 0.4 1.0 1018b

Thalassiosira gracilis 1.3 9.6 8.9 78.9 0 2.5 1.3 122.4 93a

Karsten Hustedt
Thalassiosira lentiginosa 0 7.9 7.2 0.1 2.0 1.1 20.0 3119a

(Janisch) Fryxell
Thalassiosira tumida 0 0 0 0 0 0 379a

(Janisch) Hasle
Thalassiotrix antarctica 0 0.7 0.6 0 0.6 0.3 3556a

Schimper
Small centric (o20 mm) group 0 0.7 0.6 0.1 3.2 1.7 59.0 93a

Large centric (420 mm) group 0 0.7 0.7 0 0.4 0.2 10.4 365a

a Species-specific biomass taken from Cornet-Barthaux et al. (2007).
b Individuals were measured in the sediment trap samples. Biovolume was calculated from Hillebrand et al. (1999) and carbon:volume relationship from Menden-Deuer

and Lessard (2000) was applied.
c Individuals were measured in the sediment trap samples. Biovolume was calculated from Hillebrand et al. (1999) and carbon:volume relationship from Kuwata et al.

(1993) was applied.
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diatom vegetative stages accounted for a low proportion of POC
flux, amounting to 3.9% at P3 and 1.9% at P2 (Table 2).

3.3. Change in diatom assemblages through the water column

At P3, the mean summer mixed layer diatom assemblages
(Korb et al., 2008) are dominated by F. kerguelensis (30%), followed
by Pseudo-nitzschia (20%) and C. Hyalochaete vegetative stage (10%,
Fig. 5). Between the mixed layer and the sediment trap depth
(2000 m) there are notable decreases in the contribution of
Pseudo-nitzschia (20–2%), Thalassiothrix antarctica (10–1%) and E.
antarctica (8–2.5%). Conversely, F. kerguelensis relative abundance
is similar between the mixed layer and the sediment trap depth
(30%), while the contribution of C. Hyalochaete increases (11–42%)
and is present as resting spores in the trap samples. In surface
sediments (Allen et al., 2005), CRS represents 80% of the diatom
assemblage, followed by F. kerguelensis (10%) and TRS (3%).

Fig. 4. Diatom fluxes at P3. Empty (white bars) and full (grey bars) diatoms fluxes for (a) the total diatom community and (b-l) the diatom species/groups contributing to
more than 1% of the annual diatom flux. The relative contribution of each diatom species/group (emptyþfull) to the total diatom assemblage is shown as red dots (right axis).
The number in brackets is the relative contribution to the total diatom flux integrated over the deployment period and includes full and empty cells. Asterisks denote missing
cups. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Evolution of diatom assemblages with depth at P3. Mixed layer data from
Korb et al. (2008) are summer averages from February 2002, 2003 and January
2005. Chaetoceros Hyalochaete is present as vegetative stage in the mixed layer and
as resting spore (CRS: Chaetoceros Hyalochaete resting spore) in the sediment trap
and surface sediment (Allen et al., 2005) assemblages.
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4. Discussion

4.1. Magnitude of particle fluxes

POC export at station P3 is higher than that observed at station
P2 (40.6 mmol m�2 yr�1 vs. 26.4 mmol m�2 yr�1). The omission
of flux data from sample cups lost during recovery introduces
some uncertainty in equating the integrated POC fluxes to annual
values. If the missing values are estimated by linear interpolation
(affecting the mean value of two windowing samples to the
missing sample) resulting POC export is still higher at P3 and the
annual BSi:POC ratio remains similar (Table 2). The missing sam-
ples are from a period of low background flux with no notable
surface chlorophyll a features (Fig. 2). Consequently we decided
not to include the linear interpolation of missing samples and
present integrated fluxes of chemical and biological constituents
as a conservative approximation of annual flux.

At P3, the sediment trap deployment location is positioned in
the center of a cyclonic circulation feature originating from the
northern South Georgia shelf (Meredith et al., 2003). The area
downstream of South Georgia is fertilized by continuous benthic
iron supply from the South Georgia shelf system, resulting in
higher dissolved iron concentration when compared to the waters
upstream of the island (0.3 nM versus o0.05 nM in spring,
Nielsdóttir et al., 2012). This natural iron fertilization mechanism
has been suggested to support the large and recurrent phyto-
plankton blooms observed downstream of South Georgia (Fig. 1,
Ward et al., 2002; Borrione and Schlitzer, 2013). The regional dif-
ferences we report in deep-ocean POC fluxes at P2 and P3 are
therefore consistent with the varying levels of chlorophyll a bio-
mass observed around South Georgia resulting from differences in
iron supply.

Deep-ocean POC fluxes at the productive P3 site lag the strong
surface chlorophyll a peak (6 mg L�1) by one month and exhibit no
notable peaks in the time preceding surface biomass maxima.
Time lags of 1–2 month between production and export have been
observed previously in the Southern Ocean (Honjo et al., 2000;
Buesseler et al., 2001; Rigual-Hernández et al., 2015a,b). During a
shallow sediment trap deployment (289 m) over the central Ker-
guelen Plateau (Rembauville et al., 2015b), CRS also dominated
carbon export and was exported one month after the surface
chlorophyll a peak, a pattern very similar to what we observe at P3
despite a much deeper sediment trap depth (2000 m). Highest BSi:
POC ratio was observed in spring (September/October) at both
sites. Very similar patterns in export stoichiometry have been
observed in other naturally fertilized area of the Southern Ocean
and were attributed to changes in the diatom community struc-
ture across the season (Rembauville et al., 2015a; Salter et al.,
2012).

There are no comparable peaks in either surface biomass
(o2 mg L�1 throughout the year) or deep ocean POC flux at station
P2 upstream of South Georgia. Despite strong differences in sur-
face phytoplankton biomass, primarily mediated by iron supply
(Nielsdóttir et al., 2012; Borrione and Schlitzer, 2013), the amount
of POC reaching the deep-ocean differs by a factor of o2 between
the two sites. This is consistent with a scenario of enhanced car-
bon remineralization downstream of South Georgia (Cavan et al.,
2015; Le Moigne et al., 2016). The annual POC fluxes observed at
South Georgia are remarkably similar (o100 mmol m�2 yr�1) to
those measured at other naturally iron-fertilized sites in the
Southern Ocean (Salter et al., 2012; Rembauville et al., 2015b).
These fluxes are also comparable to the ones recorded during
annual deployments of deep sediment traps in other non-fertilized
areas of the Permanently Open Ocean Zone (POOZ,
33 mmol m�2 y�1 at 2200 m, Fischer et al., 2002;
35 mmol m�2 y�1 at 1300 m, Tesi et al., 2012; 102 mmol m�2 y�1

at 2000 m, Rigual-Hernández et al., 2015a,b ; 180 mmol m�2 y�1

at 1031 m, Honjo et al., 2000). The homogeneity of the deep ocean
POC fluxes, despite contrasted surface primary production, high-
lights the inverse relationship between primary production and
export efficiency in the Southern Ocean (Maiti et al., 2013).

4.2. Seasonality of diatom fluxes

The majority of studies examining diatom export fluxes in the
Southern Ocean have used a micropaleontological technique, ori-
ginally developed for sediment samples (Funkhouser and Evitt,
1959). To remove organic and detrital material the micro-
paleontological technique includes a chemical oxidation step to
“clean” and isolate the diatom frustules. This treatment separates
all frustules into single valves and may selectively damage and
dissolve the frustules of certain species. Furthermore, the micro-
paleontological technique generally considers broken frustules
(Schrader and Gersonde, 1978). In the present study a direct ob-
servation of samples was favoured to meet the objective of dis-
tinguishing full and empty frustules (e.g. Armand et al., 2008;
Assmy et al., 2013; Rembauville et al., 2015a) in order to calculate
the relative contribution of different diatom species to total POC
flux. The two techniques are likely to give slightly different results
(Abrantes et al., 2005; Rembauville et al., 2015a) and therefore the
comparison of diatom flux data between studies must take into
account these different analytical approaches.

Despite the methodological considerations described above, a
comparison of diatom export fluxes from different oceanographic
zones reveals quite consistent patterns. The highest total diatom
flux at P2 equals 1.4�107 valves m�2 d�1 (frustules converted to
valves with a factor 2), similar to previous findings in low pro-
ductivity waters of the POOZ (�107 valves m�2 d�1, Abelmann
and Gersonde, 1991; Grigorov et al., 2014). At P3, highest total
diatom flux is one order of magnitude higher with
1.2�108 valves m�2 d�1. This flux is comparable to the
2.4�108 valves m�2 d�1 found in a shallower (289 m) sediment
trap at the central Kerguelen Plateau (station A3, Rembauville
et al., 2015a), and a deep sediment trap (2000 m) also located in
the POOZ (4�108 valves m�2 d�1, Rigual-Hernández et al., 2015a,
b). Despite the high primary production levels at these naturally-
fertilized sites (P3 and A3), diatom valve fluxes remain lower than
those reported in the Seasonal Ice Zone (SIZ) with fluxes of
�109 valves m�2 d�1 (Suzuki et al., 2001; Pilskaln et al., 2004).
These massive diatom export fluxes in the SIZ are attributed to
changes in light availability and melt waters input during sea ice
retreat that favors production and export of POC by diatoms
(Smith and Nelson, 1986; Annett et al., 2009; Romero and Armand,
2010). In addition to iron supply, silicic acid availability also plays
an important role in diatom productivity (Mengelt et al., 2001;
Poulton et al., 2007). Lower diatom fluxes of
2.5�107 valves m�2 d�1 were observed (Salter et al., 2012) in the
iron-fertilized productive waters downstream of Crozet (Polar
Frontal Zone, PFZ) and may be explained by the lower silicic acid
concentration and higher temperature north of the Polar Front
(Pondaven et al., 2000; Whitehouse et al., 2012).

The similarity of diatom export assemblages observed in sedi-
ment traps is in stark contrast with the observed differences in
surface waters assemblages. In the surface lightly silicified species
(e.g. Chaetoceros Hyalochaete, Pseudo-nitzschia spp.) are dominant
upstream of South Georgia, compared to more robust and highly
silicified species (Corethron pennatum, Thalassiothrix antarctica,
Eucampia antarctica var. antarctica) downstream (Korb et al., 2010,
2012). In the sediment traps, with the notable exception of resting
spores and neritic species (Chaetoceros Hyalochaete, E. antarctica
var. antarctica and Navicula sp.), the diatom species export as-
semblage is comparable at both sites. The slightly lower evenness
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at P3 (Table 2) reflects the dominant contribution of CRS to the
total diatom flux. Fragilariopsis kerguelensis, Pseudo-nitzschia spp.,
Thalassiosira gracilis, Thalassiosira lentiginosa and Thalassionema
nitzschioides are abundant at both sites (Table 3). All of these
species (with the exception of Pseudo-nitzschia spp.) are con-
sidered to have robust and highly silicified frustules. Preferential
grazing pressure on lightly-silicified species in the upper ocean
(e.g. Smetacek et al., 2004; Assmy et al., 2013) and mesopelagic BSi
dissolution (Nelson et al., 1995; Ragueneau et al., 2000, 2006) may
explain the dominance of highly-silicified species to bathypelagic
diatom flux assemblages. Additionally, horizontal advection could
homogenize variability in the surface signal (Siegel and Deuser,
1997; van Sebille et al., 2015). The absence of Chaetoceros Hya-
lochaete vegetative stages from the sediment trap record at both
sites despite its presence in the mixed layer in summer (Korb et al.,
2010, 2008) could be explained by the preferential dissolution of
the weakly silicified vegetative frustules and/or conversion into
resting spore below the mixed layer at P3 (Rynearson et al., 2013).

4.3. Si:C export stoichiometry

It has been suggested previously that diatom species-specific
sensitivity to grazing pressure and the presence of certain life cycle
stages can impact the Si:C export stoichiometry through the dif-
ferential export of full or empty cells (Smetacek et al., 2004; Salter
et al., 2012; Assmy et al., 2013). In the South Georgia trap samples
resting spores were almost exclusively exported as full cells. Cul-
ture experiments suggest CRS are poorly grazed by copepods, and
may even lower the grazing rate (Kuwata and Tsuda, 2005), po-
tentially contributing to their export from the mixed layer as full
cells. Navicula sp., E. antarctica var. antarctica and Pseudo-nitzschia
spp. were exported with relatively low empty:full of o5, in good
agreement with previous findings from the Kerguelen Plateau
(Rembauville et al., 2015a). These species were also associated
with highest POC fluxes in the PFZ in the Australian sector of the
Southern Ocean (Rigual-Hernández et al., 2015a,b), highlighting
their potential role in carbon export.

With the exception of the resting spore export event at the end
of summer, the dominance of empty F. kerguelensis in spring, au-
tumn and winter at South Georgia and Kerguelen confirms its key
role in the silicon pump (Smetacek et al., 2004; Salter et al., 2012;
Assmy et al., 2013). The seasonal evolution of the BSi:POC ratio is
similar at P2 and P3 (except in summer) and reflects comparable
diatom community composition. However, the lower BSi:POC ratio
in summer at P3 can be attributed to the sinking of carbon-rich
diatom resting spores containing neutral lipids (Doucette and
Fryxell, 1983; Kuwata et al., 1993). These findings support an
emerging view (Salter et al., 2012; Rembauville et al., 2015a) that
the flux of carbon rich resting spores/stages are of particular im-
portance in setting the Si:C export stoichiometry characterizing
naturally-fertilized island systems in the Southern Ocean.

Certain species that were preferentially exported as full cells at
289 m at Kerguelen were only found as empty cells at both P2 and
P3 sites (Thalassiothrix antarctica, Chaetoceros dichaeta and Pro-
boscia inermis). These species are either very large (T. antarctica, P.
inermis), or exhibit spiny setae (C. dichaeta), which are thought to
confer some protection from grazing (Smetacek et al., 2004). Other
processes such as microbial degradation of the cellular content
during sinking (Grossart and Ploug, 2001; Twining et al., 2014)
might contribute to the high empty:full ratio observed for these
species in deeper samples. Alternatively, the more abundant krill
population at South Georgia (Atkinson et al., 2008), which is able
to feed on larger phytoplankton species (Granĺi et al., 1993), might
explain the higher empty:full ratio observed for these species
when compared to Kerguelen. These findings suggest that differ-
ences in upper trophic level ecosystem structure modulate the role

a particular diatom species plays in carbon and BSi flux, limiting
species-level generalizations between regions.

4.4. Resting spore formation and carbon transfer to the seafloor

Resting spores comprising bathypelagic (41500 m) flux
around South Georgia were present almost entirely as full cells and
accounted for 41.7% of the annual POC flux. Similar observations
were made at 289 m over the Kerguelen Plateau (Rembauville
et al., 2015a). These findings suggest that their importance as a
POC vector persists throughout the water column. To examine
changes in the occurrence of CRS as a function of depth upstream
of South Georgia we combined our sediment trap dataset with
mixed layer (Korb et al., 2008) and sediment (Allen et al., 2005)
assemblage data (Fig. 5). We make these comparisons cautiously
for several reasons: (i) mixed layer data are from January and
February, averaged over three years (Korb et al., 2008), and are
unlikely to represent seasonal integrals of diatom communities,
(ii) surface sediments integrate over several years, averaging any
inter-annual variability, and (iii) different diatom counting tech-
niques were used. Given the considerations described above these
data comparisons should be considered only as a semi-quantita-
tive analysis of the relative importance of CRS at different depth
horizons. There is a significant increase in the proportion of
Chaetoceros Hyalochaete from the mixed layer to sediment (10–
80%). Chaetoceros Hyalochaete species were only observed as ve-
getative stages in the mixed layer and resting spores below
1500 m. This could be due to either (i) resting spore formation had
not occurred at the time of the sampling in the Korb et al. (2008,
2010) studies or (ii) resting spore formation occurs below the
mixed layer (e.g. Rynearson et al., 2013). The increase in CRS
through the mesopelagic and into the sediments supports a sce-
nario whereby they become increasingly important vectors of
carbon through selective preservation of their robust frustules.

Considering the significance of resting spores as a deep-ocean
carbon vector upstream of South Georgia, it is of interest to assess
the factors triggering spore formation. Numerous experimental
studies have demonstrated the role of macronutrient and trace
metal limitation for resting spore formation in diatoms in la-
boratory experiments (Garrison, 1981; Sanders and Cibik, 1985;
Kuwata et al., 1993; Oku and Kamatani, 1997, Sugie et al., 2010).
Chaetoceros Hyalochaete vegetative stages were observed in the
summer upstream and downstream of South Georgia (Korb et al.,
2010, 2008), although only present in export assemblages down-
stream. A difference in nutrient utilization at the two sites could
explain the difference level of resting spore formation. It is gen-
erally reported that nitrogen limitation is the most important
factor driving resting spore formation (McQuoid and Hobson,
1996, Sugie et al., 2008), although these observations were only
made for low latitude diatom populations where nitrate is sea-
sonally depleted. In the Southern Ocean, and more specifically
south of the Polar Front, nitrate concentration is always
420 mmol L�1 in summer, even in very productive areas (Niels-
dóttir et al., 2012; Whitehouse et al., 2012; Blain et al., 2015). It
therefore seems unlikely that nitrate limitation can explain the
regional differences in resting spore formation.

Downstream of South Georgia, silicic acid drawdown over the
summer ranges between 20 and 35 mmol L�1 and summer mixed
layer values are o5 mmol L�1 (Whitehouse et al., 2000; Nielsdóttir
et al., 2012; Whitehouse et al., 2012; Borrione and Schlitzer, 2013).
In contrast, upstream of South Georgia mixed layer concentrations
remain at �20 mmol L�1 upstream (Korb et al., 2008; Nielsdóttir
et al., 2012) despite substantial silicic acid utilization. The P3 site is
also characterized by low dissolved iron concentration in the
mixed layer in spring (0.06–0.07 nmol L�1) compared to waters
below the thermocline (0.25–0.43 nmol L�1 at 1000 m)
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(Nielsdóttir et al., 2012) suggesting a scenario whereby a formerly
iron-replete community moves into limitation. The limitation by
silicic acid and iron in summer has already been observed in two
other naturally-fertilized systems of the Southern Ocean where
resting spore formation is an important process for the export of
carbon out of the mixed layer: the Crozet Plateau (Salter et al.,
2012) and the Kerguelen Plateau (Rembauville et al., 2015a). These
data suggest that iron and/or silicic acid limitation in summer
might trigger resting spore formation in high latitude diatoms
species, although this hypothesis requires further investigations.

4.5. Possible limitations of the present dataset

Partitioning carbon export across diatom species vectors is
dependent on carbon:volume relationships (e.g. Rynearson et al.,
2013), which can exhibit variability among species (Menden-
Deuer and Lessard, 2000) and life cycle stages (Kuwata et al.,
1993). In the present study we tried to minimize this artifact by
using species-specific relationships and where necessary distinct
values for vegetative and resting stages (for Chaetoceros Hya-
lochaete and Thalassiosira antarctica). The variability of the biovo-
lume among individuals of a given species and the uncertainty on
the carbon:volume relationship result in a coefficient of variation
for resting spore carbon content of 40%. This certainly affects the
precision of our estimates. However, it is unlikely to alter our main
conclusion that Chaetoceros Hyalochaete resting spores contribute
to a significant fraction of bathypelagic carbon fluxes downstream
of South Georgia.

The calculated diatom contribution to carbon export accounts
for o50% of the measured carbon flux at P3 and only 2% at P2.
This indicates that flux vectors not quantified here contribute
significantly to carbon export at both sites. Faecal pellets (Manno
et al., 2015) and/or other plankton groups (e.g. radiolarians Lam-
pitt et al., 2009) are likely to be important components of carbon
flux budgets. Nevertheless, we outline that the export of diatom
spores makes a significant contribution to POC export at P3. At this
same site, annual POC export in 2010 was �100 mmol m�2 y�1

(Manno et al., 2015), approximately two times higher than what
we report for the 2012. This highlight the need to address inter
annual variability of deep ocean POC fluxes (e.g. Salter et al., 2010;
Nodder et al., 2016) before robust conclusions can be drawn about
a particular system.

We associate the BSi:POC ratio with diatom community com-
position and empty:full cell ratio based on co-occurrence patterns.
An accurate partitioning of biogenic silica fluxes amongst diatom
species would require knowledge of the BSi content per frustule
for different species and these data are currently unavailable
(Jungandreas et al., 2012). Additionally, broken frustules and
debris, as well as other siliceous plankton (radiolarian, silico-
flagellates) were not quantified here and certainly contribute to
BSi fluxes (Supplementary Figure 1). However, despite the tech-
nical difficulties, partitioning elemental fluxes across species vec-
tors (e.g. Salter et al., 2014; Rembauville et al. 2016) is an im-
portant endeavor for establishing the links between biological
diversity and biogeochemical fluxes. However, despite the tech-
nical difficulties, partitioning elemental fluxes across species vec-
tors (e.g. Salter et al., 2014; Rembauville et al., 2016) is an im-
portant endeavor for establishing the links between biological
diversity and biogeochemical fluxes.

5. Conclusion

Diatom export fluxes over a complete seasonal cycle are now
available from the three major naturally iron-fertilized Southern
Ocean island systems: South Georgia (this study), Crozet (Salter

et al., 2012) and Kerguelen (Rembauville et al., 2015a). Despite
strong regional differences in bloom dynamics and sediment trap
deployment depths (289–3160 m), annual POC export is of the
same order of magnitude at each site (40–100 mmol m�2 d�1). A
similar mechanism of diatom resting spore formation and sub-
sequent export to depth is observed at all three sites. In the
naturally fertilized sites of South Georgia and Kerguelen, parti-
tioning carbon fluxes across diatom species indicates that 40–60%
of annual POC export beneath the mixed layer can be attributed to
resting spore-driven export. Furthermore, consistent seasonal
patterns of diatom export assemblages emerge from the compar-
ison of these systems that appear to exert significant control on Si:
C export stoichiometry. Silicon-rich fluxes consisting of empty
Fragilariopsis species (“silica sinkers”) are observed throughout the
year with highest relative abundance in winter and spring. Con-
versely, carbon-rich fluxes are observed in summer and contain
resting spores and other species exported with a high proportion
of full cells such as Eucampia antarctica var. antarctica, and Navi-
cula sp. (“carbon sinkers”). The selective preservation of the robust
resting spore frustules as a function of depth highlights the in-
creasing importance of resting spores as carbon vector into the
bathypelagic ocean and ultimately the sediments. They may thus
play a critical role in sequestering atmospheric CO2 from these
naturally iron fertilized systems over climatically relevant time-
scales. The exact environmental triggers for resting spore forma-
tion, and their subsequent export to depth, requires further
investigation.
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Figure 2.10: Supplementary Figure. Plate with light microscopy micrographs of some
diatoms found in the sediment traps. Upper left panel: examples of empty cells. a.
Chain of Corethron inerme, b. Corethron pennatum, c. Membraneis, d. Odontella
weissflogii, e. Fragilariopsis kerguelensis, f. Pseudo-nitzschia spp., g. Thalassionema
nitzschioides. Scale bars are 50µm. Upper right panel: examples of cells considered as
full due to the presence of plasts. h. Pseudo-nitzschia spp., i. F. kerguelensis. Scale bar
is 50 µm. Lower left panel: examples of resting spores. j. Chaetoceros Hyalochaete resting
spores. The multiple morphologies suggest different species at the origin of the spore. k.
Thalassiosira antarctica resting spores. Scale bar is 10µm. Lower right panel: examples
of particles not quantified in this study. l. Frustule debris, m. centric diatom girdle band
(broken) and Dactyliosolen antarcitucs girdle band, n. frustule debris probably belonging
to Pleurosigma, o. Dinoflagellate theca belonging to the Dinophysiaceae family. Scale
bar is 50µm.
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125 3. Plankton diversity and particulate matter stoichiometry

3.1 Summer microplankton community structure in

the Indian Sector of the Southern Ocean (article

5)

Previous articles 1-4 mainly focussed on the importance of diatom life strategies for

the intensity of particulate organic carbon (POC) and biogenic silicon (BSi) export, but

nitrogen and phosphorous stoichiometry was poorly considered. A compilation of par-

ticulate carbon, nitrogen (PON) and phosphorous (POP) at global scale showed strong

latitudinal patterns in particulate stoichiometry likely to reflect the imprint of different

plankton communities (Martiny et al., 2013b,a). This study revealed the scarcity of data

on particulate stoichiometry in the Southern Ocean, and emphasized the compelling need

to couple the description of the plankton community together with the particulate matter

stoichiometry to be able to explain the observed geographical patterns. Additionally, the

sediment trap studies suggested an uncoupling of plankton communities and BSi:POC

stoichoimetry between the mixed layer and the upper mesopelagic ocean. Sediment trap

records themselves do not allow to identify where the uncoupling occurs in the water col-

umn, nor the reasons for this uncoupling. The OISO23 cruise (January-February 2014)

was the opportunity to document the relationship between microplankton community

structure and particulate matter C, N, P, and Si stoichiometry in a diversity of hydrolog-

ical conditions around the Crozet and Kerguelen island plateaus.

In summer, the diatom versus dinoflagellate dominance of the micropankton com-

munity exerts a first order control on the PON:POP ratio. In the Antarctic zone, an

important part of the chlorophyll a (Chl) is located below the euphotic and mixed layer.

Elevated Chl:POC ratios in the transiton layer (density gradient below the mixed layer)

suggests photoacclimatation of a diatom community comparable in terms of structure to

the one of mixed layer. However, the fraction of empty diatom frustules shows an abrupt

increase within the transition layer with a predominance of Fragilariopsis kerguelensis. We

suggest Si and C decoupling occurs within the transition layer and results from intense

grazing on diatoms and a possible silicification sustained by strong diapycnal Si(OH)4

diffusive fluxes that alleviate silicon limitation in the mixed layer. Finally, one sample

from the upper mesopelagic ocean (250 m at the A3 station - location of the sediment

trap in articles 1 and 2) display a dominance of Chaetoceros Hyalochaete resting spore

to microplankton biomass, confirming its ability to exit the mixed layer and bypass the

grazing pressure within the transition layer.

All data collected and analysed by the author except chlorophyll a analyses performed

by C. Lo Monaco.
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Abstract

Microplankton community structure and particulate matter stoichiometry were investigated in a late

summer survey across the Subantarctic and Polar Front in the Indian sector of the Southern Ocean. Micro-

plankton community structure exerted a first order control on PON:POP stoichiometry with diatom-

dominated samples exhibiting much lower ratios (4–6) than dinoflagellate and ciliate-dominated samples

(10–21). A significant fraction of the total chlorophyll a (30–70%) was located beneath the euphotic zone

and mixed layer and sub-surface chlorophyll features were associated to transition layers. Although micro-

plankton community structure and biomass was similar between mixed and transition layers, the latter was

characterized by elevated Chl:POC ratios indicating photoacclimation of mixed layer communities. Empty

diatom frustules, in particular of Fragilariopsis kerguelensis and Pseudo-nitzschia, were found to accumulate in

the Antarctic Zone transition layer and were associated to elevated BSi:POC ratios. Furthermore, high Si(OH)4

diffusive fluxes (>1 mmol m2 d21) into the transition layer appeared likely to sustain silicification. We sug-

gest transition layers as key areas of C and Si decoupling through (1) physiological constraints on carbon and

silicon fixation (2) as active foraging sites for grazers that preferentially remineralize carbon. On the Kergue-

len Plateau, the dominant contribution of Chaetoceros Hyalochaete resting spores to microplankton biomass

resulted in a three-fold enhancement of POC concentration at 250 m, compared to other stations. These

findings further highlight the importance of diatom resting spores as a significant vector of carbon export

through the intense remineralization horizons characteristing Southern Ocean ecosystems.

The Southern Ocean connects the three major Ocean

basins and is important for heat and carbon exchange with

the atmosphere, representing a critical conduit by which

anthropogenic CO2 enters the ocean (Sabine et al. 2004;

Khatiwala et al. 2009). Modeling studies have suggested that

nutrients exiting the Southern Ocean, through the forma-

tion of mode water, may constrain primary production in

vast areas of the global Ocean (Sarmiento et al. 2004; Dutkie-

wicz et al. 2005). The efficiency and stoichiometry of surface

nutrient depletion by the biological pump in the Southern

Ocean can thus have major implications for global Ocean

productivity (Primeau et al. 2013). A large fraction of

present-day Southern Ocean surface waters are referred to as

“High-Nutrient, Low-Chlorophyll” areas (HNLC, Minas et al.

1986) where low trace-metal concentrations, in particular

iron, can limit primary production (de Baar et al. 1990; Mar-

tin 1990) and result in a weaker biological pump (e.g., Salter

et al. 2012). Regional trace metal inputs from shelf sedi-

ments and glacial melt-water can sustain large scale

(>100 km) and long lasting (several months) phytoplankton

blooms in proximity to island systems such as South Geor-

gia, Crozet and Kerguelen plateaus (Whitehouse et al. 2000;

Blain et al. 2001; Pollard et al. 2007).

Many studies of phytoplankton blooms in the Southern

Ocean usually focus on the euphotic zone and studies using

satellite data (e.g., Park et al. 2010; Borrione and Schlitzer

2013) are restricted to the surface. However, subsurface chlo-

rophyll maxima (SCM) deeper than the euphotic zone at the

base of the mixed layer are recurrent in late summer in the

HNLC waters of the Southern Ocean (Parslow et al. 2001,

Holm-Hansen and Hewes 2004; Holm-Hansen et al. 2005).

Sub-surface chlorophyll features were also observed over the

productive central Kerguelen Plateau in late summer

(February) with chlorophyll a concentrations>2.5 lg L21

(Uitz et al. 2009), suggesting that SCM are not strictly
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restricted to the HNLC waters. These sub-surface biomass fea-

tures are observed around 100 m and thus escape satellite

detection depth (�20 m in productive areas; Gordon and

McCluney 1975). This region of the water column, also

called the “transition layer,” is defined as the interface

between the stratified ocean interior and the highly turbu-

lent surface mixed layer (Johnston and Rudnick 2009).

Diatoms typically dominate spring/summer phytoplank-

ton blooms in the Southern Ocean (Korb and Whitehouse

2004; Armand et al. 2008; Qu�eguiner 2013), and the subsur-

face chlorophyll maximum is also characterized by a domi-

nance of diatom biomass (Kopczynska et al. 2001; Armand

et al. 2008; Gomi et al. 2010). Both studies from Armand

et al. (2008) and Gomi et al. (2010) described a similarity

between the mixed layer and deep diatom communities.

However, Kopczynska et al. (2001) reported a difference

between the mixed layer and the subsurface phytoplankton

diatom assemblage with a dominance of larger species in the

deeper samples. Additionally, high regional and interannual

variability of diatom assemblages in the SCM is reported

from two consecutive summer surveys in the Polar Frontal

Zone (PFZ) and the Seasonal Ice Zone in the Indian Sector of

the Southern Ocean (Gomi et al. 2010).

It has been proposed that the development of sub-surface

biomass features in the Southern Ocean is linked to iron

depletion in the mixed layer (Parslow et al. 2001). Under

these conditions, phytoplankton accumulates in temperature

minimum layers that are frequently associated to the pycno-

cline and/or nutricline (Holm-Hansen and Hewes 2004). The

similarity that is frequently observed between mixed layer

and the SCM diatom communities supports this hypothesis

(Armand et al. 2008; Gomi et al. 2010). It is presently

unclear, however, if the SCM phytoplankton communities

are predominantly senescent and/or poorly active (Parslow

et al. 2001; Armand et al. 2008) or productive communities

with low growth rates sustained by nutrient diffusion

through the pycnocline (Holm-Hansen and Hewes 2004;

Qu�eguiner 2013). Irrespective of photosynthetic production

levels, it has been suggested previously that the transition

layer could be an important foraging site for various micro-

and mesozooplanktonic grazers (Kopczynska et al. 2001;

Gomi et al. 2010). A coupled study of microplankton

assemblages and particulate matter stoichiometry is therefore

of particular importance to gain a better understanding of

SCM formation and their impact on carbon and biomineral

cycling through transition layers in the Southern Ocean.

Redfield (1958) first described the homogeneity of deep

water N and P stoichiometry and its coherence with plank-

ton stoichiometry and the resulting “Redfield-ratio” has

been a central tenet in modern oceanography. The quantity

of particulate matter data has increased substantially in

recent years and stoichiometric nutrient ratios are com-

monly observed to derivate from Redfield values. A recent

large scale data synthesis demonstrated that PON:POP ratios

are not homogeneous at a global scale and may reflect latitu-

dinal patterns related to plankton community composition

(Martiny et al. 2013). Diatoms, for example, are known to

have a lower N:P ratio than dinoflagellates or chlorophyceae

(Ho et al. 2003; Quigg et al. 2003; Sarthou et al. 2005).

There are alternative explanations for latitudinal trends in

particulate matter stoichiometry. The growth rate hypothesis

(Elser et al. 1996) suggests that among one phytoplankton

taxa, changes in physiological status affects the allocation of

nutrients to various macromolecular pools with different N:P

stoichiometry. For example, competitive equilibrium in

nutrient limiting conditions will lead to the synthesis of

N-rich proteins required for nutrient acquisition. During

exponential growth, there is an increased demand for the

synthesis of P-rich ribosomes which are required for cell

component synthesis. (Elser et al. 1996; Sterner and Elser

2002; Klausmeier et al. 2004). This general scheme might be

modulated by local availability of nutrients, and phytoplank-

ton for example have been reported to synthesize nonphos-

phorous lipids in oligotrophic, low P environments (Van

Mooy et al. 2009). Temperature has also been identified as a

factor strongly influencing the N:P ratios and Southern

Ocean diatoms contain more P-rich rRNA at low tempera-

tures (Toseland et al. 2013). These observations reinforce the

need of a joint description of plankton community structure

and stoichiometry to document how plankton biogeography

might impact Southern Ocean nutrient stoichiometry at

local scale (Weber and Deutsch 2010).

In this study, we report data acquired late summer in the

Subantarctic Zone (SAZ), the PFZ, and the Antarctic Zone

(AAZ) in the Indian Sector of the Southern Ocean. Our

objectives are (1) to assess whether patterns in sub-surface

chlorophyll features are linked to biomass accumulation at

physical interfaces, (2) to compare microplankton assemb-

lages between the mixed layer and transition layer and iden-

tify physiological changes and potential ecological processes

occurring within the transition layer, (3) investigate the sta-

tistical relationship between microplankton community

structure and particulate matter stoichiometry in contrasting

hydrological environments, and (4) to assess how biogeo-

chemical processes within the transition layer modulate the

intensity and stoichiometry of the particulate matter transfer

from the mixed layer to the mesopelagic ocean.

Material and procedures

OISO23 cruise and sampling strategy

The OISO23 cruise took place onboard the R/V Marion

Dufresne in the Indian sector of the Southern Ocean from

the 06 January 2014 to the 23 February 2014. The biogeo-

chemical study presented here is focused on 11 stations

located on a latitudinal transect in the SAZ, PFZ, and AAZ,

linking the two island systems of Crozet and Kerguelen

(Fig. 1; Table 1). Conductivity-Temperature-Depth (CTD,
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Seabird SBE 911 plus) casts were performed at each station.

Samples for nutrients and chlorophyll a (Chl a) analyses

were taken at 20 fixed depths. Precise sampling depths for

particulate matter and microplankton abundance were cho-

sen at each station following a preliminary analysis of the

down-cast temperature, salinity, and fluorescence profiles.

Samples were taken in the mixed layer, in the strong den-

sity gradient beneath the mixed layer (transition layer) and

at a constant depth of 250 m. The last depth was chosen as

a reference depth located under the annual upper mixed

layer for this sector of the Southern Ocean (Park et al. 1998;

de Boyer Mont�egut et al. 2004).

Derived hydrological parameters

The turbulent diffusivity coefficient was computed with the

Thorpe scale method using the Shih et al. (2005) parameteriza-

tion as previously described in Park et al. (2014). The robustness

of the Thorpe scale calculation using this indirect method

depends on the level of CTD processing prior to the computa-

tion (Park et al. 2014). The diffusivity coefficient (Kz in m2 s21)

was calculated as follows:

Kz51:6 m1=2 Lt N1=2 (1)

where m is the cinematic viscosity of seawater (1.5–1.8 1026

m2 s21 for T 5 0–58C), Lt is the Thorpe scale (vertical density

Fig. 1. Location of the study in the Indian sector of the Southern Ocean and station map. Satellite-derived surface chlorophyll a (MODIS level 3 prod-
uct, 8 d composite) was averaged from 09 January 2013 to 10 February 2014. Arrows correspond to altimetry-derived geostrophic velocities (AVISO

MA-DT daily product) averaged over the same period. Grey lines represent the 500 m and 1000 m isobaths. SAF, Subantarctic Front; PF, Polar Front;
SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone; AAZ, Antarctic Zone. [Color figure can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]
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overturning scale, in m) and N is the Brunt-V€aisal€a buoyancy

frequency (s21) defined as:

N5 2
g

qe

3
dq
dz

� �1=2

(2)

where g is the gravitational acceleration (9.81 m s21), qe is a

constant reference density for seawater, q is the seawater den-

sity and z is the depth (m). Brunt-V€ais€al€a buoyancy frequency

was used to quantify the water column stability and the

strength of the physical interface associated with the transition

layer. Each Kz profile was averaged in 10 m bins. The Thorpe

scale method cannot resolve overturns smaller than 20 cm,

consequently Kz values<1025 m2 s21 were set to this minimal

value based on in situ measurements around the Kerguelen pla-

teau with a Turbo MAP profiler (Park et al. 2014).

The mixed layer depth (MLD) was calculated using a

0.02 kg m23 density-difference criterion relative to the den-

sity at 20 m (Park et al. 1998). The depth of the euphotic

layer (Ze, 1% of the surface irradiance, in m) was calculated

from the vertical profile of fluorescence-derived Chl a using

Morel and Berthon (1989) formulation:

Ze5568:2

ðz

0

chla dz

!-0:746
0
@ (3)

where chla is the Chl a concentration (mg m23) derived

from the calibrated CTD fluorometer (WET Labs ECO FL, see

below for calibration method). The calculation was per-

formed iteratively downward from the surface until z 5 Ze.

Biogeochemical analyses

Particulate matter: particulate organic carbon (POC),

nitrogen (PON), phosphorous (POP), biogenic silica (BSi)

and Chl a analysis

For POC and PON, 2 L of seawater were filtered on precalci-

nated (4508C, 24 h) 25 mm Whatman GF/F filters stored in pre-

calcinated glass vials and dried overnight at 608C. Filters were

decarbonated by fumigating pure HCl (Merck) during 10 h.

POC and PON were measured on a Perkin Elmer C,H,N 2400

autoanalyser calibrated with acetanelyde. Detection limits were

defined as the mean blank plus three times the standard devia-

tion of the blanks and were 0.17 lmol L21 and 0.04 lmol L21

for POC and PON, respectively. For POP, 500 mL of seawater

was filtered on precalcinated GF/F filters. POP was analyzed fol-

lowing a wet oxidation procedure (Pujo-Pay and Raimbault

1994). Extracts were filtered through two precalcinated GF/F fil-

ters prior to spectrophotometric analysis of PO32
4 on a Skalar

autoanalyser following the method of Aminot and Kerouel

(2007). The detection limit for POP was 0.01 lmol L21.

Table 1. Stations labels, date and locations and attributed hydrological zone. Mixed layer depth (MLD), depth of the euphotic layer
(Ze), depth of the fluorescence-derived chlorophyll maximum (Chlmax), and percentage of chlorophyll a located under the mixed
layer depth.

Station Date Location Zone MLD (m) Ze (m) Depth of Chlmax (m) % Chl under MLD

5 11 Jan 14 428300S

528290E

SAZ 35 35 20 39

6 12 Jan 14 448600S

528060E

PFZ 52 53 75 73

7 14 Jan 14 478400S

588000E

PFZ 59 58 46 54

8 16 Jan 14 488000S

608000E

PFZ 63 44 44 46

9 17 Jan 14 488300S

658010E

AAZ 70 42 77 58

10 19 Jan 14 508400S

688250E

AAZ 76 38 48 28

11 21 Jan 14 568300S

628590E

AAZ 71 66 61 65

A3 23 Jan 14 508380S

728050E

AAZ 78 37 50 53

12 06 Feb 14 468600S

72.018E

PFZ 56 58 70 69

13 06 Feb 14 44.608S

73.208E

SAZ 39 44 47 50

14 08 Feb 14 42.288S

74.548E

SAZ 38 49 50 70
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For BSi, 1 L of seawater was filtered on 25 mm nuclepore fil-

ter of 0.2 lm porosity. Filters were placed in cryotubes and

dried at 608C overnight. BSi was estimated by the triple NaOH/

HF extraction procedure allowing correction of lithogenic silica

(LSi, Ragueneau et al. 2005). Filters were digested two times

with 0.2 N NaOH at 958C during 45 min. At the end of both

extractions, aliquots were taken for silicic acid (Si(OH)4) and

aluminum (Al) concentration measurements. A third extrac-

tion was performed with 2.9 N HF over 48 h at ambient temper-

ature (�208C). Si(OH)4 was determined colorimetrically on a

Skalar autoanalyser following Aminot and Kerouel (2007) and

Al was determined fluorimetrically using the Lumogallion com-

plex (Howard et al. 1986). The detection limit for BSi was 0.02

lmol L21. The LSi correction was most important in the vicin-

ity of the plateaus (e.g., at A3, 250 m the LSi represented 17%

of the total particulate Si).

For Chl a analysis, 2 L of seawater were collected in opa-

que bottles, filtered onto GF/F filters and immediately placed

in cryotubes at 2808C. Pigments were extracted in 90% ace-

tone solution and analyzed using 24 fluorescence excitation

and emission wavelengths with a Hitachi F-4500 fluores-

cence spectrophotometer according to Neveux and Lantoine

(1993). These Chl a concentrations measured from niskin

bottles were used to calibrate the CTD fluorescence profiles

by linear regression (R2 5 0.8).

Dissolved nutrients analysis and calculation of diffusive

fluxes

For the analysis of major nutrients (NO2
3 , NO2

2 , Si(OH)4,

PO32
4 ), 20 mL of filtered (0.2 lm cellulose acetate filters) sea-

water was sampled into scintillation vials and poisoned with

100 lL of 100 mg L21 HgCl2. Nutrient concentrations were

determined colorimetrically on a Skalar autoanalyzer follow-

ing Aminot and Kerouel (2007). Nutrient gradients were cal-

culated at each sampling depth for particulate matter and

microplankton based on the three nutrient concentrations

(C) windowing this depth. Nutrient diffusive fluxes (Ndiff in

lmol m22 s21) in the transition layer were calculated as

follow:

Ndiff5Kz
dC

dz
(4)

Kz profiles are highly variable over short time scales (days

to hour), whereas nutrient gradients result from nutrient

consumption occurring at longer timescales (weeks to

month). To minimize the bias caused by short term Kz vari-

ability, nutrient diffusive fluxes were calculated using the

average Kz profile from the study region (Supporting Infor-

mation Fig. S1). A characteristic value of 4.5 3 1025 m2 s21

in the transition layer was derived from the mean Kz profile.

Microplankton abundance, identification and biomass

calculation

Seawater samples for microplankton identification and

enumeration were collected in 125 mL amber glass bottles

and immediately fixed with acid Lugol solution (1% final

concentration). Samples were maintained in the dark at

ambient temperature until counting (performed within 3

months after the sampling). Microplankton cells were enum-

erated from either a 50 mL (mixed layer and transition layer)

or 100 mL (250 m) subsample after settling for 24 h (dark) in

an Uterm€ohl counting chamber. Taxonomic identification

was performed under an inverted microscope (Olympus

IX71) with phase contrast at 3200 and 3400 magnification.

One half of the counting chamber (mixed layer and transi-

tion layer) or the entire surface (250 m samples) was used to

enumerate the microplankton. The total number of cells

counted was>200 except in sample 13 at 250 m. Ciliates

and tintinnids were enumerated but not classified into taxa.

Dinoflagellates were identified to the genus level, and dia-

toms were identified to species level when possible, follow-

ing the recommendations of Hasle and Syvertsen (1997). Full

and empty diatoms frustules were enumerated separately.

Half or broken frustules were not considered. Due to the pre-

served cell contents sometimes obscuring taxonomic features

on the valve face, taxonomic identification of diatoms to the

species level was occasionally difficult and necessitated the

categorizing of diatom species to genus or taxa as previously

described in Rembauville et al. (2015a). The microplankton

cell counts and empty diatom cell counts are provided in

Supporting Information Tables S2 and S3, respectively.

The composition of living diatom biomass was estimated

from the abundance of full cells using a species-specific car-

bon content for diatoms in the Indian sector of the Southern

Ocean (Cornet-Barthaux et al. 2007). For species absent from

this reference,>20 individuals were measured from micro-

scopic images using the imageJ software. Cell volume for the

appropriate shape was calculated following Hillebrand et al.

(1999) and carbon content was calculated using a diatom-

specific carbon:volume relationship (Menden-Deuer and Les-

sard 2000). The same procedure was used for dinoflagellates

and ciliates. For Chaetoceros Hyalochaete resting spores (CRS),

the carbon content for spores over the Kerguelen plateau cal-

culated in Rembauville et al. (2015a) was used. A complete

list of microplankton categories and their respective carbon

content is provided in Supporting Information Table S1.

Statistical analyses

To compare microplankton community structure between

samples, Bray-Curtis distance was calculated based on raw

microplankton abundances. Samples were clustered using

the unweighted pair group method with arithmetic mean

(UPGMA). To link microplankton community structure with

biogeochemical factors (particulate matter stoichiometry and

nutrient diffusive fluxes), a canonical correspondence analy-

sis (CCA) was performed (Legendre and Legendre 1998).

Prior to the CCA, microplankton abundances were sorted

into groups to facilitate the ecological interpretation of the

analysis. For example, a distinction is often made between
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small and large diatoms that are thought to occupy different

niches of nutrient and light availability, and have different

sensitivity to grazing in the Southern Ocean (Smetacek et al.

2004; Qu�eguiner 2013). “Large diatoms (>100 lm)” com-

prised the following genera: Corethron, Dactyliosolen, Membra-

neis, Pleurosigma, Proboscia, Rhizosolenia and Thalassiothrix.

“Small diatoms (<100 lm)” referred to the other diatom gen-

era. Armored dinoflagellates (Prorocentrum, Ceratium, Brachidi-

nium, Dinophysis, Oxytoxum, Podolampas, and Protoperidinium)

were differentiated from naked dinoflagellates (Gymnodinium

and Gyrodinium).

Results

Hydrological characteristics and nutrients diffusive flux

During the study (11 January to 08 February), the north

Crozet bloom had terminated and partly advected by meso-

scale features of the Subantarctic Front (SAF) associated with

strong geostrophic velocities (Fig. 1). Surface waters of the PFZ

displayed very low Chl a concentration (<0.3 lg L21) and the

bloom of the central Kerguelen plateau was also declining

(�0.8 lg L21). East of Kerguelen Island, on the northern flank

of the PF, a Chl a plume originating from coastal waters was

advected eastward as the PF merged with the SAF. A potential

temperature-salinity diagram (Fig. 2) was used to classify the

different stations into discrete hydrological zones, summar-

ized in Table 1. The SAZ displayed the highest surface temper-

atures (>108C, stations 5, 13, and 14). The PFZ exhibited a

clear decrease in surface salinity (<34, stations 6, 7, 8, and

12) and the AAZ was characterized by the presence of a tem-

perature minimum layer (�1.88C; stations 9, 10, 11, and A3).

The Si* (5 Si(OH)4 2 NO2
3 ) in intermediate and winter waters

was homogeneous (�0 lmol L21) at all stations. Therefore,

the Si* signature of surface waters was used as a tracer for

Si(OH)4 uptake relative to nitrate in the productive layer,

rather than differences in preformed nutrients. In the SAZ, Si*

was similar in surface water and intermediate waters (0 lmol

L21) whereas in the PFZ and the AAZ, Si* in surface waters

was strongly negative (<220 lmol L21).

At all stations, 30–70% of the vertically integrated Chl a

occurred deeper than the MLD (Table 2). However, only sta-

tions 6, 9, 12, 13, and 14 exhibited a maximum Chl a con-

centration deeper than the MLD. Brunt-V€ais€al€a frequencies

(N) were highest in the transition layer and ranged from 4.5

cycles h21 to 8.2 cycles h21, with high values associated

with frontal (e.g., station 13 close to SAF) or bathymetric

(station 6 near the Crozet plateau) structures. At stations

located close to the Kerguelen plateau (9, 10 and A3), Ze was

shallower than the MLD. Station 9 displayed a characteristic

subsurface chlorophyll maximum where Chl a shows a steep

increase under the MLD (70 m) and a gradual decrease in

the pycnocline down to 150 m (Fig. 3). Kz values peak at 9.5

3 1025 m2 s21 in the mixed layer but display a second maxi-

mum associated with the pycnocline, nutriclines, and

Fig. 2. Potential temperature/salinity diagram. (a) Colored points denote Si* (Si(OH)4 2 NO2
3 ) distribution. Circled labels refer to stations. The main

water masses identified are specified: SASW, Subantarctic Surface Water; SAMW, Subantarctic Mode Water; AAIW, Antarctic Intermediate Water;
AASW, Antarctic Surface Water; WW, Winter Water; CDW, Circumpolar Deep Water; AABW, Antarctic Bottom Water. (b) Detailed view for stations of

the PFZ and AAZ. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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elevated Chl a values of 1.1 lg L21. The gradient between

150 m and the mixed layer was much higher for Si(OH)4 (20

lmol L21 to<2 lmol L21) than for NO2
3 (27 lmol L21 to 23

lmol L21) and PO32
4 (2.2 lmol L21 to 1.5 lmol L21).

Nutrient gradients estimated for the three different layers

covered two order of magnitude and were generally larger

for Si(OH)4 (Table 2). Highest Si(OH)4 gradients (>200 lmol

m24) were observed in the transition layer in stations of the

AAZ close to the Kerguelen plateau (stations 9, 10, A3), lead-

ing to large Si(OH)4 diffusive fluxes (� 1 mmol m22 d21).

Highest NO2
3 gradients (�100 lmol m24) were found in the

transition layer of stations 5 and 6 close to the Crozet Island,

associated with the highest NO2
3 diffusive fluxes (>300 lmol

m22 d21). PO32
4 gradients were at least one order of magni-

tude lower (<10 lmol m24) than nitrate gradient, resulting

in negligible diffusive fluxes.

Particulate matter stocks and stoichiometry

POC concentrations generally decreased with depth with

highest values found in the mixed layer of the SAZ (>10

lmol L21), followed by the AAZ (4.4–9.1 lmol L21) and PFZ

(4.5–6.0 lmol L21, Table 2). The largest value of 18.6 lmol

L21 at station 5 corresponded to a biomass patch in a mean-

der of the SAF (Fig. 1). POC concentrations in the transition

Table 2. Sample code (M: mixed layer, T: transition layer, D: 250 m), sampling depth and concentrations of particulate organic
carbon (POC), nitrogen (PON), and phosphorous (POP). Nutrient diffusive flux was calculated using a Kz value of 4.5 3 1025 m2 s21

in the transition layer (see materials and methods).

Sample

Depth

(m)

Particulate stock

(lmol L21)
Chlorophyll

a (lg L21)

Nutrient gradient

(lmol m24)

Nutrient diffusive flux

(lmol m22 d21)
Brunt-V€ais€al€a

Frequency

(cycle h21)POC PON POP BSi Si(OH)4 NO2
3 PO32

4 Si(OH)4 NO2
3 PO32

4

5M 20 18.60 2.34 0.19 1.07 1.26 0 78 7 — — — 3.1

5T 57 3.30 0.47 0.06 0.25 0.20 46 94 1 178 367 6 4.8

5D 250 1.10 0.15 0.02 0.02 0.01 15 35 2 — — — 2.3

6M 30 6.00 0.93 0.09 0.17 0.50 0 20 1 — — — 2.7

6T 71 5.53 0.85 0.05 0.25 0.67 100 89 7 390 345 25 8.2

6D 250 1.48 0.18 0.02 0.19 0.02 133 37 2 — — — 2.5

7M 39 4.85 0.72 0.10 0.16 0.40 37 0 4 — — — 2.9

7T 74 2.66 0.41 0.02 0.20 0.41 108 61 2 419 236 8 6.5

7D 249 1.27 0.18 0.02 0.17 0.02 81 20 2 — — — 2.2

8M 32 4.56 0.64 0.08 0.10 0.73 18 0 5 — — — 1.9

8T 100 4.93 0.80 0.04 0.26 0.37 69 49 3 269 191 10 5.1

8D 250 1.29 0.13 0.02 0.18 0.02 107 15 2 — — — 2.8

9M 50 7.25 1.10 0.17 3.19 0.83 27 8 0 — — — 2.2

9T 110 5.01 0.73 0.09 4.35 1.04 241 22 4 935 86 16 6.9

9D 250 1.36 0.18 0.02 1.02 0.04 168 37 3 — — — 2.9

10M 49 7.79 1.09 0.15 4.91 1.00 12 0 1 — — — 2.1

10T 99 3.45 0.42 0.06 3.14 0.69 342 71 6 1328 274 24 5.8

10D 248 1.36 0.17 0.02 0.57 0.03 156 19 2 — — — 2.4

11M 49 4.14 0.59 0.15 1.84 0.51 25 31 2 — — — 2.7

11T 119 3.46 0.43 0.09 1.52 0.63 143 15 3 556 58 10 4.4

11D 250 0.97 0.10 0.02 0.53 0.03 163 22 1 — — — 2.1

12M 40 4.57 0.62 0.07 0.24 0.49 21 18 0 — — — 3.3

12T 70 2.96 0.41 0.06 0.29 0.55 64 35 4 250 135 15 6.5

12D 250 1.46 0.15 0.02 0.21 0.03 109 40 1 — — — 2.6

13M 21 10.60 1.52 0.13 0.28 0.73 0 0 0 — — — 3.4

13T 46 6.77 0.95 0.08 0.37 0.82 71 24 0 277 93 0 8.2

13D 251 1.90 0.25 0.04 0.09 0.02 14 27 1 — — — 2.1

14M 20 10.49 1.59 0.15 0.33 0.62 0 0 3 — — — 4.1

14T 55 6.81 1.04 0.10 0.65 0.94 64 34 2 251 133 7 6.3

14D 250 1.85 0.20 0.03 0.09 0.04 2 22 1 — — — 2.1

A3M 41 9.36 1.47 0.25 4.71 1.10 1 15 0 — — — 2.0

A3T 110 8.19 1.31 0.18 5.08 1.20 426 83 6 1655 322 22 6.1

A3D 250 3.39 0.54 0.06 1.50 0.21 142 19 3 — — — 2.3
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layer ranged from 2.7 lmol L21 to 8.2 lmol L21 with the

highest value observed over the Kerguelen plateau (Station

A3). At the reference depth of 250 m POC concentrations

were relatively uniform (1.4 6 0.3 lmol L21), although on

the Kerguelen plateau (Station A3) they were notably higher

(3.4 lmol L21).

Fig. 3. Example of vertical profiles for station 9. (a) Potential density anomaly (rh, black line), fluorescence-derived chlorophyll a (grey line) and tur-
bulent diffusion coefficient (Kz, black dashed line). (b) Vertical profile of nitrate (triangles), phosphate (circles) and silicate (square).

Fig. 4. Particulate matter stoichiometry. (a) POC:PON vs. BSi:POC. (b) PON:POP vs. BSi:POC. (c) Chl:POC vs. BSi:POC. Horizontal dashed line is the
mean BSi:POC ratio from Qu�eguiner and Brzezinski (2002) for the Polar Frontal Zone in the Indian sector of the Southern Ocean (0.47). Vertical

dashed line are the mean POC:PON and PON:POP ratios for the Southern Ocean from Martiny et al. (2013) (7.4 and 10.6, respectively).
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The highest Chl a concentration was observed in the

warm mixed layer of station 5 (1.26 lg L21). Stations in the

PFZ exhibited the lowest mixed layer Chl a concentrations

(0.40–0.50 lg L21), intermediate values were found in the

SAZ (0.60–0.90 lg L21) and highest values in the AAZ (�1 lg

L21). Unlike POC, Chl a values in the transition layer fre-

quently exceeded those in the mixed layer, with the largest

value of 1.20 lg L21 observed at the Kerguelen plateau sta-

tion A3. Similarly the largest 250 m Chl a concentration of

0.21 lg L21 was observed at station A3, compared to negligi-

ble values of<0.05 lg L21 at all other stations.

All the samples from the SAZ and PFZ displayed BSi:POC

ratios<0.2 (Fig. 4). Conversely, in the AAZ, BSi:POC values

were between 0.4 and 0.9 with highest values found in the

transition layers. POC:PON ratios generally displayed a typical

increase with depth with a notable exception at station A3

(Kerguelen plateau) where the POC:PON ratio was vertically

homogeneous (6.3). PON:POP ratios demonstrated more vari-

ability than POC:PON. In the AAZ, PON:POP mixed layer

ratios were between 4 and 8, increasing with depth. Mixed

layer values in the PFZ (stations 6–10) were slightly higher

than the AAZ (6–9), and SAZ samples were notably larger

with values>10. The highest values of 16–21 were found in

transition layer PFZ samples located between the Crozet and

Kerguelen Islands (stations 6, 7, and 8). Chl:POC ratio (g g21)

were generally highest in the transition layer and lowest in

250 m samples. The largest Chl:POC ratios of 0.016–0.018

were observed in the transition layer of the AAZ.

Microplankton abundance and distribution

The largest microplankton cell abundance (527 3 103 cell

L21) was observed in the mixed layer of station 5 and corre-

sponded to a community dominated (>90%) by Bacterias-

trum spp. (Table 3), constituting the external branch of the

dendrogram based on Bray-Curtis distance (Fig. 5). The low

biomass group A (<50 3 103 cell L21) contained the sub-

group C which represented mixed layer and transition layer

of PFZ stations 6 and 12 characterized by an equal propor-

tion of full diatoms (>100 lm), Prorocentrum and naked cili-

ates. Subgroup D contained all of the 250 m samples (except

A3) and transition layer samples from the PFZ stations 7 and

8, the latter characterized in decreasing order by empty dia-

toms (<100 lm), Prorocentrum and naked ciliates. Group B

(high abundance) contained three subgroups, E, F, and G.

Subgroup E represented the majority of surface and transi-

tion layer samples from the AAZ and was characterized by a

strict dominance of full diatoms (<100 lm). Subgroup F con-

stituted samples from the mixed and transition layer of SAZ

stations 13 and 14 with an assemblage of Prorocentrum and

full diatoms (<100 lm). Finally, subgroup G contained sam-

ples from the transition layer and deep layer at A3 domi-

nated by CRS and full diatoms (<100 lm). It is generally

stated that bottle sampling might under-sample large and

rare diatoms (Armand et al. 2008). Therefore our data might

underestimate the contribution of large diatoms to the total

microplankton assemblage.

The fraction of empty diatoms generally increased with

depth (up to 90% at 250 m in the PFZ), with the notable

exception of station A3 where it remained �20%. Fragilariop-

sis kerguelensis dominated (>60%) the empty diatoms in all

the samples of the AAZ and PFZ at any depth, with the

exception of station A3 (Fig. 6). Station 5 was mostly charac-

terized by empty Bacteriastrum spp. cells. In stations 13 and

14 (SAZ) the mixed layer empty diatom community was

dominated by Pseudo-nitzschia spp., Thalassiothrix antarctica

and Chaetoceros Hyalochaete (vegetative). Mixed layer sample

Fig. 5. Dendrogram of the hierarchical clustering (UPGMA agglomeration) based on the Bray-Curtis distance calculated on raw microplankton abun-
dances. Capital letters categorize the groups referred to in the text.
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at A3 contained in decreasing abundance empty cells of F.

kerguelensis, Pseudo-nitzschia spp., Eucampia antarctica var.

antarctica and Corethron spp. In the transition layer of sta-

tions 13 and 14 (SAZ), empty diatoms were dominated by C.

Hyalochaete (vegetative) and Pseudo-nitzschia spp. At A3,

empty diatoms in the transition layer were dominated by

Pseudo-nitzschia spp. (50%), followed by C. Hyalochaete (vege-

tative) and E. antarctica var. antarctica. Finally, empty Pseudo-

nitzschia (45%), C. Hyalochaete (vegetative, 18%) and F. ker-

guelensis (12%) were observed at 250 m at A3.

Microplankton POC partitioning

A highly significant linear correlation (Spearman, n 5 33,

q 5 0.88, p<0.01) was found between the measured POC

(Table 2) and the calculated total microplankton POC (POC-

micro, Table 3). The regression slope (0.7), and significant

intercept (�1 lmol L21), suggested that the microplankton

biomass calculation underestimated the total POC. At station

5, the mixed layer sample was dominated by Bacteriastrum

spp. (>60%, Fig. 7). At stations 6 to 8 (PFZ between Crozet

and Kerguelen), naked ciliates (>40%) and dinoflagellates

Fig. 6. Fraction of empty diatoms for (a) mixed layer samples, (b) transition layer samples, and (c) 250 m samples. Black dots represent the fraction of

total empty diatoms to the sum of full and empty diatom frustules. Patterned bars refer to the fraction of a diatom group as specified in the legend.
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were the main contributors to POCmicro at any depth. In the

mixed layer samples of stations 13 and 14 (SAZ) dinoflagel-

lates dominated (>50%) the POCmicro. In the AAZ, diatoms

dominated POCmicro at all stations, with a major contribu-

tion of the assemblage of large diatoms (>100 lm): Rhizosole-

nia spp., Corethron spp., T. antarctica, Membraneis and F.

kerguelensis (<100 lm). The same pattern of dominant taxa

was also observed in the transition layer of the AAZ. At sta-

tions 12, 13, and 14 (north of Kerguelen), dinoflagellates fol-

lowed by Membraneis and Pseudo-nitzschia spp. were the main

contributors to POCmicro. In the deep samples, POCmicro was

dominated by the contribution of dinoflagellates (mainly

Prorocentrum) and ciliate biomass with a noticeable exception

at station A3 with the presence of C. Hyalochaete resting

spores (>60% POCmicro).

Particulate matter signature and microplankton

assemblages

The first two axes of the CCA accounted for �88% of the

variability within the dataset (Fig. 8). Axis 1 opposed AAZ

and SAZ stations characterized by a dominance of diatoms

and high BSi:POC stoichiometry to the PFZ stations domi-

nated by dinoflagellates and ciliates and a high PON:POP

ratio. Axis 2 globally opposed surface samples with marked

Fig. 7. Microplankton POC partitioning for (a) mixed layer samples, (b) transition layer samples, and (c) 250 m samples. Patterned bars refer to the

contribution of a microplankton group as specified in the legend.
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NO2
3 and PO32

4 gradients associated with full diatoms (<100

lm) to the 250 m samples with a high POC:PON ratio associ-

ated with empty diatoms (<100 lm). Full diatoms (>100

lm) were projected close to the Chl:POC ratio and the AAZ

transition layer samples. Finally, empty diatoms (>100 lm)

were projected close to the Si(OH)4 gradient, the BSi:POC

ratio and the transition layer samples and deep samples of

the AAZ.

Discussion

Microplankton community and physiology

in the transition layer

During our study (January–February), the period of maxi-

mum productivity had already occurred (Supporting Infor-

mation animation). The North Crozet bloom ended and was

partly advected eastward in the SAF, and the central Kergue-

len plateau bloom was also in decline. Large and negative Si*

values in the PFZ and AAZ (Fig. 2) suggested intense Si(OH)4

utilization compared to nitrate utilization associated to

bloom features. This can result from a dominance of diatoms

in phytoplankton populations together with an increase in

Si:N uptake ratio in response to iron limitation (Hutchins

and Bruland 1998; Takeda 1998; Moore et al. 2007). Low

concentrations of Si(OH)4 (1.8 lmol L21; Mosseri et al. 2008)

and dissolved iron (�0.1 nmol L21
; Blain et al. 2008) over

the central Kerguelen plateau in summer suggest that both

elements may limit diatom growth in summer mixed layers.

The subsurface chlorophyll maximum is a recurrent fea-

ture in the oligotrophic ocean (Venrick et al. 1973; Letelier

et al. 2004; Mignot et al. 2014), the North Sea (Weston et al.

2005), and the Arctic (Martin et al. 2010). The SCM can be

associated with a phytoplankton biomass maximum (Martin

et al. 2010), or the two structures can be uncoupled, suggest-

ing that the vertical distribution of chlorophyll is strongly

determined by photoacclimation (Fennel and Boss 2003). In

the Southern Ocean, it has been proposed that the develop-

ment of sub-surface biomass features is linked to such nutri-

ent depletion, in particular iron in the mixed layer (Parslow

et al. 2001). Under these conditions, phytoplankton accumu-

lates in temperature minimum layers that are frequently

associated to the pycnocline and/or nutricline (Holm-Han-

sen and Hewes 2004). In this study, a large fraction of inte-

grated Chl a was observed below the mixed layer and the

euphotic layer in the SAZ, PFZ and AAZ in the vicinity of the

Crozet and Kerguelen plateaus. The transition layer consti-

tutes a physical interface of increased water column stability,

as diagnosed by maximum Brunt-V€ais€al€a frequencies (Table

2). However, although POC and POCmicro concentrations

were higher in the transition layer relative to the deep-

reference samples, they were notably lower than those of the

mixed layer (Tables 2, 3), not indicative of biomass accumu-

lation on this physical interface. Furthermore, examples of

significant sub-surface biomass accumulation in the South-

ern Ocean have been associated to divergent diatom com-

munities with an accumulation of larger diatoms at depth

(Kopczynska et al. 2001). In our regional survey, mixed layer

and transition layer diatom communities were similar, con-

sistent with more localised studies (Armand et al. 2008;

Gomi et al. 2010). The data presented above suggests that

subsurface chlorophyll features are not necessarily associated

with biomass accumulation in the Southern ocean and this

is consistent across a broad spatial scale.

In the PFZ and AAZ, the highest Chl:POC ratios were

observed in the transition layer and we suggest this is linked

to photoacclimation. It is known that Chl:POC ratios of phy-

toplankton can cover more than one order of magnitude

(0.003–0.055 g g21; Cloern et al. 1995) and due to photoaccli-

mation vary fourfold among single diatom species (Anning

et al. 2000). The CCA results highlight the association of high

Chl:POC ratios with full and large (>100 lm) diatom cells in

the transition layer of the AAZ. Southern Ocean diatoms have

developed an acclimation strategy to low light and iron levels

by increasing the amount of light-harvesting pigments on

photosynthetic units, rather than multiplying the number of

photosynthetic units (Strzepek et al. 2012).

It has been suggested previously that nutrient diffusion

through the pycnocline could sustain phytoplankton pro-

duction in a transition layer when mixed layer nutrient con-

centrations reach limiting levels (Holm-Hansen and Hewes

Fig. 8. Projection of samples, main microplankton groups and biogeo-

chemical factors (particulate matter stoichiometry and major nutrients
diffusive fluxes) on the first two axes of the canonical correspondence
analysis (CCA). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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2004; Johnston and Rudnick 2009; Qu�eguiner 2013). There

was no evidence of oxygen accumulation in the transition

layer (data not shown) suggesting minimal photosynthetic

production, although diffusion and heterotrophic respiration

may have dampened an already low signal. Unfortunately

no carbon fixation data is available to validate the hypothe-

sis of negligible photosynthetic rates below the euphotic

layer. However, production in the transition layer would

also require iron diffusion but ferriclines can be significantly

deeper than mixed layers and transition layers. On the Ker-

guelen plateau, although the transition layer occurs at

110 m, the ferricline is located at 175 m in summer (Blain

et al. 2008). This is a pattern generally applicable to the

Southern Ocean as a whole, where summer ferricline hori-

zons appear to be systematically deeper than MLDs (Taglia-

bue et al. 2014) and thus significant carbon fixation by

transition layer communities appears unlikely. Our data sug-

gests that sub-surface chlorophyll features can be attributed

to photoacclimatation of mixed layer communities within

the transition layer, rather than production and subsequent

biomass accumulation at this interface.

Late summer transition layers as a site for carbon

and silicon decoupling

We propose Southern Ocean transition layers as a key loca-

tion in the water column where carbon and silicon elemental

cycles are decoupled. A notable biogeochemical feature of late

summer transition layers in our study region is elevated BSi:-

POC ratios compared to mixed layer samples (Fig. 4). In con-

trast to the deep water-column (250 m), mixed layer and

transition layer diatom communities are quite similar. This

indicates that differences in diatom community structure,

(i.e., shifts to larger diatoms in sub-surface communities,

Kopczynska et al. 2001) does not act as a major control in

driving the patterns in BSi:POC ratios as a function of depth.

In contrast, the proportion of empty diatom frustules in the

transition layer is markedly increased compared to the mixed

layer (Fig. 6). Specifically, we observed an accumulation of

empty F. kerguelensis and Pseudo-nitzschia cells associated to

high BSi:POC ratios. Programmed cell death, viral lysis and

grazing pressure have all been proposed as mechanisms that

could lead to the accumulation of empty frustules (Assmy

et al. 2013). In this context, transition layers have been iden-

tified as grazing hotspots for micro- and meso-zooplankton

(Holm-Hansen and Hewes 2004; Gomi et al. 2010). A high

BSi:POC ratio is an inherent property to the iron-limited ACC

characterized by the dominance of heavily silicified diatoms

(Smetacek et al. 2004), our results suggest it might be

enhanced within the transition layer transitional layer due to

elevated heterotrophic activity and zooplankton grazing.

Additionally, transition layers in the SAZ and at A3 displayed

a low fraction of empty frustules and a high abundance of

large Corethron spp. or very large Thalassiothrix antarctica. The

large size of these diatom might confer them a resistance to

grazing (Smetacek et al. 2004), resulting in a low proportion

of empty frustules for these species.

In the AAZ, we observed high Si(OH)4 diffusive fluxes in

the transition layer, mainly driven by a strong Si(OH)4 gradi-

ent generated by the intense silicon utilization by diatoms

in surface waters in summer, and to a lesser extent by an

increased Kz within the transition layer. Carbon fixation

relies on iron-dependent photosynthesis whereas Si fixation

depends on energy from respiration (Martin-J�ez�equel et al.

2000) and may thus occur independent of light (Chisholm

et al. 1978; Martin-J�ez�equel et al. 2000). Silicification may be

sustained by vertical diffusion of Si(OH)4 (Table 2) and, even

at low levels, may partly contribute to the increase in BSi:-

POC ratios in AAZ transition layers. Consequently the transi-

tion layer may represent a location in the water column

where carbon and silicon fixation can become physiologi-

cally decoupled, although direct measurements of carbon

and silicon uptake (e.g., Closset et al. 2014) would be neces-

sary to confirm this hypothesis.

Regional patterns in microplankton diversity

and particulate matter stoichiometry

The hierarchical clustering and the CCA suggest strong

regional patterns in microplankton community structure rel-

ative to the frontal location and the depth. The dominance

of the sub-tropical diatom Bacteriastrum in the warm surface

water waters (158C) in the SAZ is likely to result from the

southward advection of a the Subtropical Front meander. In

general mixed layer communities in the SAZ and PFZ were

dominated by the dinoflagellate Prorocentrum, in terms of

both abundance and biomass. A major contribution of dino-

flagellates to late summer phytoplankton biomass was also

observed in the SAZ of the Crozet Basin (Kopczy�nska and

Fiala 2003), although flagellates and coccolithophorids domi-

nated the numerical assemblage (Fiala et al. 2004), consistent

with the regional pattern of coccolith sedimentation (Salter

et al. 2014). Poulton et al. (2007) reported that post-bloom

phytoplankton communities in the PFZ, North of the Crozet

plateau, were dominated by the nanoplanktonic Phaeocystis

antarctica, with a low contribution by the small diatom Tha-

lassionema nitzschioides. The low contribution of diatoms to

late summer biomass in the mixed layer of the SAZ and PFZ

is consistent with the commonly observed succession of dia-

toms to dinoflagellates from spring to summer (Margalef

1978; Barton et al. 2013). Ciliates significantly contributed

to phytoplankton biomass in the mixed layer of the PFZ,

indicative of nutrient limitation driving a switch towards a

more heterotrophic food-web as often observed at a global

scale (Margalef 1958; Landry and Calbet 2004) and during

artificial (Gall et al. 2001; Henjes et al. 2007) and natural

(Poulton et al. 2007) iron-fertilization studies in the South-

ern Ocean.

In contrast to the patterns described above, diatoms still

heavily dominated AAZ microplankton communities at the
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time of sampling (>80% abundance,>70% biomass), nota-

bly through the contribution of large diatoms such as Mem-

braneis, Corethron and Rhizosolenia. A dominance of the large

diatom Corethron pennatum to the total biomass was pre-

vioulsy reported in late summer in the AAZ south of Crozet

Islands (Poulton et al. 2007). In the AAZ west of South Geor-

gia, diatoms also dominate phytoplankton biomass in late

summer with a strong contribution of Pseudo-nitzschia, T.

antarctica, and E. antarctica var. antarctica (Korb and White-

house 2004; Korb et al. 2008, 2010). We observed a strong

contribution of the very large diatom Thalassiothrix antarctica

together with Corethron spp. to the total biomass at the cen-

tral Kerguelen plateau station A3. This is consistent with pre-

vious observations at the same station in summer during

KEOPS1, although in the latter E. antarctica dominated dia-

tom biomass (Armand et al. 2008). On the Kerguelen plateau

dinoflagellates contribution to biomass and abundance was

lower (mainly though the representation of the genera Gyro-

dinium and Prorocentrum) and similar to observations made

during KEOPS1 (>20% microplankton biomass; Sarthou

et al. 2008). Over the Kerguelen plateau, diapycnal iron dif-

fusive flux in summer (Blain et al. 2008; Chever et al. 2010)

might sustain diatom production and explain why the

microplankton community has not shifted to a dominance

of dinoflagellates and ciliates.

Regional patterns in PON:POP stoichiometry of particu-

late matter were strongly correlated with the distribution of

major microplankton groups across frontal zones and at dif-

ferent depth horizons. The CCA highlights the general asso-

ciation of elevated PON:POP ratios with dinoflagellates and

ciliates. Furthermore, PON:POP ratios were lowest in the

mixed layer of the AAZ (4–7) and transition layer of the AAZ

(5–8) where biomass is dominated by diatoms (>70%). In

culture, N:P ratios of �10 for the dinoflagellates Gymnodi-

nium dominans and Oxyrhhis marina and 10–15 for the ciliate

Euplotes have been reported (Golz et al. 2015). Under opti-

mal growth conditions O. marina exhibits high N:P ratios of

25 (Malzahn et al. 2010). Similarly several studies have

reported low N:P ratio from diatom cultures (<10; Ho et al.

2003; Quigg et al. 2003). During the EIFEX artificial-iron fer-

tilization experiment, F. kerguelensis was reported to grow

with an N:P ratio of 3–4 (Hoffmann et al. 2007). During

KEOPS2, N:P ratio of 6–15 was found in the high biomass

stations of the PFZ east of Kerguelen Islands (Lasbleiz et al.

2014). In agreement with these previous studies, our results

suggest that broad-scale shifts in microplankton community

composition in the Southern Ocean can modulate particu-

late matter stoichiometry and are consistent with the major

latitudinal trends observed globally (Martiny et al. 2013).

There are some notable subtleties to the general trends

presented above. SAZ mixed layer particles exhibit relatively

high PON:POP ratios (10–12) even if the community was

dominated by diatoms (e.g., Station 5;>75% Bacteriastrum

sp.). Resource allocation in Southern Ocean diatoms is

known to be highly sensitive to temperature with more P-

rich ribosomes being required for protein synthesis under

low temperature resulting in a lower N:P ratio (Toseland

et al. 2013). Mixed layer waters of the SAZ are notably

warmer (10–158C) than the AAZ (2–48C), which may result

in higher PON:POP ratio for diatom-dominated communities

of the SAZ compared to the AAZ. Iron-limitation is an addi-

tional plausible mechanism that may modulate PON:POP

ratios. Iron limitation decreases nitrate uptake (Price et al.

1994) and nitrate reductase activity (Timmermans et al.

1994), leading to lower N:P ratio in iron-limited diatom cul-

tures (Price 2005). Furthermore, Hoffmann et al. (2006)

reported a strong N:P increase (4 to 16) in the>20 lm frac-

tion following iron addition in iron-limited cultures. The dis-

solved iron concentration is<0.15 nmol L21 in the mixed

layer in the AAZ over the central Kerguelen plateau in Febru-

ary (Blain et al. 2008) and therefore iron limitation may

have lowered PON:POP ratios observed in the diatom-

dominated AAZ samples. In conclusion microplankton com-

munity structure appears to exert a first order control on

PON:POP stoichiometry in late summer in this sector of the

Southern Ocean. Physiological constraints linked to environ-

mental factors, such as temperature and iron limitation, are

also able to modulate this ratio.

Implications for carbon and silicon export

A recent compilation of carbon export estimates over the

Kerguelen plateau (station A3) indicates a strong POC flux

attenuation between the mixed layer and 300 m (Rembau-

ville et al. 2015b). In this region we observed similarly high

BSi:POC ratios in the transition layer (�0.8) compared to

sediment trap samples (0.7–1.5) at the end of summer

(Rembauville et al. 2015a). F. kerguelensis was mostly present

in the form of empty frustules in the transition layer, con-

sistent with its classification as a preferential “silica sinker”

(Smetacek et al. 2004; Assmy et al. 2013) that has been con-

firmed by sediment trap studies (Salter et al. 2012; Rembau-

ville et al. 2015a; Rigual-Hern�andez et al. 2015). In contrast,

the large Rhizosolenia spp. (�500 lm) and very large T. ant-

arctica (up to 3–4 mm) were present as full cells within the

transition layer, an observation consistent with their recent

quantification as a “carbon sinker” over the central Kergue-

len plateau (Rembauville et al. 2015a). However, the large

frustule of these species confers a resistance to grazing (e.g.,

Smetacek et al. 2004) and high Si:C ratio that may drive a

significant contribution to silicon sinking.

It is generally stated that diatom-dominated ecosystems

are more efficient in exporting carbon from the mixed layer

compared to more recycling systems dominated by dinofla-

gellates and ciliates (Smetacek 1985; Legendre and Le Fèvre

1989; Boyd and Newton 1995, 1999; Legendre and Rivkin

2015). However, despite a dominance of diatoms in the

mixed layer microplankton assemblage in the AAZ, the deep

(250 m) POC concentrations in the AAZ were comparable to
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the PFZ and SAZ (0.9–1.36 lmol L21 vs. 1.10–1.90 lmol L21)

where dinoflagelates and ciliates dominated the microplank-

ton assemblage. Although one must be cautious in equating

standing stocks to fluxes these data suggest that in late

summer in the Southern Ocean, a higher proportion of dia-

toms in the mixed layer does not consistently lead to a

higher transfer of carbon at 250 m. Intense zooplankton

grazing of diatom biomass in the transition layer, as evi-

denced by the increased proportion of empty cells relative to

the mixed layer, presumably results in the efficient con-

sumption and recycling of exportable biomass reducing

diatom-mediated carbon transfer into the ocean interior.

This has been suggested previously as an explanation for

High biomass Low Export Environments (Lam and Bishop

2007; Lam et al. 2011; Jacquet et al. 2011). Moreover, a

strong response of heterotrophic microbial communities to

the high primary production levels (Obernosterer et al.

2008) and the association of specific bacterial communities

with deep biomass features (Obernosterer et al. 2011) might

also strongly contribute to the remineralization of POC over

the Kerguelen plateau. An efficient response of both micro-

bial and mesozooplanktonic communities to POC availabil-

ity is consistent with the inverse relationship between

diatom-dominated primary production and export efficiency

observed in the Southern Ocean (Maiti et al. 2013). Further-

more we observed a progressive increase of diatoms present

as empty frustules through the water column and a signifi-

cantly higher contribution of dinoflagellates and ciliates to

total microplankton POC at 250 m compared to the transi-

tion layer. These data show the importance of zooplankton

grazing in modulating diatom export production during late

summer Southern Ocean ecosystems and highlight the

potential importance of ciliates and dinoflagellates to the

biological carbon pump at these specific times.

A notable exception to the patterns described above are

the observations from station A3, on the Kerguelen plateau,

where deep microplankton POC is dominated by Chaetoceros

Hyalochaete resting spores (80%), leading to POC concentra-

tions that are �3 times higher than mean values at 250 m in

the AAZ, PFZ and SAZ. This observation is broadly consistent

with a recent sediment trap study which documented C. Hya-

lochaete resting spores as the dominant contributor to the

annual carbon export (>60%) mediated through two rapid

flux events occurring at the end of summer (Rembauville

et al. 2015a). If the transition layer is a place of intense graz-

ing pressure then our results consolidate the idea that resting

spores are a specific ecological vector for carbon export

through intense remineralization horizons. Indeed, small and

highly silicified CRS have been demonstrated to lower cope-

pod grazing pressure in culture (Kuwata and Tsuda 2005). In

line with recent sediment trap results, the present study sup-

ports the pivotal role of diatom resting spores for carbon

export from natural iron fertilized blooms in the Southern

Ocean (Salter et al. 2007, 2012; Rembauville et al. 2015a). The

net impact of diatom-dominated communities on carbon

export strongly depends on the ecology of the species present.

Preferential silicon sinking species poorly contribute to carbon

export contrary to carbon sinking species, such as diatoms

that form resting spores. A coupled description of mixed layer

properties (nutrient dynamics and phytoplankton commun-

ities) and export out of the mixed layer over an entire produc-

tive cycle remains necessary to better understand processes

responsible for resting spore formation.
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3.2 Composition of lipids in export fluxes (article 6)

In article 2, we have demonstrated that the biological assemblage of export (e. g. ”car-

bon sinker”, ”silica sinker”, faecal pellet type) impacts the BSi:POC stoichiometry of

export fluxes. In article 5, we report that microplankton community (mainly diatoms

vs. dinoflagellates) structure constrains the PON:POP signature of the particulate stock

in the upper ocean. These papers focussed on the role of biology on the cycling of ele-

ments (C, N, Si) in the ocean. Here, we increase the analytical resolution and look at the

lipid composition of organic matter exported in the vicinity of three island systems in the

Southern Ocean: Kerguelen, Crozet and South Georgia.

The export of labile lipids (unsaturated compounds) is 2-4 times higher in the natu-

rally fertilized sites (downstream of the islands) compared to the low productivity sites

(upstream of the islands). The four orders of magnitude difference in total lipid flux

normalized to organic carbon between the shallowest trap and the deepest trap highlights

the preferential remineralization of lipids. There are strong geographical differences in

the lipid composition of export fluxes. At Kerguelen (289 m), the abundance of mono-

and polyunsaturated fatty acids reflects the contribution of diatoms to the export of fresh

and labile organic matter. At Crozet (>3000 m), north of the Polar Front, the sterols

assemblage indicates a more diversified phytoplankton community (diatoms, dinoflagel-

lates, haptophytes). Moreover the presence of specific fatty acid methyl esters suggests

the organic material was impacted by bacterial metabolism at these important depths.

At South Georgia (1500 - 2000 m), the dominance of sterols (mainly cholesterol) indicates

an important contribution by zooplankton faecal material. At Kerguelen, we compare the

biological constituents of export and the lipid compounds over an annual cycle. In spring

and summer, diatom resting spores drive an export of highly labile and energy-rich palmi-

toleic and eicosapentaenoic acids. In autumn, cholesterol is associated with a dominance

of faecal pellet to carbon export. In winter alkenols, probably derived from zooplankton

wax ester, highlight metabolic changes in the zooplanktonic community.

All the lipid analyses presented here were performed by George A. Wolff at the Uni-

versity of Liverpool - School of Environmental Sciences. Sediment trap deployments and

POC fluxes are previously presented in articles 1, 4 and (Salter et al., 2012). The

author analysed the data and wrote the manuscript.
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Lipid composition of export fluxes from contrasting productivity
sites in the Southern Ocean

Manuscript in preparation

Introduction

The biological pump transfers organic carbon (OC) from photosynthetic production to the

deep ocean (Volk and Hoffert, 1985) with important implications for the atmospheric CO2

content (Sarmiento et al., 1988; Kwon et al., 2009). Only a minor fraction of the carbon

fixed in the sunlit ocean reaches the deep ocean (Martin et al., 1987; Honjo et al., 2008),

but this carbon and energy supply is essential for the functioning of benthic ecosystems

(Billett et al., 1983, 2001; Ruhl and Smith, 2004; Ruhl et al., 2008). Understanding the

factors influencing the functioning of the biological pump has been, and remains, a central

question in biogeochemical oceanography (Boyd and Newton, 1995; Rivkin et al., 1996;

Boyd and Trull, 2007; Guidi et al., 2016). Different approaches can be used to document

the biological components of export fluxes. Moored sediment traps allow the direct quan-

tification of sinking protists such as dinoflagellates (Harland and Pudsey, 1999), diatoms

(Romero and Armand, 2010), radiolaria (Lampitt et al., 2009), silicoflagellates (Rigual-

Hernández et al., 2010), foraminifer (King and Howard, 2005), and zooplankton faecal

pellets (Lampitt et al., 1990; Wilson et al., 2008, 2013; Manno et al., 2015). Recent ad-

vances in sequencing techniques made possible the description of the bacterial community

associated with the sinking matter (Fontanez et al., 2015). Another indirect approach

uses biomarkers such as lipids and amino acids to identify the source (algal, zooplank-

tonic, bacterial) and diagenetic status (lability, degree of preservation) of the exported

organic matter (OM, Wakeham, 1982; Wakeham et al., 1980, 1984, 1997; Kiriakoulakis

et al., 2001; Lee et al., 2009; Wakeham et al., 2009; Salter et al., 2010). Although it is

widely acknowledged that ecological vectors of flux are linked to the geochemical composi-

tion, studies providing a coupled description of biological components and organic matter

composition of export fluxes remain relatively scarce (e. g. Budge and Parrish, 1998).

Southern Ocean island plateaus such as Kerguelen (Blain et al., 2007), Crozet (Pollard

et al., 2009) and South Georgia (Tarling et al., 2012) provide a natural source of iron to

the iron-poor waters of the Antarctic Circumpolar Current (de Baar et al., 1990; Martin

et al., 1990). Currents and the topography of the sea floor lead to enrichment of iron in

waters downstream of the islands which supports massive diatom-dominated phytoplank-

ton blooms (Armand et al., 2008a; Korb et al., 2008; Quéguiner, 2013) that contrast with

the high nutrient, low chlorophyll (HNLC, Minas et al., 1986) regime generally prevailing

in Antarctic waters. The strong gradients in productivity that characterize these island

systems offer a valuable framework to address the link between biological and geochemical

composition of particle export. Iron-fertilized blooms in the Southern Ocean constitute
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Figure 3.1: Location of the five annual sediment trap deployments in the Southern Ocean.
Color refers to surface satellite-derived chlorophyll a climatology (MODIS 2002-2016 full
mission product accessed at http://oceancolor.gsfc.nasa.gov/cms/). Dashed and
continuous lines represent respectively the Subantarctic Front (SAF) and Polar Front
(PF) from Sallée et al. (2008) . SAZ: Subantarctic Zone, PFZ: Polar Frontal Zone, AAZ:
Antarctic Zone.

the basis of a food web generally considered as short where iconic species such as eu-

phausiids efficiently transfer matter and energy to top predators (seabirds and mammals)

(Murphy et al., 2012). Similarly strong patterns in the species composition and life-cycle

stages of diatoms are evident across these iron-fertilized productivity gradients. For ex-

ample, previous studies of Southern Ocean island plateaus have identified the significance

of resting spore formation by neritic diatom species (Eucampia antacrica var. antarctica,

Chaetoceros Hyalochaete and Thalassiosira antarctica) probably in response to nutrient

limitation in mid-summer (Salter et al., 2012; Rembauville et al., 2015b, 2016a). The

export of resting spores generally occurs during short and intense events but they can ac-

count for a significant fraction (40-60 %) of annual carbon flux out of the mixed layer at

these naturally fertilized sites. This process contributes to the ∼2 fold increase in annual

carbon export when compared to the HNLC sites (Salter et al., 2012; Rembauville et al.,

2015b, 2016a).

Despite the general importance of resting spore ecology for POC export from naturally

iron-fertilized systems in the Southern Ocean, there are some notable differences in the

nature of export fluxes from Crozet, Kerguelen and South Georgia. At Crozet, in the Polar

Front Zone (PFZ), the abundance of foraminifers and pteropods leads to a high inorganic

to organic carbon export ratio (1 mol:mol, Salter et al., 2014). At Kerguelen, south of the

http://oceancolor.gsfc.nasa.gov/cms/
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Polar Front in the Antarctic Zone (AAZ) the inorganic to organic ratio is lower (0.07) and

mainly attributed to coccoliths (Rembauville et al., 2016b). At South Georgia (AAZ), the

faecal pellet contribution to carbon export is higher (∼60 % in summer-autumn, Manno

et al., 2015) when compared to Kerguelen (34 % at annual scale, Rembauville et al.,

2015b). The impact of different carbon export vectors on the lability of the exported OM

needs to be investigated to understand their importance for the pelagic-benthic coupling

(Ruhl and Smith, 2004; Ruhl et al., 2008). High biomass of meio-, micro- and macrofuna

in abyssal sediments of the Southern Ocean suggests a transfer of OM originating from

photosynthetic autotrophs down to the seafloor (Brandt et al., 2007). This diversity and

biomass is not geographically homogeneous, but rather constrained by the upper ocean

productivity levels (Wolff et al., 2011; Lins et al., 2015). In this context, the comparison

of lipid biomarkers in export fluxes originating from different sites in the Southern Ocean

may help to understand how ecological processes at the origin of export flux also shape

the magnitude and lability of OM supply to the deep benthic communities.

This study compiles lipid biomarkers from five annual sediment trap deployments in

the vicinity of Southern Ocean Island plateaus in order to (i) compare the composition

of lipid biomarkers in export fluxes collected in sites of various productivity levels and

across different depths, (ii) identify how ecological export vectors shape the magnitude

and lability of OC fluxes over a complete annual cycle over the central Kerguelen plateau

and (iii) derive the potential implications of this link for the pelagic-benthic coupling.

Material and methods

Trap deployments and sample processing

We compile 5 long-term sediment trap deployments located in the vicinity of island

plateaus in the Southern Ocean (Fig. 3.1, Table 3.1). Two sediment traps were lo-

cated upstream of the islands in HNLC waters (M6 and P2 at Crozet and South Georgia,

respectively) and three were located in naturally iron-fertilized and productive waters

characterized by enhanced phytoplankton biomass (A3, M5 and P3 at Kerguelen, Crozet

and South Georgia, respectively). The detailed hydrological settings of deployments and

bulk chemical analyses of biogeochemical fluxes have been published previously (Table

3.1). After the retrieval of each sediment trap, swimmers (organisms actively entering the

trap funnel) were manually removed from the samples and therefore do not contribute to

the lipid fluxes we report.

Lipid analysis

Lipid analyses were performed on 1/8 wet aliquots resulting from the splitting of original

samples. Because of the low amount of material collected in some cups, 1/8 wet aliquots

were grouped prior to the lipid analyses (Appendix 1). Lipid analyses of Crozet sedi-

ment trap samples were performed as described in Kiriakoulakis et al. (2001) and Wolff
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Total fluxes

Location and reference Trap Collection period (mmol m−2)

model POC BSi

Kerguelen

(Rembauville et al., 2015a)

A3 Technicap 21/10/2011-07/09/2012

50◦38.30’S–72◦02.60’E PPS3/3 No sample lost 98 114

289 m 0.125 m2 total 322 days

Crozet

(Salter et al., 2012)

M5 McLane 28/12/2005-29/12/2005

46◦00.00’S–56◦05.00’E PARFLUX No sample lost 40 165

3195 m 0.5 m2 total 360 days

M6 05/01/2005-03/01/2006

49◦00.03’S–51◦30.59’E idem No sample lost 14 97

3160 m total 359 days

South Georgia

(Rembauville et al., 2016a)

P3 15/01/2012-01/12/2012

52◦43.40’S–40◦05.83’E idem 1 sample lost 41 46

2000 m total 291 days

P2 15/01/2012-01/12/2012

55◦11.99’S–41◦07.42’E idem 3 samples lost 26 39

3160 m total 231 days

Table 3.1: Information on sediment trap deployments and total fluxes of particulate
organic carbon (POC) and biogenic silica (BSi) collected.
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et al. (2011). For the Kerguelan and South Georgia samples a similar protocol was used.

Briefly, separate 1/8 aliquots were spiked with an internal standard (5α(H)-cholestane),

sonicated (filters, 45 min, dichloromethane:methanol 9:1), transmethylated (methano-

lic acetyl chloride) and silylated (bistrimethylsilyltrifluoroacetamide, 1 % trimethylsilane

chloride, 30–50µL, 40 ◦C, 0.5–1 h). GC-MS analyses were carried out using a GC Trace

1300 fitted with a split-splitless injector, using helium as a carrier gas (2 mL min−1) and

column DB-5MS (60 m x 0.25 mm i.d., film thickness 0.1 µm, non-polar solution of 5 %

phenyl and 95 % methyl silicone). The GC oven was programmed after 1 min from 60 ◦C

to 170 ◦C at 6 ◦C min−1, then from 170 ◦C to 315 ◦C at 2.5 ◦C min−1 and held at 315 ◦C for

15 min. The eluent from the GC was transferred directly to the electron impact source

of a Thermoquest ISQMS single quadrupole mass spectrometer. Typical operating con-

ditions were: ionisation potential 70 eV, source temperature 215 ◦C, trap current 300 µA.

Mass data were collected at a resolution of 600, cycling every second from 50–600 Thomp-

sons and were processed using Xcalibur software. Compounds were identified either by

comparison of their mass spectra and relative retention indices with those available in the

literature and/or by comparison with authentic standards. Quantitative data were calcu-

lated by comparison of peak areas of the internal standard with those of the compounds

of interest, using the total ion current (TIC) chromatogram. The relative response factors

of the analytes were determined individually for 36 representative fatty acids, sterols and

alkenones using authentic standards. Response factors for analytes where standards were

unavailable were assumed to be identical to those of available compounds of the same

class.

Statistical analyses

The lipid composition of sediment trap samples from the five sites was investigated with

a principal component analysis (PCA) and the similarity of samples was studied using

a clustering (Ward aggregation criteria) based on lipid classes. This methodology has

been used previously to study the organic geochemistry of sinking particles in the ocean

(Xue et al., 2011). Prior to both PCA and clustering, raw lipid fluxes were transformed

by calculating the square root of their relative abundance within each sample. This

transformation followed by the calculation of the Euclidian distance is also known as the

Hellinger distance, which provides a good compromise between linearity and resolution in

ordination analyses (Legendre and Legendre, 1998; Legendre and Gallagher, 2001).

Results

Lipid classes distribution and seasonality

The total lipid flux collected by sediment traps was five orders of magnitude higher in the

shallow deployment at A3 (230 mg m−2 at 289 m), when compared to the deep sediment

trap at M6 (44 µg m−2 at 3160 m, Fig. 3.2, Table 3.2). The contribution by labile lipids
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Figure 3.2: Annual total lipid fluxes (grey bars, left axis) and relative contribution of
lipid classes (coloured bars, right axis) to the total flux from five moored sediment trap
deployments in the Southern Ocean. Lability is defined according to Wolff et al. (2011).

(unsaturated fatty acids and alcohols, Wolff et al., 2011, , Table 3.2) to total lipids flux

was 2-4 times higher in the naturally fertilized sites (20-40 % at A3, P3 and M5) when

compared to the HNLC deployments (<10 % at P2 and M6). Unsaturated fatty acids

were dominated (>75 %) by monounsaturated fatty acids (MUFA) at all sites. Semi-labile

lipids (fatty acid methyl ester – FAMEs, and saturated fatty alkanols, Table 3.2) accounted

for a small fraction (10-15 %) of total lipids at South Georgia, and a higher fraction (30-40

%) at Crozet. Semi-labile lipids where dominated by the FAME contribution (∼70 %)

at all sites. Sterols were the dominant lipids at South Georgia (65-85 %) and were less

abundant (30-35 %) at the other sites.

The total lipid flux normalized by the OC flux decreased by four orders of magnitude

between the shallowest (A3, 195.2 mg lipid g OC−1) and the deepest (M6, 0.3 mg lipid

g O−1) deployment (Table 3.2). OC-normalized lipid flux in the shallow deployment at

Kerguelen (A3) displayed high contribution from MUFAs (57.7 mg lipid g OC−1), PUFAs

(13.8 mg lipid g OC−1) and FAMEs (44.6 mg lipid g OC−1). All the other deployments

(P3, P2, M5 and M6) had a much lower contribution from these labile and semi-labile

compounds where sterols dominated (89.5 – 5 111.5 g lipid g OC−1).

Samples from Crozet (M5 and M6) were positively projected on the first axis of the

PCA together with FAME, C28 and C29 sterols and long chain unsaturated fatty acids

(C22, C24) (Fig. 3.3a). Samples from South Georgia (P3 and P2) were negatively projected

on the first axis, close to C27 sterols. Samples from Kerguelen (A3) were positively

projected on the second axis and mainly associated with C16-C20 unsaturated fatty acids.
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Site A3 P3 P2 M5 M6

Total lipid flux 230.01 3.84 2.65 1.2 0.04

(mg m−2)

Relative contribution (%)

MUFA 29.6 18.1 8.2 17.5 4.5

PUFA 7.1 1.3 0.2 3.8 0

Unsat. OH 2.3 1.1 0.6 2.1 2.2

FAME 22.9 9.7 5.9 25.9 24.7

Br. FAME 1.4 0.2 0.3 1 1.1

OH 8.4 2.3 1.3 13.8 15.7

Sterols 25.9 64.9 82.3 34.7 33.7

Other 2.4 2.5 1.3 1.3 18

Normalized total lipid flux 195.2 7.9 8.4 2.5 0.3

(mg lipid g OC−1)

Normalized lipid flux

(µg lipid g OC−1)

MUFA 57 758.2 1 422.8 689.6 437.5 11.9

PUFA 13 783.6 99.7 13 93.8 0

Unsat. OH 4 431.7 83.8 47.5 52.1 6

FAME 44 640.5 766.6 495 645.8 65.5

Br. FAME 2 807.7 18.9 23.1 25 3

OH 16 416.9 178.9 104.8 343.8 41.7

Sterols 50 580.6 5 111.5 6 878.4 864.6 89.3

Other 4 769.6 199.2 107.8 31.3 47.6

Table 3.2: Total annual lipid flux, relative composition of lipid classes and lipid flux
normalized to POC flux for the five sediment trap deployments.
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Four main clusters of sediment trap samples could be identified based on the largest

distance break after the first node of the dendrogram (Fig. 3.3b). Cluster A contained

most of the spring and summer samples from the naturally-fertilized sites of Kerguelen

and Crozet (A3 and M5) characterized by the highest relative abundance of labile lipids

(PUFAs and MUFAs). Cluster B was composed of summer and winter samples from

A3 displaying a high abundance of unsaturated alkenols. Cluster C contained spring

and summer samples from the naturally-fertilized site of South Georgia (P3) and few

samples from Kerguelen and Crozet. They were characterized by a mixture of labile,

semi-labile and refractory lipids (MUFAs, FAMEs and sterols). Finally, cluster D was

mostly composed of samples from the HNLC site of South Georgia (P2) displaying a

strict dominance of sterols.

Detailed lipid seasonality at A3

In spring, vegetative diatoms were the main contributors to the low POC flux, followed

by cylindrical faecal pellets (Fig. 3.4a). Lipid fluxes were dominated by palmitoleic acid

(C16:1 (cis-9)), hexadecanoic acid (C16 FAME), eicosapentaenoic acid (EPA, C20:5 (cis-5, 8,

11, 14, 17)), oleic acid (C18:1 (cis-9)), and chlolesterol (C27∆5) that altogether contributed

to >75 % of the total lipids (Fig. 3.4b). In summer, diatom resting spores dominated

the POC flux, followed by cylindrical and ovoid faecal pellets (Fig. 3.4c). C16:1 (cis-9)

strongly dominated the lipid export (47 %), followed by C18:1 (cis-9), C27∆5, C29 sterols

and EPA (Fig. 3.4d). In autumn, when tabular faecal pellets dominated the export flux

(Fig. 3.4e), C27∆5 was the major lipid exported followed by C16 FAME, C18:1 (cis-9),

eicosatrienoic acid (C20:3 (cis-11)) and n-hexadecanol (C16 OH, Fig. 3.4f). In winter,

large faecal pellets (tabular and ellipsoid shapes) dominated the carbon flux (Fig. 3.4g).

Dominant lipids where eicosanol (C20:1 OH) and octadecanol (C18:1 OH) acids, followed

by C16 FAME, C27∆5 and C18:1 (cis-9) (Fig. 3.4h).

Discussion

Diversity of lipid export across the Southern Ocean island system

The annual lipid export in the naturally-fertilized sites of Kerguelen and South Georgia

was characterized by relatively high fluxes of labile and semi-labile compounds when

compared to the HNLC sites, in agreement with previous observations made at Crozet

(Wolff et al., 2011). Labile lipids were dominated by MUFAs, and to a lesser extent

PUFAs, two lipid classes (e. g. C16:1 (cis-9) and EPA) long associated with diatoms (Kates

and Volcani, 1966; Lee et al., 1971). These observations confirm that the large diatom-

dominated phytoplankton blooms observed downstream of island plateaus (Armand et al.,

2008a; Korb et al., 2008; Quéguiner, 2013) and supported by iron delivery (Blain et al.,

2008a; Nielsdóttir et al., 2012; Bowie et al., 2015) leads to the export of labile lipids.

The PCA and clustering analyses reveal reveal that the dataset is strongly structured

and highlight the specific association of lipids with a given island system. The first axis of
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Figure 3.4: Seasonal evolution of carbon export vectors and associated lipid composition
over the central Kerguelen Plateau (A3, 289 m). Left panels: carbon export vectors from
(Rembauville et al., 2015b). Right panels: sorted relative abundance (coloured bars) and
cumulative relative abundance (dots) of major lipids. a. and b. cups 1-3, c. and d. cup
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the PCA (23.7 % of variance) summarized the location of the trap deployments whereas

the second axis represented somehow the depth of the trap. The P3 and P2 sites at

South Georgia both display ∼2 times higher relative abundance of sterols compared to

the Kerguelen (A3) and Crozet (M5 and M6) sites. Sterols are important components

of the plasma membrane found in almost all eukaryotic organisms (Dufourc, 2008). Zoo-

plankton uses dietary sterols of phytoplankton origin preferentially assimilating C27∆5,

or converting phytosterols to C27∆5 (Volkman, 1986, 2003) that are ultimately egested

in faecal pellets (Bradshaw and Eglinton, 1993; Prahl et al., 1984). An enrichment in

C27∆5 (and other C27 sterols such as C27∆22 and C27∆5,22) in sinking OM may thus be

interpreted as indicating a high contribution of faecal material (Ternois et al., 1998). The

South Georgia Plateau is located in the Atlantic sector of the Southern Ocean that hosts

the largest biomass of Antarctic krill (Atkinson et al., 2008, 2009). This could explain

the higher contribution of faecal pellets to carbon export at South Georgia (Manno et al.,

2015) compared to Kerguelen (Rembauville et al., 2015b), and explains the higher rela-

tive abundance of C27∆5, C27∆22 and C27∆5,22 in the exported lipids. The slightly higher

OC-normalized sterol flux at P2 compared to P3 (6.9 vs.5.1 mg lipid g OC−1) suggests

that the influence of zooplankton faecal pellets is higher in the HNLC site. The high

contribution of C27∆5 and C28∆5,22 at South Georgia reflects the dominance of diatoms

at the base of the food web (Korb et al., 2010), whereas the higher contribution of C29∆0

and C29∆5,22 at Crozet suggests a more diversified phytoplankton community with possi-

ble contributions from chlorophyceae, haptophyceae and cyanobacteria (Volkman, 2003;

Hernandez-Sanchez et al., 2011, 2012). Warmer waters of the Polar Frontal Zone (PFZ) at

Crozet are known to host a more diversified phytoplankton community compared to the

diatom-dominated waters of the Antarctic one (AAZ) at Kerguelen and South Georgia

(Wright et al., 1996; Fiala et al., 2004; Poulton et al., 2007; Korb et al., 2012; Armand

et al., 2008a).

The location of the sediment trap is not the only factor influencing the magnitude and

composition of lipid fluxes. The decrease in the total lipid flux of five orders of magnitude

between the shallowest (289 m) and the deepest (>3000 m) deployment is consistent with

the trend generally observed in the global ocean (Wakeham and Lee, 1993; Wakeham et al.,

1997, 2009). Moreover, the strong decrease in OC-normalized lipid flux suggests that lipids

are selectively degraded/remineralized during the sinking of the OM. In the shallowest

deployment (A3, 289 m), the high OC-normalized MUFAs flux and the abundance of

diatom-derived essential PUFAs (C16:3, C18:6, C20:4, C20:5 and C22:6) reflects the recent

export of fresh and highly labile diatom-derived OM (Dunstan et al., 1993). By contrast,

the presence of branched iso- and anteiso- C15 and C17 compounds in the deepest samples

from Crozet (M5 and M6, >3000 m) can be attributed to the activity of bacteria reworking

the particulate OM in the deep ocean (Kaneda, 1991; Wakeham et al., 1997).
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Association of lipid with ecological export vectors

Seasonal changes in the exported lipids at the Kerguelen islands (station A3) can be

compared in detail with the biological components of POC export reported previously by

(Rembauville et al., 2015b).

In spring, the lipid flux is low (0.3 mg m−2 d−1), as is the POC flux (∼0.15 mmol m−2 d−1),

which is mainly driven by vegetative diatoms belonging to the genera Fragilariopsis,

Pseudo-nitzschia and Thalassionema, as well as small faecal pellets (Rembauville et al.,

2015b).Diatoms are known to predominantly accumulate unsaturated fatty acids such as

C16:1 (cis-9), EPA and to a lesser extent C18:1 (cis-9) (Kates and Volcani, 1966; Opute,

1974; Chen, 2012; Levitan et al., 2014). Diatoms also produce FAMEs, mainly the C16

homologue (Lee et al., 1971; Matsumoto et al., 2009; Liang et al., 2014). Although the

lipid flux is very low, the lipid assemblage we report in spring (C16:1 (cis-9), C16:1 FAME,

EPA and C18:1 (cis-9)) is consistent with a diatom-dominated export.

In summer the intense export of diatom resting spores (Chaetoceros Hyalochaete spp.

and to a lesser extent Thalassiosira antarctica) is associated with the highest export

of total lipids (2.5 mg m−2 d−1, Appendix 1) which are dominated by C16:1 (cis-9) and

C18:1 (cis-9), and a marked contribution of EPA. Higher total lipid content were found in

resting spores of Chaetoceros Hyalochaete and Thalassiosira antarctica when compared

to vegetative cells (Doucette and Fryxell, 1983; Kuwata et al., 1993). Moreover, our

results are consistent with the 8-12 fold increase in the content of C16:1 (cis-9) and C18:1

(cis-9) in Chaetoceros pseudocurvisetus resting spores when compared to the vegetative

stages (Kuwata et al., 1993). An increase in the cell content of EPA acid during the

formation of resting spore was also reported for Chaetoceros salsugineus (Zhukova and

Aizdaicher, 2001). A resting spore stage is likely to be used by diatoms as a way to persist

in environments where unfavorable conditions (e.g. light or nutrient limitation) occur

during low productivity periods (Smetacek, 1985; French and Hargraves, 1985; McQuoid

and Hobson, 1996). Lipids produce more energy per mass unit than polysaccharides and

can be stored in concentrated forms by diatoms (Obata et al., 2013). The accumulation

of energy-rich unsaturated fatty acid in the resting spore, associated with a reduced

metabolism (Oku and Kamatani, 1999), probably increases the survival rate of the cell

during adverse conditions.

Cholestrol (C27∆5) was present (>10 % of total lipids) throughout the year and showed

the highest contribution (18 %) in autumn when the contribution of faecal pellet to

POC flux increased. Contrary to many eukaryotes, crustacean are incapable of de novo

synthesis of sterols and show a simple sterol composition dominated by C27∆5 (Goad,

1981; Baker and Kerr, 1993; Kanazawa, 2001). Its presence throughout the year can

be explained by the continuous export of spherical, ovoid and cylindrical faecal pellet,

attributed to copepods, amphipods and euphausiids (Wilson et al., 2008, 2013). The

summer sample differs from the others by the presence of a C29∆0 sterol. C29 sterols
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are abundant in diatoms (Volkman, 2003), and can account for 60 % and 80 % of total

lipids of Navicula sp., and Eucampia antarctica var. antarctica, respectively (Rampen

et al., 2010), both of which showed a clear seasonality with a marked summer maximum

(Rembauville et al., 2015b).

In winter, the lowest lipid flux contrasted with the other samples by the dominance of

mono-unsaturated fatty alkenols (C18:1 OH and C20:1 OH). These compounds are generally

absent in phytoplankton lipids but abundant in zooplankton wax ester (Lee et al., 1971),

and are often utilized as a marker for zooplanktonic OM (Wakeham et al., 1997). More

specifically, salp faecal pellets (tabular shape) have been shown to contain important

amounts of C18:1 OH and C20:1 OH (Matsueda et al., 1986). This is in good agreement with

the dominance of tabular faecal pellets to POC flux we report in winter. In summer and

autumn, faecal material is present in export flux but fatty alkenols are minor constituents

of lipid flux. To first order, this could be explained by the contribution of diatoms to

export flux (as both single cells or present in faecal pellets), but also by changes in

zooplankton lipid composition across the season (Lee et al., 2006). Indeed, wax esters are

used as energy reserve (Lee et al., 1970) but also contribute to adjust buoyancy in cold

and deep waters in winter (Pond and Tarling, 2011). The abundance of wax ester-derived

compounds we report in winter is also consistent with observations from neritic areas

of the Kerguelen Islands (Mayzaud et al., 2011). Another indicator of a seasonal shift

from diatom (spring) to faecal pellet-dominated export system (autumn and winter) is

the absence of long chain PUFAs in autumn and winter. It has been previously reported

that this energy-rich compound is preferentially assimilated by zooplankton and absent

in faecal pellets (Stübing et al., 2003).

Implications for pelagic-benthic coupling

The large export of resting spores in the three naturally fertilized sites (Salter et al.,

2012; Rembauville et al., 2015b, 2016a) is associated with a high abundance of C16:1 (cis-

9). Given their resistance to grazing pressure (Kuwata and Tsuda, 2005) and important

sinking speed (up to 30 times higher than for the vegetative stage, McQuoid and Hobson,

1996), it is likely that diatom resting spores are efficiently transferred to the seafloor

(Crosta et al., 1997; Tsukazaki et al., 2013; Rembauville et al., 2016a). The oxidation

of a MUFA such as C16:1 (cis-9) produces more energy than for saturated fatty acids

(Levitan et al., 2014). This energy-rich food supply to the seafloor is likely to have an

important impact on benthic community structure and biomass. At Crozet, the biomass

and abundance of abyssal megafaunal invertebrates increased respectively by a factor

3 and 6 between the M6 (HNLC) and the M5 (naturally-fertilized) site (Wolff et al.,

2011). At South Georgia, Lins et al. (2015) have reported a 10 times higher nematode

biomass in deep sediments (>3700 m) located in the naturally fertilized area (close to

P3) compared to the HNLC area. Moreover, nematode fatty acids were significantly
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enriched in palmitoleic and eicosapentaenoic fatty acids, two majors lipids we observe

during diatom resting-spore dominated export events.

Deep sea ecosystems are strongly dependent on OM food supply originating from

photosynthesis in the surface ocean (Billett et al., 1983, 2001; Ruhl and Smith, 2004; Ruhl

et al., 2008). In the Southern Ocean, it has been demonstrated that upper ocean plankton

community composition and associated ecological strategies influence the intensity and

C:Si stoichiometry of the biological pump (Smetacek et al., 2004; Salter et al., 2012;

Assmy et al., 2013; Rembauville et al., 2015b). The present study highlights that the

composition of ecological export vectors (e. g. diatom resting spore versus faecal pellets),

mediated by iron availability, also shapes the geochemical composition of export with

potentially important implications for the energy supply to the benthic communities of

the deep ocean.
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4.1 Planktic foraminifer and coccolith contribution

to carbonate export fluxes over the central Ker-

guelen Plateau (article 7).

The impact of oceanic biological processes on the air-sea CO2 exchange results from the

net balance between the biological pump (CO2 sink) and the carbonate counter pump

(CO2 source, Frankignoulle et al., 1994; Archer et al., 2000b; Zeebe, 2012). Articles 1-4

aimed at identifying ecological vectors (e.g. diatoms, faecal pellets) of the biological pump.

In contrast, very few studies have quantified the role of different calcifying organisms on

the export of inorganic carbon. Salter et al. (2014) reported a dominance of foraminifer

(30-50 %) to carbonate export fluxes in the Polar Frontal Zone close to the Crozet Islands.

It is known that the Polar Front is a major hydrological discontinuity through which the

abundance of calcifying organisms decreases (Winter et al., 1999; Hunt et al., 2008).

The sediment trap deployment at station A3 (Antarctic Zone) was the opportunity to

document the contribution of calcifying plankton to particulate inorganic carbon (PIC)

export flux in a naturally fertilized area South of the Polar Front.

At Kerguelen, the annual PIC export is low (6.6 mmol m−2 yr−1) and leads to a low

PIC:POC export ratio (0.07) compared to the one observed at Crozet (∼1, Salter et al.,

2014). Particle size measurement and size-fractionated Ca analysis suggest a domi-

nance (85 %) of coccoliths contribution to PIC export and a much lower contribution of

foraminifer. Microscopic qualitative observations reveal that Emiliania huxleyi coccoliths

are the major components of the PIC flux, mainly exported in later summer (January-

March) concomitant with the highest satellite-derived PIC concentration in surface water.

Analysis of the foraminifer community structure shows a dominance of the polar species

Turborotalita quinqueloba and Neogloboquadrina pachyderma. The compilation of test

size-normalized weight (SNW) data from exported foraminifer communities at Crozet

and Kerguelen reveals that SNW is species-specific. This demonstrates that the lower

carbonate counter pump at Kerguelen (∼ 5%) compared to Crozet (6-32%) results from

both a change in the dominance of the calcifier type (coccolithophore versus foraminifer)

and an export of polar foraminifer species with a lower SNW south of the Polar Front.

Foraminifer imaging, weighing and identification, fine fraction sieving and oxidation

performed by the author. Bulk PIC analyses performed by N. Leblond, fine fractions PIC

analyses performed by P. Ziveri.
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a b s t r a c t

We report the contribution of planktic foraminifers and coccoliths to the particulate inorganic carbon
(PIC) export fluxes collected over an annual cycle (October 2011/September 2012) on the central Ker-
guelen Plateau in the Antarctic Zone (AAZ) south of the Polar Front (PF). The seasonality of PIC flux was
decoupled from surface chlorophyll a concentration and particulate organic carbon (POC) fluxes and was
characterized by a late summer (February) maximum. This peak was concomitant with the highest sa-
tellite-derived sea surface PIC and corresponded to a Emiliania huxleyi coccoliths export event that ac-
counted for 85% of the annual PIC export. The foraminifer contribution to the annual PIC flux was much
lower (15%) and dominated by Turborotalita quinqueloba and Neogloboquadrina pachyderma. Foraminifer
export fluxes were closely related to the surface chlorophyll a concentration, suggesting food availability
as an important factor regulating the foraminifer's biomass. We compared size-normalized test weight
(SNW) of the foraminifers with previously published SNW from the Crozet Islands using the same
methodology and found no significant difference in SNW between sites for a given species. However, the
SNW was significantly species-specific with a threefold increase from T. quinqueloba to Globigerina bul-
loides. The annual PIC:POC molar ratio of 0.07 was close to the mean ratio for the global ocean and lead to
a low carbonate counter pump effect (�5%) compared to a previous study north of the PF (6–32%). We
suggest that lowers counter pump effect south of the PF despite similar productivity levels is due to a
dominance of coccoliths in the PIC fluxes and a difference in the foraminifers species assemblage with a
predominance of polar species with lower SNW.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Southern Ocean is the largest high nutrient, low chlor-
ophyll (HNLC, Minas et al., 1986) area of the global ocean (Martin
et al., 1990; Minas and Minas, 1992). Downstream of Subantarctic
island plateaus, iron input from shelf sediments and glacial melt
water can alleviate iron limitation and support large scale and
long-lasting phytoplankton blooms (Blain et al., 2001, 2007; Pol-
lard et al., 2007; Tarling et al., 2012). These blooms are dominated
by diatoms (Armand et al., 2008; Korb et al., 2008; Quéguiner,
2013) that respond to high macronutrient concentrations, marked
turbulence, deep mixed layer depths and usually moderate light

levels (Smetacek, 1985; Boyd, 2002; Strzepek et al., 2012). Diatom
blooms result in a major contribution of biogenic silica to bio-
mineral production of Southern Ocean waters, although biogenic
production of calcium carbonate by calcifying planktonic organ-
isms such as coccolithophores, foraminifers and pteropods can
also occur.

Although neglected for a long time, the presence of cocco-
lithophores in the Southern Ocean has been diagnosed based on
an increasing number of direct observations (Winter et al., 2014)
and the development of remote sensing methods (Balch et al.,
2005, 2011, 2014). Southern Ocean coccolithophore populations
are dominated by the cosmopolitan species Emiliania huxleyi
(Saavedra-Pellitero et al., 2014; Winter et al., 2014) that is thought
to be the major component of the “great calcite belt” observed in
the vicinity of the Subantarctic Front (SAF) and Polar Front (PF)
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(Balch et al., 2014). Several studies have reported modern planktic
foraminifer abundances and fluxes in the Southern Ocean from net
tows (Asioli and Langone, 1997; Mortyn and Charles, 2003; Ber-
gami et al., 2009; Meilland, 2015) and sediment traps (Donner and
Wefer, 1994; King and Howard, 2003; Northcote and Neil, 2005;
Salter et al., 2014). Foraminifer assemblages are characterized by a
southward dominance of polar species Neogloboquadrina pachy-
derma. In a review, Hunt et al., (2008) compiled pteropod abun-
dance in the Southern Ocean and reported a switch from a dom-
inance of Limacina retroversa australis north of the PF to Limacina
helicina antarctica south of the PF.

The presence of calcareous organisms has important implica-
tions not only for food web ecology of the Southern Ocean, but
also for the cycling of carbon between the atmospheric, oceanic,
and sedimentary reservoirs on various climatically relevant time-
scales. Two distinct carbon pumps operate to cycle carbon trough
these different reservoirs (Volk and Hoffert, 1985). The soft tissue
pump transfers particulate organic carbon (POC) originating from
photosynthetic production to the ocean interior and plays a key
role in the sequestration of atmospheric CO2 (Sarmiento et al.,
1988). The carbonate pump exports particulate inorganic carbon
(CaCO3, PIC) mainly as detrital calcareous shells (Volk and Hoffert,
1985). Calcification in the mixed layer decreases total alkalinity
(TA) and dissolved inorganic carbon (DIC) with a ratio 2:1 and acts
as a net source of CO2 to the atmosphere over a seasonal timescale
(Frankignoulle et al., 1994). If the PIC production is exported in the
deep ocean below the permanent thermocline, the net impact on
the atmospheric CO2 occurs at a much longer timescale corre-
sponding to the ocean mixing time (�1000 years, Zeebe, 2012).
This phenomenon is known as the “carbonate counter pump” ef-
fect. Additionally, it has been suggested that during the last gla-
ciation, lower PIC:POC export ratio due to increased organic car-
bon export may have contributed to higher dissolution of the
deep-ocean carbonate sediments, leading to a decrease in pCO2

compared to the interglacial periods (Archer and Maier-Reimer,
1994; Archer et al., 2000; Sigman and Boyle, 2000). Therefore the
PIC:POC ratio of exported particles is likely to have a significant
impact on the atmosphere-ocean CO2 fluxes from seasonal to
geological timescales (Matsumoto et al., 2002; Sarmiento et al.,
2002). More recently, in the Subantarctic Southern Ocean, the
strong response of calcifying organisms to natural iron fertilization
has been observed to increase the PIC:POC export ratio leading to a
strong carbonate counter pump, lowering the efficiency of CO2

sequestration by the biological carbon pump (Salter et al., 2014).
Understanding how calcifying communities drive the carbonate

counter pump requires a coupled description of the chemical
composition and biological properties of different vectors driving
CaCO3 export fluxes. Sediment trap studies provide a tractable
framework to link detailed analyses of the morphological and
physiological properties of exported calcareous particles (e.g.
species composition, test size and test weight) with seasonal and
annual geochemical budgets. In this context, the study by Salter
et al. (2014) quantified a carbonate counter pump effect account-
ing for 6–32% of measured POC fluxes with a notable contribution
from foraminifer species (mainly Globigerina bulloides and N. pa-
chyderma) in iron-fertilized waters downstream of the Crozet Is-
lands. Several studies have reported geochemical transitions in
particle stoichiometry across the Polar Front (Trull et al., 2001;
Honjo et al., 2008), highlighting the importance of regional
variability for a Southern Ocean carbonate counter pump that is
partly linked to the biogeography of calcareous organisms (Salter
et al., 2014).

The objectives of the present study are to (1) quantify the
magnitude of PIC export and the carbonate counter pump in an
iron fertilized area (the Kerguelen Plateau) south of the Polar Front
(Antarctic Zone, AAZ), (2) determine the relative contribution of

foraminifer and coccolithophores to total PIC export in this regime,
and (3) constrain the importance of species composition and test
characteristics (size and size-normalized weight) for foraminifer-
mediated PIC fluxes in iron fertilized blooms of the Southern
Ocean.

2. Materials and methods

2.1. Sediment trap deployment and environmental data

As part of the KEOPS2 project (Kerguelen Ocean and Plateau
compared study 2), a sediment trap (Technicap PPS3, 2.5 aspect
ratio) was moored for 11 months (21 October 2011 to 7 September
2012) at 289 m over the central Kerguelen Plateau (seafloor depth
527 m) at station A3 (50 °38.3 S–72 °02.6 E, Fig. 1a,b). The car-
rousel comprised 12 sampling cups (250 mL) containing 5% for-
malin hypersaline solution buffered with sodium tetraborate
(pH¼8). A detailed description of the sample processing and
particulate organic carbon (POC) analyses are provided in Re-
mbauville et al. (2015b). Briefly, swimmers (zooplanktonic or-
ganisms actively entering the trap) were manually removed,
samples were freeze-dried and the carbonate fraction was dis-
solved by the addition of acid before the organic carbon content
was measured with a CHN analyzer.

Station A3 is characterized by a recurrent and large phyto-
plankton bloom induced by natural iron fertilization coming from
the underlying plateau (Blain et al., 2007). Dissolved iron (dFe) is
delivered to the mixed layer through two processes: winter mixing
and entrainment of dFe from deeper waters and, to a less extend,
vertical diapycnal diffusion of dFe in summer (Bowie et al., 2015).
South of the Kerguelen Island, the polar front is permanent and
non motile (Park et al., 2014) and therefore does not impact se-
diment trap deployment location. At the A3 station, the circulation
is weak (o3 cm s�1) and primarily tidal-driven (Park et al., 2008).
Physical data acquired during the sediment trap deployment
suggest the record was not subject to major hydrodynamic biases
(Rembauville et al., 2015b), allowing a detailed and quantitative
discussion of the export fluxes.

Satellite-derived surface chlorophyll a and PIC concentration
(MODIS 8 days product, accessed at http://oceancolor.gsfc.nasa.
gov/cms/), and sea surface temperature (NOAA OISST, weakly
product, Reynolds et al., 2007) were extracted for a 100 km radius
around the trap location. Calcite saturation state was calculated in
the vicinity of the trap location with the CO2sys toolbox using
climatological fields of DIC and Alkalinity (GLODAP, Key et al.,
2004) and temperature, salinity, silicate and phosphate (World
Ocean Atlas 2013, Garcia et al., 2013). Constants recommended for
best practice were used (Dickson et al., 2007) as suggested by Orr
et al. (2015).

2.2. Calcium analyses in the bulk and fine fractions

For bulk particulate inorganic carbon analyses, 5 mg of freeze-
dried material was weighed (Sartorius MC 210 P balance) into
Teflon vials for the mineralization. 1 mL of 65% HNO3 was added
and samples were placed in an ultrasonication bath for 20 min.
Samples were then dried overnight at 130 °C. 0.5 mL of 65% HNO3

and 0.5 mL of 40% HF were added and samples were ultra-
sonicated a second time and dried overnight. The resulting residue
was dissolved in 10 mL of 0.1 N HNO3 and calcium content ana-
lyzed by inductively coupled plasma – optical emission spectro-
metry (ICP-OES, Perkin-Elmer Optima 2000). The efficiency of the
mineralization procedure was estimated using reference material
(GBW-07314) and was 496%.

For the fine fractions (20–63 mm ando20 mm) Ca analyses, the
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original 1/8 split samples (Rembauville et al., 2015b) were further
split into 1/80 aliquots with a rotary wet-splitter (McLane WSD-
10) using purified water (Elix by Millipore purification system)
buffered with ammonia as a rinse solution. Coccoliths in sinking
particles captured in sediment trap samples may be contained in
faecal pellets and/or phytoplankton aggregates. To improve the
efficiency of size fraction separation by sieving it is necessary to
oxidize the samples to disaggregate particles and retrieve the
entire carbonate fine fraction (Bairbakhish et al., 1999; Broerse
et al., 2000; Ziveri et al., 2000; Stoll et al., 2007). The 1/80 aliquots
were placed in a 50 mL centrifugation tube for the oxidation steps
using a method adapted from Bairbakhish et al. (1999). Samples
were centrifuged (5000 rpm, 5 min) and the supernatant with-
drawn. Subsequently, 3 mL of Elix water buffered with ammonia,
3 mL of 5% NaClO and 1.5 mL of 30% H2O2 were added and the
samples were ultrasonicated for 10 s. Every 10 min, 2 mL of NaClO
were added and samples were ultrasonicated for 10 s. This cycle
was repeated for one hour. The oxidized aliquot was wet-sieved
over a 63 mm and a 20 mm mesh, and the two resulting size frac-
tions (20–63 mm ando20 mm) were filtered on polycarbonate

membranes (0.4 mm pore size, 47 mm diameter). Filters were dried
at 40 °C and the residue was leached in 10 mL 1% HNO3, ultra-
sonicated for 10 min and left 12 h at room temperature before the
Ca analysis. Ca concentration was analyzed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Perkin Elmer,
Optima 4300DV). Overall accuracy amounted to better than 2%
based on replicate analysis.

For the qualitative analyses of the coccolithophore species
composition, samples were prepared in a similar way as for the
fine fraction Ca analysis (oxidation and sieving) and then filtered
on cellulose acetate membranes (Millipore, 0.45 mm pore size,
47 mm diameter). Filters were dried at 40 °C and observed under a
polarized microscope at 1200 magnification.

2.3. Foraminifer carbonate flux estimation

Foraminifer quantification, morphometric measurements and
weighing was performed following the methods outlined in Salter
et al. (2014). One 1/8 aliquot was sieved on a 63 mm mesh with tap
water and the 463 mm fraction was dried overnight (40 °C). Dried
particles were homogeneously placed on a glass tray. Images of the
entire 1/8 sample were acquired with a fully automated incident
light monocular microscope (Leica Z16 APO), and a motorized xy-
stage with a Lstep-PCI controller (Märzhäuser). High-resolution
images (1.4 mm�2 pixel�1) were taken with a color camera (SIS
CC12). Particle size (minimum test diameter, dmin) was auto-
matically analyzed using analySIS FIVE software (SIS/Olympus
with a MAS software add-in). Foraminifer species were manually
counted and classified into morpho-species following the taxo-
nomic concept of Hemleben et al. (1989). Eight species of planktic
foraminifer were identified: Neogloboquadrina pachyderma (left
coiling), Neogloboquadrina incompta (right coiling), Turborotalita
quinqueloba, Globigerinita uvula, Globigerinita glutinata, Globor-
otalia inflata, Globigerinoides ruber (sensu stricto) and Trilobatus
sacculifer (normal type). Only one empty shell of pteropod (Lima-
cina helicina) was found in the samples and therefore pteropod's
contribution to the passive carbonate flux was considered negli-
gible. However, numerous pteropods were found as swimmers
(distinguished by well preserved organic material) actively enter-
ing the trap in late summer (Rembauville et al., 2015b). Those
shells were withdrawn from the samples as they were considered
not to contribute to the passive flux. To determine size-weight
relationships, individuals of N. pachyderma (n¼23), N. incompta
(n¼10), T. quinqueloba (n¼60) were manually picked from sam-
ples representative of different flux conditions (spring, summer
and winter). Individuals were placed in aluminium cups and
weighed (Mettler Toledo XP2U, 0.1 μg precision). Samples were
acclimatized in the weighing room for at least 12 h before the
analysis. Once the test weight was determined, the minimal dia-
meter (dmin) of each individual was measured with the procedure
described above. Size-weight relationships (W¼a� dmin

b ) were
constructed by fitting linear regressions to log-transformed data
(Movellan et al., 2012). A species-specific relationship was devel-
oped for N. pachyderma, N. incompta and T. quinqueloba. For the
other species, an average size-weight relationship was calculated
by pooling the entire foraminifer dataset (n¼93). Parameters of
the size-weight relationships are given in Table 1. Foraminifer
carbonate flux was then calculated using the abundance and size
from the whole dataset and species or group-specific size-weight
relationships. We refer to the sum of foraminifer and fine fractions
(20–63 mm ando20 mm) PIC as “calculated PIC”.

2.4. Test size and size normalized weight comparison with assem-
blages from Crozet

Discrete measurements of the test size and weight of

Fig. 1. (a) Map showing the locations of the sediment trap deployments in the
Indian Sector of the Southern Ocean. Grey scale represents MODIS surface chlor-
ophyll a climatology. Arrows are climatological altimetry-derived surface geos-
trophic currents (AVISO product). Dashed lines denote the Subantarctic Front (SAF)
and Polar Front (PF). SAZ: Subantarctic Zone, PFZ: Polar Frontal Zone, AAZ: Ant-
arctic Zone. The 1000 m isobath is shown as a black contour line. (b) Section of
temperature (World Ocean Atlas 2013, grey scale) and calcite saturation state (black
isolines) along the 70°E meridian. (c) Same as (b) along the 55 °E meridian.
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foraminifer individuals facilitate the calculation of size-normalized
weight (SNW), a commonly used descriptor of test density/thick-
ness (Bijma et al., 1999; Beer et al., 2010a; Marshall et al., 2013).
The SNWwas calculated for each individual by dividing the weight
by the minimum test diameter (SNW (mg mm�1)¼W/dmin). Given
the good relationship between area and minimum diameter, this
method is considered as an appropriate mean to characterize the
test density (Beer et al., 2010b). We compared the Kerguelen da-
taset (station A3, AAZ) with previously published size and weight
data using the same methodology from the Crozet Islands (Salter
et al., 2014). Stations M10 and M5 are located in the PFZ (Pollard
et al., 2007). Altimetry data suggest station M6 might be season-
ally influenced by a weakly marked Polar Front (Park et al., 1993;
Pollard et al., 2007), but the presence of a temperature minimum
layer (1.6 °C at 200 m) strongly supports its belonging to the AAZ
(Pollard et al., 2002; Planquette et al., 2007; Salter et al., 2014).
Statistical differences in minimum diameter (dmin) and size-nor-
malized weight (SNW) between the four study sites were tested
for three species independently (N. pachyderma, T. quinqueloba, G.
bulloides) using a non-parametric Kruskall-Wallis test. If the four
sites constituted significantly different groups, a post-hoc Tuckey
test was performed to identify which sites were significantly dif-
ferent from the others. If the four sites constituted a significantly
homogeneous group, the data from the four sites were pooled for
each species and differences between the three species were tes-
ted using a Kruskall-Wallis test followed by a Tuckey post-hoc test.
All tests were performed at a significance level of 5%.

3. Results

3.1. Seasonality of POC and bulk PIC fluxes

Surface chlorophyll a concentration displayed two peaks
(Fig. 2a). The major peak (2.5 mg L�1) occurred during spring at the
onset of thermal stratification (November 2011) and a second
moderate peak (1 mg L�1) in summer (January 2012). POC fluxes
were characterized by two short (o15 days) and intense
(�1.5 mmol m�2 d�1) export events lagging the chlorophyll a
peaks by one month. These two POC export events comprised
primarily Thalassiosira antarctica and Chaetoceros Hyalochaete
resting spores (Rembauville et al., 2015a).

The satellite-derived mixed layer PIC concentration displayed a
clear seasonal pattern (Fig. 2a) with moderate values in spring
(0.4 mmol L�1 in October/November 2011) and a strong increase in
summer to reach nearly 1 mmol L�1 in end January 2012. The PIC
concentration decreased gradually after this summer peak to reach
low values of 0.2 mmol L�1 in winter 2012. Total bulk PIC fluxes
displayed a similar seasonality as the surface satellite-derived PIC
concentration (Fig. 2b). A moderate peak of 33 mmol m�2 d�1 in
the first cup (21 October to 4 November 2011) was followed by
very low fluxes for the remainder of spring (o10mmol m�2 d�1).
PIC fluxes gradually increased in the summer to 30 mmol m�2 d�1

before a clear maximum in late summer (110–120 mmol m�2 d�1)
that persisted for one month (25 January to 22 February 2015).
Autumn and winter fluxes were very low (o12 mmol m�2 d�1).
Assuming negligible PIC flux out of the collecting period (corre-
sponding to the months of September and October characterized
by low chlorophyll a concentration), the annual PIC export was
low (6.6 mmol m�2 yr�1). The annually-integrated PIC:POC molar
ratio was equal to 0.07.

3.2. Seasonal dynamics of foraminifer and coccolith export fluxes

The seasonality of total foraminifer test flux closely followed
chlorophyll a dynamics (Fig. 3a). A major peak of 800 indiv.
m�2 d�1 was observed in spring. In December, when surface
chlorophyll a concentrations were low, the total foraminifer flux
was very low (15 indiv. m�2 d�1). During the second surface
chlorophyll a increase (January to mid-February), the total for-
aminifer flux increased again to reach values of 450–550 indiv.
m�2 d�1. Foraminifer flux was very low in autumn (30 indiv.
m�2 d�1) and negligible in winter. There was no major seasonal
change in the foraminifer assemblage throughout the year. At an
annual scale, 4 species dominated (495%) the foraminifer flux.
The community assemblage was dominated by T. quinqueloba
(31.8%), closely followed by N. pachyderma (30.8%) with lower
contributions of N. incompta (18%) and G. uvula (15.3%) (Table 2).

Total and fine fractions (20–63 mm and o20 mm) PIC fluxes are
presented in Fig. 3c. The 20–63 mm fine fraction displayed very low
fluxes (o15 mmol m�2 d�1) throughout the year with maximum
in February 2012. The fine fraction o20 mm fluxes followed a si-
milar seasonal pattern as total PIC fluxes. Spring and summer
(October to mid-January) were characterized by low fluxes with
values o25 mmol m�2 d�1 and peaked to the highest values
�100 mmol m�2 d�1 in late summer (February). In autumn and
winter, the PIC fine fraction o20 mm fluxes were o15 m
mol m�2 d�1.

Table 1
Parameters of the size-weight relationship (W (mg)¼a�dmin (mm)b) for the dif-
ferent foraminifer groups OR species considered. All the regressions are highly
significant (po0.01).

Species dmin range
(mm)

W range
(mg)

a b R2

N. pachyderma
(n¼23)

102–300 0.3–5.5 5.26�10�7 2.90 0.71

N. incompta (n¼10) 128–230 0.9–3.0 3.98�10�4 1.61 0.77
T. quinqueloba (n¼60) 132–340 0.3–4.9 3.54�10�9 3.85 0.71
Global (n¼93) 102–340 0.3–5.5 1.25�10�7 3.16 0.67

Fig. 2. (a) Satellite-derived surface chlorophyll a (black dots), particulate inorganic
carbon (PIC, white dots) and sea surface temperature (SST, black line) averaged in a
100 km radius around the trap located at the A3 station. (b) Particulate organic
carbon (POC) and bulk particulate inorganic carbon (PIC) fluxes from the A3 sedi-
ment trap.
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3.3. Relative contribution of foraminifers and coccoliths to carbonate
export

The individual size-weight relationships were considered suf-
ficiently reliable to calculate the contribution of each foraminifer
species to the PIC export (all fits were highly significant, R240.66,
Table 1). The total foraminifer-mediated PIC export showed a

seasonality comparable to the surface chlorophyll a with a strong
peak in early spring (18 mmol m�2 d�1 in October 2011) and a
secondary increase in late summer (11 mmol m�2 d�1 in Januray
2011). Fluxes were much lower the remainder of the year (o5 m
mol m�2 d�1).The relative contribution of each foraminifer spe-
cies/group to the total foraminifer PIC and the calculated PIC an-
nual flux is reported in Table 2. The relative contribution of the
major foraminifer species to the total foraminifer PIC fluxes was
comparable to their contribution to numerical fluxes, and a no-
table fraction (19%) of foraminifer PIC was exported as unclassified
test fragments. T. quinqueloba displayed the highest contribution
to the calculated PIC (4.9%), followed by N. pachyderma (3.3%) and
N. incompta (1.8%). The contribution of G. uvula was very low
(0.5%). Microscopic observations of the fine size fractions after the
organic oxidation step revealed the absence of juvenile for-
aminifers and calcareous dinophytes in the 20–63 mm size fraction
and the presence of coccoliths aggregated to diatom frustules and
unidentified CaCO3 fragments. Therefore, the o20 mm fine frac-
tion represents a slight underestimation of coccolith calcite fluxes
(Ziveri et al., 2007). The total contribution of foraminifer tests to
the annual calculated PIC export was 14.8%. Conversely, the con-
tribution of the coccolith fine fractions (o20 mm and 20–63 mm)
to the annual calculated PIC flux was high (85.2%), primarily due to
their major contribution in the late summer export peak.

The relationship between the bulk and calculated PIC flux is
presented in Fig. 4. Data points are close to the 1:1 relationship. A
highly significant linear correlation (Pearson, n¼12, po0.01) ex-
isted between the bulk and calculated PIC. Regression suggested a
slope close to 1 (0.94, R2¼0.99) and the annual calculated PIC
export (6.5 mmol m�2) was very close to the annual bulk PIC flux
measured (6.6 mmol m�2). These statistics ensure the analytical
method was robust and the partitioning of PIC fluxes among the
quantified biological vectors accounted for the majority of total PIC
measured in the samples.

3.4. Foraminifer test size and SNW comparison with Crozet
Fig. 3. (a) Numerical test fluxes of planktic foraminifers recorded by the sediment
trap at the A3 station. (b) Corresponding foraminifer PIC fluxes. (c) Fine fractions
PIC fluxes (20–63 mm – grey dots, o20 mm-black dots), and bulk PIC flux (circles).

Table 2
Relative contribution of foraminifer species to the annual numerical export and
annual foraminifer PIC. Relative contribution of foraminifers and fine fractions
(o63 mm) to the calculated annual PIC export.

Species/group Numerical for-
aminifer flux (%)

Foraminifer PIC
(%)

Calculated PIC
(%)

N. pachyderma 30.8 22.6 3.3
N. incompta 18.0 11.9 1.8
T. quinqueloba 31.8 32.8 4.9
G. uvula 15.3 3.4 0.5
Other foraminifer
species

4.1 10.3 1.4

Foraminifer
fragments

19.0 2.8

Total foraminifers 14.8
o63 mm 85.2
20–63 mm 10
o20 mm 75.2

Fig. 4. Relationship between the measured bulk PIC flux and the calculated PIC flux
(sum of the foraminifer, the 20–63 mm and the o20 mm fine fractions PIC fluxes).
Dashed line denotes the 1:1 relationship. The equation of the regression performed
on the raw data is given.
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assemblages

Probability histograms of size distribution at each site for N.
pachyderma, T. quinqueloba and G. bulloides are presented in
Figs. 5a, b and c, respectively. All the density functions displayed
quasi-unimodal distributions. For N. pachyderma, dmin was sig-
nificantly higher in the AAZ (M6 and A3 sites, 195739 mm,
mean7standard deviation) than the PFZ (M5 and M10 sites,
151730 mm). For T. quinqueloba, dmin was significantly higher at
A3 (206751 mm) than at the three other sites (M5, M10 and M6,
167729 mm) that constituted a significantly homogeneous group.
Only 5 g. bulloides were observed at A3 and therefore were not
taken into account in the analysis. For G. bulloides, dmin was sig-
nificantly homogeneous at the three Crozet sites (M5, M10 and
M6, 244765 mm).

Boxplots of SNW are presented for the three species in Fig. 6.
For each species, there was no significant difference in SNW
among sites. Therefore, the data from all the sites were pooled by
species. Each species SNW constituted a significantly homo-
geneous group different from the two others. G. bulloides SNW
(31714�10�3 mg mm�1, mean7standard deviation) was sig-
nificantly higher than N. pachyderma SNW (18711�10�3 m
g mm�1) that was also significantly higher than T. quinqueloba
SNW (1074�10�3 mg mm�1) (Fig. 6).

4. Discussion

4.1. Foraminifer test flux amplitude and seasonality

We observed moderate planktic foraminifer test fluxes of 500–
1000 indiv. m�2 d�1 despite high primary production levels in this
naturally iron-fertilized area. The low test fluxes we report over
the central Kerguelen Plateau, and the dominance of N. pachy-
derma and T. quinqueloba are consistent with the general decrease
in flux from the SAZ to the AAZ that goes with a switch from a
mixture of subpolar and polar water species to a dominance of the
two aforementioned species. Donner and Wefer (1994) reported
very low fluxes (�50 indiv. m�2 d�1) in the Northern Weddell Sea
and Bransfield Strait (AAZ) whereas fluxes where much higher at
the Maud Rise (�1�103 indiv. m�2 d�1) where N. pachyderma
dominated the community assemblage, followed by T. quinqueloba.
King and Howard (2003) reported foraminifer export fluxes south
of Tasmania with highest numerical fluxes of �1�104 indiv.
m�2 d�1 in the SAZ very close to the SAF and lower values (4�103

indiv. m�2 d�1) in the PFZ. The transition from SAZ to PFZ was
associated with a switch from temperate species to a dominance of
N. pachyderma and T. quinqueloba. South of New Zealand, North-
cote and Neil (2005) described fluxes of 5�103 indiv. m�2 d�1

with a major contribution of G. inflata in the SAZ. In the PFZ North
of the Crozet Islands, foraminifer numerical export fluxes were

Fig. 5. Probability histogram of size distribution for three major species collected by the sediment traps at Crozet (M5, M6 and M10) and Kerguelen (A3): (a) Neoglobo-
quadrina pachyderma, (b) Turborotalita quinqueloba and (c) Globigerina bulloides. Grey lines represent data from sediment traps located north of the Polar Front (PF) and black
lines south of the PF.

Fig. 6. Box-and-whisker plots representation of size-normalized weight for three major species collected by the sediment traps at Crozet (M5, M6 and M10) and Kerguelen
(A3): (a) Neogloboquadrina pachyderma, (b) Turborotalita quinqueloba, (c) Globigerina bulloides. Box extends from the lower to upper quartile values of the data, with a line at
the median. Whiskers extend from the quartiles to values comprised within a 1.5 inter-quartile distance. Black lines in the background are median (full line) and lower and
upper quartile (dashed lines) calculated by grouping all samples for a given species.
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�1�104 indiv. m�2 d�1 and mostly represented by N. pachy-
derma with a notable contribution of the larger temperate species
G. bulloides and G. inflata (Salter et al., 2014).

The seasonal dynamics of foraminifer test export flux at station
A3 was characterized by two peaks in spring and summer closely
related with surface chlorophyll a concentration, but were not
particularly associated with SST dynamics. Jonkers and Kučera
(2015) have analyzed the phenology of foraminifer export fluxes at
global scale and demonstrated that a group composed of tempe-
rate and cold water species (comprising N. pachyderma, N. in-
compta and T. quinqueloba) displayed two export peaks in spring
and summer. Our results are highly consistent with this general
scheme and support the close link between primary production
(assessed from surface chlorophyll a) and foraminifer production
(Hemleben et al., 1989; Klaas, 2001; Schiebel et al., 2001; Kur-
oyanagi and Kawahata, 2004; Lombard et al., 2011) and sub-
sequent export (Schiebel, 2002). At Crozet (M5 and M10 sites in
PFZ) foraminifer test export occurred in one continuous event in
summer from January to March (Salter et al., 2014) when SST was
generally highest (48 °C) and chlorophyll a concentration was
low (0.5 mg L�1, Salter et al., 2012). This strongly contrasts with the
close link we observe between the chlorophyll a concentration and
the foraminifer test export at A3. However, the comparison of flux
seasonality must be treated with caution because of the different
sediment trap deployment depths (289 m at A3 versus 42500 m
for the M5 and M10 sites), increasing water depth might dampen
seasonal particle flux signal. Our results from a shallow sediment
trap at A3 suggest that food availability might be the major con-
trolling factor for low temperature communities of the AAZ.

4.2. Foraminifer test size and SNW distribution

The calculation of the calcite saturation state is strongly de-
pendent on the input variables of DIC and Alkalinity (a 1% change
in one of these variables can drive a 10% change in saturations
state, Orr et al., 2015). Given this uncertainty, the climatological
field suggests that all of the sediment trap deployments around
Crozet and Kerguelen were located in waters oversaturated with
respect to CO3

2� with a calcite saturation state 41 (Fig. 1b,c).
Therefore it is unlikely that seawater carbonate chemistry has
strongly affected test weight and size through dissolution during
particle sinking. However, test dissolution would lead to an un-
derestimation of the weight in the sediment trap material and
therefore the SNW should be considered as a lower estimate
compared to living individuals.

The compilation of the large dataset generated with the auto-
mated microscope from Crozet and Kerguelen samples revealed
that location relative to the Polar Front had a significant impact on
the size of N. pachyderma with smaller individuals in the PFZ
(Fig. 5). This pattern was not evident for T. quinqueloba and G.
bulloides. When food is not limiting, temperature is presumed a
fundamental factor influencing foraminifer growth rate at the
species level (Lombard et al., 2009). An explanation of the Berg-
mann's rule (larger individuals in colder environments) in plank-
ton is that lower growth rate due to lower temperature leads to
larger individuals at sexual maturity (von Bertalanffy, 1960; At-
kinson, 1994). Under this hypothesis, colder SST south of the Polar
Front might explain larger individuals of N. pachyderma at M6 and
A3 sites. However the fact that Crozet communities of T quinque-
loba and G. bulloides have a significantly homogeneous size in the
PFZ and AAZ suggests that temperature is not the only factor at
play and that population dynamics (Schiebel et al., 1997) and the
availability of prey (Schmidt et al., 2004) as well as genetic di-
versity within a given morphospecies (Weiner et al., 2015) might
also constrain planktonic foraminifer size.

SNW was originally considered as a proxy for [CO3
2�]

(Lohmann, 1995; Bijma et al., 1999; Broecker and Clark, 2001;
Barker and Elderfield, 2002; Bijma et al., 2002). Additionally, the
comparison of foraminifer tests from modern sediment traps
samples and Holocene sediments demonstrated the impact of
ocean acidification and the lowering of [CO3

2�] on the reduction
of the test weight at high southern latitudes (Moy et al., 2009).
However, there is a growing number of observations suggesting
that the relationship between the SNW and the [CO3

2�] is not
homogeneous among foraminifer species (Beer et al., 2010a;
Meilland, 2015), and the relationship is more robust for certain
species than for others (Marshall et al., 2013). Our results show
that for a given species, SNW is not statistically different regarding
the hydrography but that SNW varies significantly between the
dominant species N. pachyderma, T. quinqueloba and G. bulloides.
This suggests that ecological conditions other than the carbon
chemistry of ambient seawater at long (Weinkauf et al., 2013) and
short time scale (de Villiers, 2004; Marshall et al., 2013), and
species physiological characteristics and metabolism might be
responsible for the three-fold SNW increase between T. quinque-
loba and G. bulloides. This has potentially important implications
for the carbon pumps because it implies that planktic foraminifer
community composition together with the magnitude of the nu-
merical flux (number of individuals) plays a role in the for-
aminifer-mediated PIC flux.

4.3. Seasonality and magnitude of the coccolith fine fraction export

The sediment trap record represents the first annual record of
coccolith calcite export south of the Polar Front. Over the central
Kerguelen Plateau, we observe a clear decoupling between the two
chlorophyll a peaks (November and January) and the coccolith fine
fraction (o20 mm) export peak (February). The algorithm used to
calculate PIC concentration based on satellite remote sensing re-
flectance is associated with a root mean square error (RMSE) of
1.2 mmol L�1 (Balch et al., 2005). The maximum satellite-derived
PIC concentration we report is �1 mmol L�1 which is lower than
the RMSE. Additionally, the sunlight penetration depth con-
straining satellite data is o20 m in such a productive area (Gor-
don and McCluney, 1975), preventing the detection of subsurface
features. For this reason, we only consider the satellite-derived PIC
as qualitative date product. The uncertainty on satellite-derived
PIC concentration, the shallow sediment trap depth (289 m) and
the sampling temporal resolution (15 days) prevent a robust cal-
culation of coccolith sinking speed or turnover time. However, the
satellite-derived PIC concentration displays a clear seasonal signal
tightly coupled to the coccolith fine fraction export. This result
suggests that the algorithm used to derive coccolithophore pre-
sence from satellite data (Gordon et al., 2001; Balch et al., 2005) is
sensitive, if not quantitative, over the central Kerguelen Plateau.

Historical observations suggest a diatom to coccolithophore
succession from spring to summer in various locations of the
global ocean (Margalef, 1978; Holligan et al., 1983; Lochte et al.,
1993; Ziveri et al., 1995; Thunell et al., 1996; Ziveri and Thunell,
2000; Schiebel et al., 2011). Using satellite hyperspectral mea-
surements and the PhytoDOAS method, Sadeghi et al. (2012) built
a climatology of coccolithophore biomass in the Southern Atlantic.
They reported a recurrent coccolithophore bloom in February/
March, in good agreement with our measurement of maximum
fine fraction (o20 mm) export flux in February. Sadeghi et al.
(2012) highlighted the importance of SST maxima for the origi-
nation of a coccolithophore bloom in the high latitude ocean. Si-
milarly, we report the highest coccolith calcite export flux during
the period of highest SST (�5 °C), in agreement with the hy-
pothesis of a temperature control on the coccolithophore bloom.
More recently, Hopkins et al. (2015) used satellite-derived PIC as a
proxy of coccolithophore biomass and concluded to a co-
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occurrence of chlorophyll a and coccolithophore peaks in the
Southern Ocean. The results at large spatial and temporal scales
differ somewhat from the uncoupling we observe at our specific
location. Such differences may be attributed to inter-annual
variability in the seasonality of chlorophyll a concentrations and/
or the timing of coccolithophore production.

The qualitative microscopic observation of the o20 mm and
20–63 mm fractions indicate that Emiliania huxleyi represents
495% of the coccolithophores assemblage with a minor con-
tribution of Helicosphaera carteri. This finding is consistent with
previous observations of a strict dominance of E. huxleyi with low
abundances south of the PF (Saavedra-Pellitero et al., 2014; Winter
et al., 2014). E. huxleyi is reported to bloom in waters with gen-
erally low silicic acid concentration resulting by its consumption
by diatoms (Holligan et al., 1983; Townsend et al., 1994; Tyrrell and
Merico, 2004). Additionally, this species has been shown to be
tolerant to low iron concentration (Brand et al., 1983; Sunda and
Huntsman, 1995; Muggli and Harrison, 1997; Findlay and Gir-
audeau, 2000; Holligan et al., 2010). In January, the silicic acid
concentration at the station A3 reaches o2 mmol L�1 (Mosseri
et al., 2008) and iron concentration is �0.1 nmol L�1 (Blain et al.,
2008). Moreover, the high nitrate, phosphate and ammonium
concentrations (Mosseri et al., 2008) and the highest SST in late
summer might be favorable conditions for a E. huxleyi bloom.
Nevertheless, despite the summer stratification, the SST of 5 °C is
still in the lower end of the thermal niche of E. huxleyi (1–31 °C,
McIntyre et al., 1970). This temperature is likely to result in rela-
tively low growth rate (Fisher and Honjo, 1989; Fielding, 2013).
This may explain why the magnitude of the bloom is weak and
corresponds to low surface chlorophyll a concentration at this
period of the season. This weak coccolithophore bloom drives
most (85.2%) of the annual PIC export that appears very low
(6.6 mmol m�2 y�1) compared to coccolith fine fraction export
from the temperate ocean (0.2–0.8 mol m�2 y�1, Ziveri et al.,
2007).

4.4. Southern Ocean carbonate counter pump affected by different
planktonic calcifying organisms

The annually-integrated PIC:POC export ratio of 0.07 (mol:mol)
is close to the mean ratio for the global ocean (0.0670.03, Sar-
miento et al., 2002) and appears much lower than the ratio found
in sediment traps of the PFZ and the SAZ (�1, from a data com-
pilation by Salter et al., 2014). The annual POC export
(98.2 mmol m�2 yr�1, Rembauville et al., 2015b) and the annual
PIC export (6.6 mmol m�2 yr�1) at station A3 allow us to estimate
the strength of the carbonate counter pump: the reduction of the
CO2 drawdown by the biological pump due to the CO2 production
during the calcification process in the mixed layer (Frankignoulle
et al., 1994; Zeebe, 2012; Salter et al., 2014). As the trap depth
(289 m) was close to the winter mixed layer depth (220 m in this
region of the Southern Ocean (Park et al., 1998; de Boyer Montégut
et al., 2004), POC fluxes were not corrected for attenuation with
depth. The carbonate counter pump effect (CCpump, %) was calcu-
lated from the annual fluxes as CCpump¼(PICflux�Ψ)/POCflux

�100.Ψ is the mole of CO2 emitted by mole of CO3
2� precipitated

during the calcification process and ranges 0.7–0.8 for seawater at
5 °C and a pCO2 of 300–400 matm (Frankignoulle et al., 1994). The
calculation leads to a CCpump of 4.7–5.4% at station A3. This value is
consistent with the previously reported value at the M6 site also
located in the AAZ (1–4%) and is significantly lower that the values
in the PFZ at the M5 and M10 sites (6–32%) reported in Salter et al.
(2014).

In the PFZ downstream Crozet, foraminifers were significant
contributors to the production and export of PIC (30–50%), with a
lower contribution of coccoliths (20%) and pteropods (5%, Salter

et al., 2014). Conversely, foraminifers are minor contributors over
the central Kerguelen plateau in the AAZ (o15%, Table 2). The
similarity of the CCpump between the M6 and A3 sites in the AAZ
supports the idea that the position of productivity relative to the
Polar Front (Salter et al., 2014) exerts a major control on the
magnitude of the CCpump through two processes: (1) changes in
the relative abundance of heterotrophic calcifiers foraminifers/
pteropods to autotrophic coccolithophores, and (2) a change in the
contribution of foraminifer species with different SNWs.

During the last two million years the glaciations have been
characterized by lower CO2 concentration in the atmosphere that
has been explained by a combination of both biology (strength-
ening of the biological pump) and physics of the Southern Ocean
(Sigman and Boyle, 2000; Kohfeld et al., 2005; Robinson et al.,
2005; Martínez-Botí et al., 2015). The higher efficiency of the
biological pump was likely linked to higher deposition of eolian
iron and more complete utilization of nutrients at high latitudes
(Mahowald et al., 2006; Martínez-García et al., 2014). Our results
from naturally fertilized Southern Ocean blooms suggest that the
magnitude of the associated carbonate counter pump (Salter et al.,
2014) depends not only on the dominant calcifying planktonic
organisms (foraminifers versus coccolithophores), but also on the
species assemblage that responds to the increase in primary
production.
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5.1 General conclusion

5.1.1 Synthesis of the main results

Pioneering work synthesizing export data at global scale (Armstrong et al., 2002; Klaas

and Archer, 2002; Francois et al., 2002), followed by more recent studies including nu-

merical estimation of primary production (Honjo et al., 2008; Henson et al., 2012) have

converged towards a common scheme of the biological pump functioning (Fig. 5.2a).

However, the mechanisms underpinning such function, and more specifically the impact

of ecological processes have been poorly characterized to date. During this PhD, I have

studied how plankton community influences particulate matter export in environments

of contrasting productivity in the Southern Ocean. This section summarizes the main

findings and compares them with previous conclusions from the literature (Fig. 5.2b.)

On the contribution of diatoms and faecal pellets to export fluxes

It is widely accepted that diatoms are efficient vectors for carbon export out of the mixed

layer (Smetacek, 1985; Michaels and Silver, 1988; Boyd and Newton, 1995). It was ob-

served from both shallow (300 m, Kerguelen) and deep (1500-2000 m, South Georgia)

sediment trap deployments in diatom-dominated ecosystems that vegetative diatoms are

predominantly exported as empty frustules, leading to low PEeff and Teff. Therefore,

diatom vegetative stages do not appear to efficiently transport carbon to the deep South-

ern Ocean. Conversely, resting spores contribute significantly to diatom-mediated carbon

export, and their increasing relative contribution with depth suggests a high Teff. Further-

more, during a summer survey, a dominance of Chaetoceros Hyalochaete resting spores to

POC stocks at 250 m over the central Kerguelen Plateau further supported its key role

in exporting carbon from the mixed layer to the mesopelagic ocean.

The relationship between the fraction of empty diatom and the BSi:POC ratio found

at Kerguelen confirms that diatom ecology significantly impacts the preferential export

of silicon and carbon (Smetacek et al., 2004; Assmy et al., 2013). Additionally, consistent

patterns arise from the comparison of full and empty diatom species exported at Kerguelen

and South Georgia (Fig. 5.1). In both island systems a high relative abundance of pref-

erentially empty cells of Fragilariopsis kerguelensis and Thalassionema nitzschioides are

observed, highlighting these species as preferential ”silica sinkers”. Conversely, Chaeto-

ceros Hyalochaete resting spores (CRS) and Thalassiosira antarctica resting spores (TRS)

are exported as full cells in productive environments (P3 and A3) and strongly contribute

to POC export. Between these two end members, certain species were exported with

moderate relative abundance (∼1 %), such as Navicula directa and Thalassiothrix antarc-

tica show an empty:full ratio increasing with the sampling depth (300 m at A3, 2000 m at

P2). Massive deposition of T. antarctica in marine sediments suggested that this large di-



178

atom may strongly contribute to carbon export during intense ”fall dump” events (Kemp

et al., 2000, 2006). However, if the cell carbon is quickly remineralized during its sinking

through the mesopelagic ocean (leading to an increase in the empty:full cell ratio), then

the contribution of this species to carbon export may be limited. The statistical approach

used at the KERFIX HNLC site also identifies CRS, Eucampia antarctica, Navicula di-

recta, Pseudo-nitzschia spp. and Thalassiothrix antarctica as species positively associated

with POC export. Although this approach is not quantitative, this cluster is consistent

with other observations from the SAZ and PFZ South of Tasmania (Rigual-Hernández

et al., 2015b). The role of these species on POC export might be valid in both HNLC

and naturally-fertilized productive areas.
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Figure 5.1: Annually integrated empty:full ratio (bars, left axis) and total (full + empty)
relative abundance (red dots, right axis) of major diatom taxa exported at South Georgia
(P2 - low productivity, P3 - high productivity) and Kerguelen (A3 - high productivity).
CRS: Chaetoceros Hyalochaete resting spore, TRS: Thalassiosira antarctica resting spore.
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The enumeration and measurement of faecal pellets exported at Kerguelen, coupled with

the description of zooplankton communities during KEOPS1 and KEOPS2 allow an esti-

mation of the potential influence of zooplankton groups on export. The highest BSi:POC

ratio, associated with the lowest POC export, is observed in spring when faecal pel-

lets are mostly represented by small spherical shapes and the zooplankton community is

dominated by small calanoid copepods (e.g. Oithona, Carlotti et al., 2015). This is con-

sistent with the essential role of small copepods in recycling carbon within the mixed layer

through feeding on suspended particles and coprophagy (Gonzalez and Smetacek, 1994;

Iversen and Poulsen, 2007), leading to low PEeff (Lam and Bishop, 2007). Conversely,

faecal material from large zooplankton (large copepods, euphausiids, salps) dominates

the autumn and winter export and drives a substantial fraction of annual POC export

(∼30% at Kerguelen). This is also in good agreement with previous findings suggesting

that large zooplankton is a major contributor to faecal pellet-driven export because of

the strong and fast-sinking faecal pellets they produce (Lebrato and Jones, 2009; Wilson

et al., 2013; Smith et al., 2014; Cavan et al., 2015). At South Georgia, the contribution

of diatoms to carbon flux is 46 % and 2% in the productive and HNLC sites, respectively.

This indicates that non-diatom components, and possibly faecal pellets, are important

vectors for carbon export at greater (>1500 m) depths (Wilson et al., 2008; Manno et al.,

2015). The high abundance of sterols in the exported organic matter at this site when

compared to Kerguelen and Crozet also supports an important role of zooplankton in

organic matter export.

On plankton diversity and particulate matter stoichiometry and lability

During a summer survey, we observe that diatom biomass relative to that of dinoflagel-

lates drives most of the variability in PON:POP ratio. This is consistent with previous

findings from culture experiments (Ho et al., 2003; Quigg et al., 2003) and is a potential

factor explaining the latitudinal pattern of the PON:POP ratio at global scale (Martiny

et al., 2013a). Additionally, Si:C uncoupling was observed to occur in transition layers

of the AAZ through two mechanisms: (1) the accumulation of empty diatom frustules

(dominated by F. kerguelensis) within this interface and (2) high vertical silicic acid dif-

fusive fluxes likely to sustain silicification despite very low primary production at these

depths (∼100 m).

The 2-4 fold increase in labile lipids (unsaturated fatty acids) in the naturally-fertilized

sites compared to the HNLC sites is attributed to the dominance of diatom, and more

specifically resting spores, in the export fluxes. These findings corroborate previous re-

sults restricted to Crozet (Wolff et al., 2011). Diatoms accumulate palmitoleic acid during

resting spore formation, and their efficient transfer to the seafloor is likely to deliver this

energy-rich compound to the deep-sea benthic communities. The HNLC sites display a

higher relative abundance of sterols accumulated in zooplankton faecal pellets. At station
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A3, the coupled description of biological export vectors and lipid composition of export

fluxes demonstrates that ecological processes (e.g. resting spore formation, seasonal shifts

in zooplankton community composition) strongly affect the lability of the exported organic

matter. Thus, ecological processes not only impact the magnitude and Si:C stoichiometry

of the biological pump but also constrain the lability of export with potentially important

implications for the energy flow to the deep ocean (Ruhl and Smith, 2004; Ruhl et al.,

2008).

On natural iron fertilization and the carbon pumps

The comparison of the three naturally fertilized island systems of South Georgia, Crozet,

and Kerguelen (Fig 5.3) lead to several conclusions concerning the relative impact of

natural iron fertilization on the biological pump and carbonate counter pump. The bi-

ological pump intensity is 1.5 to 2.5 times higher in the naturally fertilized waters com-

pared to the HNLC waters. However, in the productive sites, POC fluxes remain low

(< 100 mmol m−2 yr−1) regardless of the depth considered (289 - 2000 m). The difference

in POC export between the HNLC and productive sites is mostly explained by the late

summer export of diatom resting spores. At Kerguelen, the fraction of NCP exiting the

mixed layer is low (<2 %) and similar in the HNLC (KERFIX) and productive (A3)

waters. These results suggests that natural iron fertilization increases the production and

export of organic matter (Blain et al., 2007; Pollard et al., 2009; Manno et al., 2015) but

that it does not increase the efficiency of the biological pump (i. e. it does not increase

the fraction of NCP exported). However, iron fertilization has a significant impact on

the chemical composition of the exported organic matter with a 2-4 fold increase in the

fraction of labile lipids (energy-rich unsaturated fatty acids). Thus the effect of iron fer-

tilization is not restricted to the cycling of major elements, but also shapes the energy

supply to the deep sea communities.

Contrary to what was observed at Crozet by Salter et al. (2014), the carbonate flux

is very low in the naturally fertilized waters downstream of Kerguelen, leading to a weak

carbonate counter pump (4.7-5.3 % of POC export). This is due to a much lower contribu-

tion by foraminifer to the carbonate flux, most of it (85 %) being attributed to a moderate

bloom of Emiliania huxleyi. Although the composition of the calcifying plankton in the

HNLC KERFIX sediment trap is not available, the annual PIC export appears similar to

what is observed at A3. Therefore natural iron fertilization does not lead to a stronger car-

bonate counter pump South of the Polar Front. This phenomenon appears to be explained

by a difference in the community structure of calcifying organisms. South of the Polar

Front, a lower abundance of cold water foraminifer species with lower size-normalized

test weight (SNW) is observed. Conversely, north of the Polar front, higher abundances

of cold water and temperate foraminifer species (Salter et al., 2014) with higher SNW

respond to the increased food availability driven by natural iron-fertilization.
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Figure 5.3: a. Climatology of surface chlorophyll a concentration in the Southern Ocean
(MODIS aqua full mission), dashed and continuous lines represent the Subantarctic and
Polar Front, respectively (Sallée et al., 2008). SAZ: Subantarctic Zone, PFZ: Polar Frontal
Zone, AAZ: Antarctic Zone. b.- d. Detailed view of annual sediment trap deployments
in the vicinity of island systems. e. Table summarizing the biogeochemical fluxes and
major plankton groups from sediment trap deployments. Crozet data from Salter et al.
(2012, 2014) and Wolff et al. (2011). Labile lipids are the sum of unsaturated fatty acids.



183 5. Conclusions and perspectives

5.1.2 Implications

Diatoms as a paleoproxy for carbon and silicon export

Numerous studies have used the modern analogue technique to reconstruct the past water

hydrology based on diatom taxa distribution in sediment cores (e.g. Leventer et al., 1993;

Zielinski and Gersonde, 1997; Crosta et al., 1998; Ferry et al., 2015). This methodology

was applied on sediment trap samples and diatom frustules have been used as indica-

tors of carbon export (Grigorov et al., 2014; Rigual-Hernández et al., 2015b). At South

Georgia, it was demonstrated that the composition of the diatom community is deeply

modified from the mixed layer to the sediments. Moreover, the majority of diatom taxa

were exported as empty frustules and therefore did not contribute significantly to POC

export. Therefore associating increased diatom frustule fluxes in sediment traps, or di-

atom accumulation rates in sediments, to increased POC export is not straightforward.

In line with these findings, a recent study demonstrated that an increase in diatom accu-

mulation rate is not necessarily coupled with an increase in primary production or export

efficiency over geological time scales (Lopes et al., 2015). It is suggested that a more

precise consideration of diatom species/groups is necessary in light of their distinct role

on carbon or silicon export. Additionally, although the micropaleontological counting

technique is used for sediments samples, the comparative analysis of methods conducted

in the present thesis (Appendix 2) suggests that a biological counting technique, coupled

with efficient preservative in sediment trap samples, is better adapted to understand the

relative contribution of diatom taxa to carbon export.

Our results discount the importance of temperature as a sole control of carbon

remineralization and illustrate dominant ecosystem control of carbon export. - (Lopes

et al., 2015).

Based on suggestions by Smetacek et al. (2004) and Assmy et al. (2013) the present

work links the empty:full ratio of diatom export assemblages to the BSi:POC stoichiom-

etry of the biological pump. However, in the present study these conclusions are based

on statistical techniques that address co-occurrence. Consequently they do not provide a

quantitative framework between diatom taxa and BSi export. Relationships between cell

volume and silica content have been proposed (Conley et al., 1989). Using such allometric

relationships would in theory allow one to partition BSi fluxes among the main diatom

species and confirm their respective role as preferential silica sinker. However, more recent

studies demonstrate that an interplay of factors such as salinity (Vrieling et al., 1999),

iron (Takeda, 1998; Hutchins and Bruland, 1998) and silicic acid availability (Jungan-

dreas et al., 2012) influences the silica content of the frustule at the species level. Fixed

allometric relationships do not take into account such variability. To overcome this issue,

modern techniques such as synchrotron X-ray fluorescence or Fourrier transform infrared
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spectroscopy (FTIR) provide the possibility to derive the silica and carbon content of

diatoms at the cellular level in heterogenous samples (Jungandreas et al., 2012; Sackett

et al., 2014; Twining et al., 2014). A quantitative representation of how species composi-

tion and phenotypic plasticity impacts the export and preservation of silicon throughout

the water column would further increase our mechanistic understanding of the ecological

processes regulating silicon trapping in the Southern Ocean (Chase et al., 2015).

Oceanic carbon pumps during the last glacial maximum

Based on sedimentary records in the ACC, Abelmann et al. (2006) suggested that exten-

sive blooms of spore-forming diatoms in naturally iron-fertilized waters of the Southern

Ocean during the last glacial maximum (LGM) may have driven a more intense organic

carbon burial. The authors concluded their study by highlighting ”the need for longer-

term, species-oriented, in situ iron fertilization experiments to further validate proxies

and test hypotheses linking biogeochemical and ecological processes”. The regional studies

of naturally iron-fertilized blooms presented in this thesis have made significant progress

in quantifying the role of diatom resting spores for POC export. However, one must be

cautious in extending this conclusion to the Southern Ocean during glacial times. The

environmental factors favouring spore-forming species, and the triggers for resting spore

formation in the field are still poorly characterized.

Higher iron deposition leading to a more efficient biological pump in the Southern

Ocean has been commonly evoked to contribute to the lower atmospheric pCO2 during

the LGM (Martin, 1990; Sigman and Boyle, 2000). The efficiency of iron fertilization is

usually quantified as the ratio of net CO2 drawdown to iron input (de Baar et al., 2005),

assuming that CO2 drawdown reflects net community production (NCP) and that NCP is

close to export production under steady state conditions (Eppley and Peterson, 1979). At

Kerguelen, we report that the fraction of seasonal NCP exported as POC is similar in iron-

fertilized and HNLC waters. A recent study based on paleo-oceanographic data reports

lower export efficiency during the LGM resulting from an uncoupling between primary

production and export efficiency (Lopes et al., 2015). This study adds to a growing

body of evidence demonstrating that the relationship between iron availability, primary

production and POC export is not straightforward (Lam et al., 2011; Jacquet et al.,

2011; Maiti et al., 2013; Cavan et al., 2015; Laurenceau-Cornec et al., 2015a). It seems

that although iron increases primary production, ecosystem structure is the ultimate

factor imposing the efficiency of the carbon transfer to the seafloor. More sediment

trap deployments coupled with estimations of seasonal NCP in a variety of Southern

Ocean environments are still required to effectively evaluate the uncoupling and evaluate

ecological factors responsible for flux attenuation.

Natural iron fertilization south of the Polar Front does not appear to enhance the

carbonate counter pump to the same degree as in the Polar Frontal Zone. We describe
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an important shift in calcifying plankton community composition is observed when cross-

ing the Polar Front, with a dominance of coccolithophore contribution to PIC export in

the AAZ. This leads to a lower PIC export resulting in a lower carbonate counter-pump

compared to the PFZ. Numerous biotic and abiotic factors were evoked to explain the 80

ppmv difference in pCO2 partial pressure between the pre-industrial area and the LGM

(Archer et al., 2000a; Sigman and Boyle, 2000), and biology itself is thought to account

for less than 50 % in this process (Kohfeld et al., 2005). Paleo-oceanographic records

suggest a 5◦ northward shift of the ACC fronts during the LGM (Francois et al., 1997;

Gersonde et al., 2003). In this context, a lower carbonate counter pump at the Southern

Ocean scale due to an extended AAZ may have impacted the atmospheric pCO2.

Where does the carbon go ?

The imbalance between NCP and export in the Southern Ocean have already been re-

ported during artificial iron fertilization experiments (Martin et al., 2013), and a recent

study came to the same conclusion in the naturally-fertilized waters of the Western Antarc-

tic Peninsula (Stukel et al., 2015). Numerous studies have used on-going measurements of

oxygen isotopes and/or O2/Ar to derive NCP and the associated export in the Southern

Ocean (Cassar et al., 2011; Jonsson et al., 2013; Chang et al., 2014). Our results at Ker-

guelen suggest a strong uncoupling between NCP and POC export. If such uncoupling

is commonly evoked (Hamme et al., 2012; Jonsson et al., 2013; Estapa et al., 2015), the

ecological factors responsible for it are not determined. Emerson (2014) proposed that

the export due to vertical migration of motile organisms was enough to close the carbon

budget in low latitude ecosystems. In the Southern Ocean, the significant biomass of

predators (fishes, birds, marine mammals) is likely to play a role in the carbon budget

(Huntley et al., 1991; Banse, 1995) but is not considered as part of the ”community” in

NCP estimates made by biogeochemists. For example, top predator carbon consumption

at Kerguelen is estimated to be 1.6 × 106 mol yr−1 (Guinet et al., 1996). Assuming that

predation occurs in the phytoplankton bloom area (∼45 000 km2), the mean carbon con-

sumption by top predators is 0.36 mol m−2 yr−1. Although important uncertainties are

associated with this calculation, it represents a notable fraction of the annual net air-sea

CO2 flux estimated at ∼ 1 mol m−2 yr−1 (Blain, pers. comm.).

Taking into account carbon transfer to higher trophic levels is therefore a new chal-

lenge to fully understand the carbon cycle in the Southern Ocean. The main limits are

the estimation of the higher trophic levels biomass and feeding strategies (Guinet et al.,

1996; Murphy et al., 2012). Studies combining biogeochemical data on production and

export, coupled with higher trophic levels biomass estimation (from hydroacoustic to ma-

rine mammals) and identification of food web structure (stable isotopes, lipids) may help

to better understand end-to-end carbon pathways.
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The scientific value of sediment trap deployments

Most of the long term moored sediment trap (MST) deployments in the Southern Ocean

occurred during the JGOFS period (1990-2000, Fig. 5.4) and contributed to increase our

understanding of the functioning of the biological pump (Boyd and Trull, 2007; Honjo

et al., 2008). The deployment of a MST is logistically complex and expensive, and not

all the moorings are easily retrieved. Moreover, the development of chemical and optical

proxies of export may have contributed to the decrease in long term MST deployments

in the Southern Ocean over the last two decades (Fig. 5.4). Long time series (several

decades) of biogeochemical properties are needed to detect significant trends possibly as-

sociated to climate change, and the Southern Ocean is particularly poorly covered by long

term observatories (Henson, 2014; Henson et al., 2016). Short term estimates of export

with proxies cannot document long term changes. In this context, long term deployments

of MST, although associated with many uncertainties in the efficiency of flux collection,

appear as the only available tool to document a change in export fluxes (Salter et al.,

2010; Nodder et al., 2016) and understand the driving biological mechanisms. The de-

crease in MST deployments in the Southern Ocean challenges our ability to document

and understand future changes in export fluxes.
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Figure 5.4: History of sediment trap deployments in the Southern Ocean (South of 40◦S).
Grey bars represent the number of long term (>250 days) sediment trap deployments
per decade in the Southern Ocean. Blue bars represent the number of short- and long-
term sediment trap deployments in which a biological variable (e.g. diatom, faecal pellet,
calcifying plankton) was quantified. Multiple sediment traps on the same mooring were
considered as independent deployments.

Three decades ago, sediment traps were used to document temporal and vertical vari-

ability in diatom assemblages in the seasonal ice zone (Leventer and Dunbar, 1987). The

present manuscript emphasizes the importance to take into account the biological com-

ponents of export fluxes to understand their magnitude and stoichiometry. A recent
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study have statistically linked mixed layer plankton community structure (derived from

DNA sequencing) to export at 150 m (derived from an optical proxy), although authors

suggested that the correlation between the two did not imply causal relationship (Guidi

et al., 2016). To date, sediment traps remain the only tools able to quantitatively at-

tribute fluxes to biological components. There is a constant decrease in the quantification

of biological variables in sediment trap samples in the Southern Ocean (Fig. 5.4). Given

the strong uncertainties still existing on the intensity of the biological pump at global scale

and the associated biological processes (Burd et al., 2010; Henson et al., 2012), it appears

important to adopt a coupled chemical and biological approach in future sediment trap

studies.
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5.2 Perspectives

5.2.1 Quantifying other variables in sediment trap samples

The present manuscript focused on the biological components regulating the export of

major elements (C, N, Si). The quantification of particulate trace metal export, and more

specifically iron, is necessary to fully understand the cycle of these major elements. Several

studies have reported particulate iron (PFe) fluxes in the Southern Ocean in the context

of natural or artificial fertilization (Frew et al., 2006; Bowie et al., 2009; Planquette et al.,

2011; Ellwood et al., 2014). These fluxes have been derived from short term sediment trap

deployments and thus do not allow one to describe PFe export over a complete seasonal

cycle. For example, at station A3 during KEOPS2, the PFe export flux in spring was far

greater than the dissolved Fe supply (Bowie et al., 2015). Using a similar approach as for

major elements, a coupled description of biological vectors and export of trace elements

using a moored sediment trap would greatly aid our understanding of their cycling at

seasonal and annual scale. As part of the SOCLIM project (www.soclim.com), a moored

sediment trap dedicated to quantifying the export of trace metals will be deployed at

station A3 from October to March 2016.

Diatoms and faecal pellets can be identified and enumerated with relatively simple

optical tools. However, other components of the microbial food web such as bacteria

are important actors in the biological pump attenuating the organic carbon flux. Only

a few studies have reported the bacterial communities associated with sinking particles

during short term sediment trap deployments (Röske et al., 2008; LeCleir et al., 2014;

Fontanez et al., 2015). No preservatives were used in the sediment trap samples, the

16S RNA gene was sequenced and sequences were assigned to bacterial taxa. Fontanez

et al. (2015) reported that specific bacterial lineages were associated with eukaryotic

organisms, suggesting that particle flux composition might constrain the diversity, and

probably activity, of heterotrophic bacteria.

Assigning sequences to operational taxonomic units (OTU) is poorly quantitative and

provides prokaryotic community structure as a relative contribution to total identified

sequences. Alternatively, catalyzed reported deposition - fluorescent in situ hybridization

(CARD-FISH) allows identification of targeted bacterial taxa in the particles (Sekar et al.,

2003; Orsi et al., 2015; Thiele et al., 2015). Multiple CARD-FISH performed on the same

particle using different probes can provide information on the preferential association of

bacterial groups with particle types (Fig. 5.5). However, only the cells on the surface of

the particle can be enumerated, probably biasing the view of the total bacterial commu-

nity. Additionally, autofluorescence of phytoplanktonic cells present in particles render

the quantification of labelled bacterial cells difficult. Although the multiple CARD-FISH

protocol is functional (Fig. 5.5), it clearly needs to be adapted to the study of parti-

www.soclim.com
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cles containing phytoplanktonic cells. For example, fluorochromes emitting in different

wavelength than phytoplanktonic pigments could be used.

Figure 5.5: Examples of double CARD-FISH performed on sediment trap samples col-
lected over the central Kerguelen Plateau. On each particle, total bacterial cells are
stained with DAPI in blue, Cytophaga-Flavobacterium-Bacteroides (CFB) in green, and
Archae (ARC) in red.

5.2.2 The bio-optical approach: example in the vicinity of Ker-

guelen

Sediment trap deployments provide valuable time series of the chemical and biological

components of export. However, the coarse temporal resolution (cup collection period

of several days to month) does not allow the study of short events such as resting spore

formation (articles 2 and 4). Moreover, the findings are extrapolated over large areas,

neglecting the spatial variability at small scale due to hydrodynamics and/or patchiness

in the distribution of biological constituents of the ocean. The recent development of

autonomous oceanographic platforms (profiling floats, gliders) equipped with bio-optical
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Figure 5.6: Projection on the first two axes of a principal component analysis (PCA) of
the CTD- and bio-argo float derived variables collected in the vicinity of the Kerguelen
Plateau. The marker of the profile projection refers to the platform (cruises or floats) and
the color refers to the mean temperature within the mixed layer depth (MLD).

sensors opens up new perspectives for the study of biogeochemical cycles with a high

spatial and temporal resolution (Johnson et al., 2009; Claustre et al., 2010). Several

examples of direct applications have been given in section 1.3.3. More specifically, the

perspective of autonomous observation in the Southern Ocean is particularly relevant

since meteorological conditions and sea-ice strongly restrict research cruises to spring and

summer periods (Meredith et al., 2013). For example, first deployments of autonomous

bio-optical platforms in the SAZ have developed our understanding of processes regulating

the spring bloom initiation (Thomalla et al., 2015).

Here I present a first attempt at scaling the relative importance of mesozooplankton

and microbial communities in attenuating the particle stock with depth over a seasonal

cycle (Figure A.6). The methods are fully described in Appendix 3. The association of

λ (a metric for POC stock attenuation with increasing isopycnals) with the Chl : cp ratio

highlights a stronger attenuation in spring when particles are dominated by algal biomass.

Two principal factors can be responsible for particle stock attenuation: (1) an intense

heterotrophic microbial respiration in response to an increase in labile organic carbon

availability (Obernosterer et al., 2008) and (2) an efficient consumption and retention of
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carbon within the mixed layer by zooplankton (Smetacek et al., 2004; Lam and Bishop,

2007). Intense microbial heterotrophic activity would lead to an increase in the oxygen

utilisation. However, AOUint (apparent oxygen utilization integrated between the MLD

and 300 m) is not associated with λ, suggesting that microbial activity is not the dominant

process in the relatively cold waters in spring. During KEOPS2, a negative relationship

was observed between zooplankton biomass and the carbon export efficiency (Laurenceau-

Cornec et al., 2015a). Moreover, the diatom communities exported at 300 m in spring were

strictly dominated by empty frustules (Rembauville et al., 2015a), an indication of intense

grazing activity (Smetacek et al., 2004; Assmy et al., 2013). We select the hyopthesis of

enhanced grazing activity in response to a high fraction of algal biomass to total particles

in spring to explain the important stock attenuation. This supports the functioning of

the productive Kerguelen Plateau as a high biomass, low export regime (Lam and Bishop,

2007; Lam et al., 2011). In Autumn, the cp int is highest but the Chl : cp is low. This

indicates that the total particle abundance is important but contains a low fraction of

algal biomass. The important AOUint may result from intense heterotrophic microbial

remineralization of this mainly detrital organic matter pool in warmer waters.

As part of the SOCLIM project, multiple CTD casts and bio-argo float deployments

will take place in October 2016 and March 2017 in both the HNLC and productive waters

around Kerguelen. A coupled description of the bio-optical properties and phytoplankton

community (from cytometry to microplankton taxonomy, including biovolume calcula-

tion to derive contributions to total POC) and the associated particulate stoichiometry

(POC/PON/POP/PIC/BSi) will help to build quantitative relationships between the bio-

optical signals and the structure of the planktonic ecosystem. These relationships will be

specific to the considered region and will then be used to interpret signals provided by

the autonomous instruments over longer time scales.

5.2.3 The modelling approach: taking into account resting spore

formation

Articles 2 and 4 highlight the importance of resting spore formation for the export of

carbon out of the mixed layer in naturally fertilized areas around Kerguelen and South

Georgia. Consistent with the observations made around the Crozet Plateau (Salter et al.,

2012), these results suggest that an accurate description of export cannot be made in

these productive areas without taking into account diatom life cycles. Several global

circulation/biogeochemical coupled models have been used to study the biological pump

at global scale (Bopp et al., 2005; Lima et al., 2014; Henson et al., 2014). Although

these models may include several plankton functional types (Le Quéré et al., 2005), the

export of particulate matter is mainly driven by its association with minerals, following

the ”ballast hypothesis”, and/or aggregation. The aim of this section is to build a very
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Figure 5.7: Comparison of the observed (right pannels) and modelled (left pannels) export
at stations KERFIX (top pannels) and A3 (bottom pannels). Black area denotes carbon
export attributed to diatom resting spore.

simple mixed layer NPZD model and test formulations for resting spore formation. The

model is then used in environments of contrasted iron availability (A3 and KERFIX)

and compared to observations of export. The model structure, parametrization, physical

forcing and results are fully described in Appendix 4.

A simple formulation for resting spore formation appears efficient in reproducing the

resting spore contribution to carbon export in terms of both amplitude and seasonality

(Figure 5.7). In article 4, it was suggested that diatom resting spores had a very high Teff

(their relative contribution to the total diatom assemblage increases with depth). The

resting spore formation strategy is generally associated with neritic diatom populations

(McQuoid and Hobson, 1996). However, the sedimentary distribution of Chaetoceros

Hyalochaete resting spores in the Southern Ocean suggests that the export of resting

spores is not restricted to neritic areas (Crosta et al., 1997). The widespread resting

spore sedimentary distribution might be due to advection and dilution of a coastal signal

by the circumpolar current. Under this hypothesis, it only contributes to the biological

pump in the location where the bloom of the vegetative stages occurs. Conversely, if

this distribution results from the very efficient transfer of resting spores from the surface

waters where spore-forming diatoms do not dominate the diatom community (such as the

HNLC waters), then it is a key aspect of the biological pump even in areas remote from

the shelf.
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To answer this question, two complementary approaches can be adopted. Firstly, by

increasing the coupled description of the chemical and biological composition of export

fluxes in the ocean, together with an autonomous observation of the mixed layer pro-

cesses. This will increase our understanding of in situ triggering factors for resting spore

formation. Secondly, by including resting spore formation in a biogeochemical-circulation

coupled model to scale its importance in the biological pump at global scale. High abun-

dances of Eucampia antarctica and Chaetoceros Hyalocahete resting stages are found in

sediment cores during the LGM in the Atlantic sector of the Southern Ocean (Abelmann

et al., 2006; Jacot Des Combes et al., 2008). A global biogeochemical/circulation model

including resting spores during the LGM would allow us to test if the increase in diatom

resting spores have influenced the intensity or efficiency of the biological pump, contribut-

ing to lower atmospheric pCO2. Finally, if it is proved that the mechanisms of resting

spore formation have a significant impact on atmospheric pCO2, then its response to cli-

mate change have to be taken into account to assess the future role of the Southern Ocean

as a carbon sink (Bopp et al., 2005; Wang and Moore, 2012; Hauck et al., 2015).
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A.1 Comparison of the kinetic and triple extraction

methods for the BSi measurement

Methods

Four samples from a sediment trap deployment over the central Kerguelen Plateau (Rem-

bauville et al., 2015a) were used to compare the kinetic (DeMaster, 1981) and triple

extraction (Ragueneau et al., 2005) methods for biogenic silicon (BSi) quantification.

Sample cups corresponding to high fluxes (cup 4 and 9), moderate flux (cup 8) and low

flux (cup 11) were selected.

For the kinetic method, 2-5 mg of freeze-dried material was weighed and placed in

centrifuge tubes with 40 mL of ultrapure sodium hydroxide (NaOH, 0.2 N). The samples

were placed in a water bath at 95 ◦C and 200µL of solution were removed after 1, 2, 3

and 4 h, placed into scintillation vials and made up to 10 mL with milli-Q water. The

BSi content was determined by fitting a linear regression to silicic acid concentration as a

function of extraction time. The intercept of this relationship is the BSi content corrected

for lithogenic silica leaching (DeMaster, 1981).

For the triple extraction method, 2-5 mg of freeze-dried material were weighed and

placed into centrifuge tubes. 4 mL of ultrapure sodium hydroxide (NaOH, 0.2 N) were

added and samples were placed in a water bath at 95 ◦C for 45 minutes. Samples were

then immediately placed in ice and 1 mL of hydrochloric acid (HCl, 1 N) was added

to to stop the reaction and neutralise the pH. Samples were centrifuged (3000 rpm, 10

minutes) and two aliquots of 500µL were withdrawn for the measurement of dissolved

silicon and aluminium ([Si]1 and [Al]1). Samples were then rinsed by adding 12 mL of

milli-Q water, vortexing, centrifuging, and withdrawing 12 mL of the supernatant. This

step was repeated 3 times. Samples were then dried at 60 ◦C overnight. A second leaching

was performed (similar to the first extraction) to obtain [Si]2 and [Al]2. After a rinsing

and drying procedure, a third extraction for the determination of lithogenic silicon (LSi)

was performed by adding 0.2 mL of hydrofluoric acid (HF, 2.9 N). Samples were left at

room temperature for 48h before 9.8 mL of boric acid (H3BO3, saturated, 60 g L−1) was

added to stop the reaction. This solution was used for the determination of [Si]3.

For both methods, Si(OH)4 resulting from NaOH extractions was measured automat-

ically on a Skalar 5100 autoanalyzer whereas Si(OH)4 resulting from HF extraction was

measured manually on a Milton Roy Spectronic 401 spectrophotometer. Si(OH)4 analy-

ses were performed colorimetrically following Aminot and Kerouel (2007). Standards for

the analysis of samples from the HF extraction were prepared in an HF/H3BO3, matrix,

ensuring the use of an appropriate calibration factor that differs from Milli-Q water. Alu-

minum concentrations were measured by spectrophotometry (Howard et al., 1986). The

BSi content of the sediment (µmol mg−1) was calculated assuming all the BSi was digested
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during the first leaching, and corrected for the LSi leaching using the Al/Si ratio from the

second extraction (Ragueneau et al., 2005):

BSi =

(
[Si]1V1 −

[Si]2
[Al]2

× [Al]1V1

)
× 1

m
(A.1)

The LSi content (result not shown here) was calculated by summing the contribution of

the three extractions:

LSi =

(
[Si]2
[Al]2

× [Al]1V1 + [Si]2V2 + [Si]3V3

)
× 1

m
(A.2)

Where Vi is the extraction volume of step i and m is the mass of freeze-dried sediment

used for the extraction. Both techniques were performed in triplicates.
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Figure A.1: Comparision of two BSi quantification methods used in this manuscript.
Kinetic method from DeMaster (1981), triple extraction from Ragueneau et al. (2005).
Circles and errorbars are respectively the mean and standard deviation from triplicates
measurements.

Result and discussion

The two methods showed a very good agreement with a highly linear relation (R2 = 0.99)

very close to the 1:1 relationship (Fig. A.1). Therefore, studies using different methods

can be compared such as in article 2 and article 3. However, the kinetic method

produced a higher standard error (range 4.0-8.8 %, mean 6.4 %) compared to the triple

extraction procedure (range 2.0-6.4 %, mean 3.6 %). The estimation of the BSi in the

triple extraction procedure depends on the quality of the linear fitting of silicon extracted

along time (the intercept being the BSi content). The uncertainty on the silicon content

from each extraction time may impact the quality of the fit and lead to a dispersion on
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the intercept between the triplicates. However, the average standard error from the four

samples remains <10 %.

The mean standard error from the triple extraction method is lower. This method

appears more precise but takes more time: the kinetic extraction can be performed in one

day, the triple extraction procedure takes at least 3 days. Moreover, if the BSi content

of the sample is high (which is the case for exported particles in the Southern Ocean),

some BSi may remain in the sample after the first NaOH extraction step, which can be

diagnosed from a very high [Si]2:[Al]2 ratio (see article 2). To overcome this issue, a longer

extraction time can be used for the first NaOH extraction step, although the choice of the

duration is somewhat subjective. Another solution is to use a lower quantity of freeze-

dried material (∼1 mg), which requires a high precision balance. Finally, a characteristic

crustal Si:Al ratio (e.g. Taylor and McClennan, 1986) can be used to correct for the LSi

contribution to the first extraction step. This method has been previously used to correct

for the lithogenic origin of various elements (Cardinal et al., 2001; Trull et al., 2001).

In conclusion, the triple extraction procedure appears more precise (lower standard

error) than the kinetic method. However, the kinetic method is faster and does not require

the measurement of aluminium, which is an important consideration when dealing with

large sample numbers (e.g. Mosseri et al., 2005). Finally, if the triple extraction procedure

is chosen, an appropriate initial sample mass must be used in order to digest the entirety

of the BSi during the first NaOH extraction step.
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A.2 Comparison of the micropaleontological and bi-

ological techniques for diatom enumeration

Introduction

The enumeration of diatoms from raw sediment trap samples can be performed with two

different techniques. A micropaleontological technique, originally developed for marine

sediments, has been used since the early sediment trap studies (Gersonde and Wefer, 1987)

and is still widely used (Rigual-Hernández et al., 2015a). This technique is based on the

oxidation of organic matter and dissolution of the carbonate phase in order to facilitate

the observation of the siliceous microfossils (Funkhouser and Evitt, 1959). To assess the

contribution of each diatom taxa to carbon export, it is necessary to make the distinc-

tion between the cells exported as empty frustules and full cells with clearly identifiable

organelles (Rembauville et al., 2015a). The micropaleontological technique eliminates the

organic material and therefore prevents the identification of taxa contributing to car-

bon export. Alternative to the micropaleontological technique, a biological technique

developed to study live plankton communities can be used (Salter et al., 2007, 2012).

This simple method consists in the dilution of the original sample and its subsequent

observation with a microscope. This method has proven to be efficient to document the

contribution of diatom taxa to carbon export (articles 2 and 4). A comparison between

the two methods is necessary to describe their advantages and drawbacks and estimate if

they provide comparable results.

Methods

We compared the two methods on samples coming from two sediment trap deployments

in the productive environments of Kerguelen (article 2) and South Georgia (article 4).

We selected 12 samples from each sediment trap deployment including periods of low,

moderate and high export fluxes.

For the biological technique, samples from 1/8th aliquots were gently homogenised and

2 mL were diluted in a final volume of 20 mL of artificial seawater (S=34). 1 mL of this

diluted solution was placed in a Sedgewick Rafter counting chamber (Pyser-SGI S52) for

the microscopic observation.

For the micropaleontological technique, samples were first oxidized following the method-

ology used in Romero et al. (1999). Samples from 1/8th aliquots were centrifuged (1800

rpm, 8 minutes) and their volume reduced to 30 mL. Samples were then transferred into

a 500 mL beaker and settled for 24 h. The supernatant was withdrawn to a final volume

of 10 mL. Then 10 mL of potassium permanganate (KMnO4, 65 g L−1) were added and

samples were left for oxidation at room temperature for 24 h. Beakers were then placed

in a 95 ◦C water bath and 50 mL of hydrochloric acid (HCl, 37%) was added to dissolve
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the carbonate phase during 15 minutes. Then 40 mL of hydrogen peroxide (H2O2, 35

%) were added for 15 minutes. Beakers were removed from the water bath and20 mL of

milli-Q water was added. Sampled were let to settle for 24 h at room temperature. The

supernatant was removed and the resulting 10 mL were placed in centrifuge tubes and

made up to 50 mL with milli-Q water. In order to reach a close-to-neutral pH, several

steps of centrifugation (1800 rpm, 8 minutes) and rinsing (supernatant withdrawn and

replaced with milli-Q water) were performed until the pH of the sample reached that of

the milli-Q water.

The preparation of slides for the microscopic observation was performed following the

random settling method outlined by Bárcena and Abrantes (1998). A slide cover glass

was placed in the center of petri dishes (6 cm diameter) and 0.5 to 1.5 mL of the oxidized

sample (depending on the abundance of material) was placed on the cover glass. The

petri dish was then filled with milli-Q water using random movements of the squeeze

bottle. Samples were left to settle and evaporate for several days until the petri dish was

perfectly dry. The cover glass was then retrieved with tweezers and glued on glass slides

with optical glue (Norland NOA 61) and dried with UV light. Slides were prepared in

triplicates.

The counting chamber and the slides were observed under an inverted microscope with

phase contrast (Olympus IX70) at respectively 400 and 1000X magnification. Pictures

were acquired with an Olympyus DP71 camera. In both cases a minimum of 400 diatoms

were counted. Diatom species were identified following Hasle and Syvertsen (1997). For

the biological technique, diatom valve flux (F, valve m−2 d−1) was calculated as follows:

F = 2× n× f × d× 8× V × 1

D × t (A.3)

Where n is the number of cells counted (1 cell = two valves), f is the fraction of the

counting chamber that was observed (1/4 to 1/2 depending on the diatom abundance), d

is the dilution factor from the original 1/8th split (here 10), 8 is the number of splits, V

is the volume of the split (mL), D is the diameter of the trap (0.125 m2 for the technicap

PPS3 trap at Kerguelen, 0.5 m2 for the McLane Parflux trap at South Georgia) and t is

the collection time for the sample cup (days).

For the micropaleontological technique, diatom valve flux was calculated as follow:

F = n× 8× A

a
× V

v
× 1

D × t (A.4)

Where A is the area of the petri dish, a is the area of the field observed with the micro-

scope, v is the volume used in the random settling step (0.5 to 1.5 mL). The area a is

calculated by multiplying the number of field of view by the area of one field of view at

a given magnification (calibrated with a graduated reticule).
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Results

Qualitative comparison

Pictures of diatoms from both methods are shown in Figure A.2. The oxidation and

slide preparation technique allowed observations at higher magnification in the case of

the micropaleontologic technique. This facilitated the detailed observation of diatom

frustule characteristics, such as aerolations and processes (e.g. for Thalassiosira species,

Fig. A.2a-c.). Detailed observations ensured a precise taxonomic description. Because

the high temperature oxidation separates the two frustules, all diatoms were observed as

individual valves (e. g. Eucampia antarctica var. antacrtica and Fragilariopsis kergue-

lensis, Fig. A.2d-e). Large and long diatoms (e.g. Proboscia, Rhizosolenia) were absent

as entire frustules but observed as damaged small fractions, only recognizable when the

apex fraction was kept intact (e.g. Proboscia inermis, Fig. A.2f). Finally, no entire cells

of Dactyliosolen antarcticus could be observed, but rather numerous girdle bands (Fig.

A.2g).

In the case of the biological technique, the lower magnification and the presence of

organic material sometimes obscuring the valve made the taxonomic identification more

difficult and less detailed. For example, Fragilariopsis separanda and F. rhombica were

difficult to differentiate.It was also the case for Pseudo-nitzschia lineola and P-N. heimii.

However, the two valves of the frustule were present is the vast majority of the cases,

and the difference between the empty and full cells can clearly be made (Fig. A.2h-k).

The formation of resting spore by Thalassisoira antarctica could be observed (Fig. A.2i).

Long and large diatoms were intact (Fig. A.2n-o), and chains were also frequently ob-

served (Fig. A.2h,i,p). This ensures the sample preparation procedures did not damage

the natural assemblage of diatom cells.

Quantitative comparison

A highly significant correlation existed between the total valve flux calculated from the

two techniques (Pearson’s correlation test, p<0.01). The values were close to the 1:1

relationship, although for the lowest fluxes (105-106 valve m−2 d−1), values from the mi-

cropaleontological where higher than for the biological technique (Fig. A.3a).

In order to estimate if the two techniques provided homogeneous results for different

diatom species, fluxes were grouped by genera. Two metrics were used to estimate (1) if

the techniques provided similar absolute valve fluxes within samples (i.e. do both tech-

niques provide a similar seasonality for a given genera?) and (2) if some genera were more

represented in one technique compared to the other (asymmetry between techniques). In

the first case, the Pearson correlation coefficient (r) was calculated on the absolute valve

flux (n=24). In the second case, the asymmetry was estimated by calculating the ratio of

the total valve flux summed among all samples (valve m−2) from one technique over the
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Figure A.2: Left panel: diatom pictures from slides prepared with the micropaleontolog-
ical technique. a. Thalassiosira lentiginosa, b. Asteromphalus hookeri, c. Thalassiosira
tumida, d. Thalassiosira antarctica resting spore, e. Eucampia antarctica var. antarc-
tica, f. Fragilariopsis kerguelensis, g. apex of Proboscia inermis, h. girdle band of
Dactyliosolen antarcticus.
Right panel: diatom pictures from samples prepared with the biological technique. i.
chain of full F. kerguelensis cells, j. chain of empty F. kerguelensis cells, k. full Mem-
braneis sp. cell, l. empty Membraneis sp. cell, m. T. antarctica resting spores, n.
Chaetoceros Hyalochaete resting spores, o. full D. antarcticus cell (cytoplasm concen-
trated around the nucleus), p. empty P. inermis cell, q. chain of full Pseudo-nitzschia
heimii cells.
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other. An asymmetry of 10 means the genera is ten times more abundant in the biological

technique compared to the micropaleontological one.

The following genera/group displayed low absolute asymmetry and highly significant

correlation of absolute valve flux: Thalassiosira antarctica resting spore, Chaetoceros

Hyalochaete resting spore, Fragilariopsis, Thalassionema nitzscioides, Thalassiosira and

Asteromphalus. Conversely, some genera were poorly correlated and associated to a strong

asymmetry with a higher representation with the biological technique compared to the

micropaleontological one. This was notably the case of Corethron, Pseudo-nitzschia, Pleu-

rosigma, Thalassiothrix, Chaetoceros subgenus Phaeoceros, Rhizosolenia and Eucampia.

Finally, the genera Navicula and Proboscia were highly correlated (both techniques pro-

vided the same seasonality) but were ∼5 times more abundant as derived from the bio-

logical technique compared to the micropaleontological one.
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Figure A.3: a. Comparison of the total valve flux from 24 samples from the Kergue-
len (A3) and South Georgia (P2 and P3) sediment trap using the micropaleontological
and biological counting techniques. The dashed line represents a 1:1 relationship. b.
Comparison of the two techniques for the major diatom genera. The Pearson correlation
coefficient r (y axis) is calculated on absolute fluxes from 24 samples for each genera. The
r value for n=24 and a significance level of 1 and 5% are shown by horizontal lines. See
the text for the definition of asymmetry.

Discussion

Despite a highly significant relationship between the absolute fluxes derived from the two

methods (Fig. A.3a), higher fluxes are obtained with the micropaleontological technique

for the lowest range of the fluxes (<106 valve m−2 d−1). The reason for this difference can

first be tested by studying the uncertainty in the calculations. We can attribute relative

uncertainties on each of the parameters of the calculations. In Eq. A.2, f, D and t have

negligible uncertainties. The dilution d depends on the micropipette precision (5 %) and
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the volume estimation by weighing the sample (2 %). The calculation of error propagation

leads to a final uncertainty of 5.4%. In Eq. A.2, uncertainty is associated to the area of

the petri dish (A, 2 %), the total area of the field of view (a, 5 %), the volume used for

the random settling (v, 5 %) and the volume of the oxidized sample (2 %). The total

relative error is 7.6 % for the micropaleontological technique. Therefore, both techniques

are characterized by a similar uncertainty (5.4 vs. 7.6 %), and the difference observed

for the lowest flux is probably due to biases occurring during the sample preparation

and/or counting. Indeed, for samples with low diatom abundance, the absence of organic

material makes the rare frustules easier to find in the case of the micropaleontological

technique. Conversely, in the biological technique, the observer might miss some rare

frustules hidden/obscured by the presence of organic matter. Another explanation would

be the presence of diatom frustules within faecal pellets during faecal pellet export events

(Nöthig and von Bodungen, 1989; Voss, 1991). In the case of the biological technique,

frustules inside faecal pellets are not quantified whereas the oxidation from micropaleon-

tological technique liberates frustules from the faecal pellets. This could explain why the

fluxes are higher for the micropaleontological technique when the total diatom valve flux

is low (i. e. the relative contribution of faecal pellets to export fluxes is higher).

It was often pointed out that Pseudo-nitzschia species were under-represented in sedi-

ment trap studies compared to their abundance in the mixed layer (Grigorov et al., 2014;

Rigual-Hernández et al., 2015a,b). All of these studies used the micropalontological tech-

nique. The strong asymmetry (higher abundance with the biological technique) and low

correlation we obtained for Pseudo-nitzschia suggest this lightly-silicified genus might be

prone to fragmentation and dissolution during the oxidation and centrifugation steps.

We found the highest asymmetry and a very low correlation for the Corethron genus.

Interestingly, thus genus is most of the time reported as absent (Grigorov et al., 2014;

Rigual-Hernández et al., 2015a) or as a very poor contributor to the diatom export assem-

blage (Rigual-Hernández et al., 2015b) estimated with the micropaleontological technique.

Our comparison suggests these results are due to the selective breaking and dissolution

of this genus during the processing of samples. Diatoms of the Corethron genus are large

(>300µm) and weakly silicified. Moreover, they exhibit large and numerous processes

and spines, very likely to be damaged during the centrifugation steps. A selective dissolu-

tion or damaging of some diatom genera might have important implications because the

micropaleontological technique is used to analyse microfossil composition to reconstruct

past ocean properties (sea ice extent, sea surface temperature, e.g. Ferry et al., 2015).

Some of the transfer functions are built with modern analogues, which are live diatoms

quantified with a method close to the biological technique. A bias introduced by the

two different methods might render the transfer function difficult to apply to microfossil

records.
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Conclusion

Both methods provided comparable results for the total valve flux, suggesting that dif-

ferent sediment trap studies using different methods can be compared. The choice of one

method over the other will depend on the question asked. If the aim of the study is to

provide a highly detailed description of the taxonomic composition of the diatom commu-

nity, then the micropaleontological method is adequate. It allows the detailed observation

at high magnification of the valve’s morphological characteristics (e. g. aerolations, pro-

cesses, pseudonodulus). However, it must be kept in mind that the high temperature

oxidation procedure followed by centrifugation steps is highly likely to selectively dam-

age/dissolve the lightly silicified species and/or the long and thin species. Thereby, the

diatom assemblage might not be representative of the original community with an un-

derestimation of the contribution of the aforementioned species. Conversely, due to the

presence of organic material and the lower magnification, the biological technique does not

allow one to reach the level of taxonomic detail obtained with the micropaleontological

technique. However, the enumeration of full and empty frustules makes the estimation of

diatoms contribution to carbon fluxes possible. Moreover, the absence of chemical and

physical treatment suggests the diatom community derived from the biological technique

is more representative of the natural assemblage. Finally, the user must keep in mind that

the oxidation step from the micropaleontological technique liberates frustules from faecal

pellets and thereby the observed community comprises diatoms sinking as single cells or

chains and diatoms within faecal pellets and aggregates.
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A.3 The bio-optical approach: example in the vicin-

ity of Kerguelen

The SOCLIM project (www.soclim.com) aims at coupling autonomous observation (bio-

argo floats) with moorings (sediment traps, autosampler, T/S, pCO2 and gas tension

sensors, ADCP) in the vicinity of the Kerguelen Plateau to document production and

export at high temporal resolution over a seasonal scale in the AAZ. Six bio-argo floats

have already been deployed around the Kerguelen Islands in January 2015. In this section

we compile physical, chemical and bio-optical data from the KEOPS cruises together

with the bio-argo floats data around the Kerguelen Islands. We introduce a metric (λ)

to quantify the attenuation of particle stock with depth. Secondly, we evaluate how λ

evolves seasonally and use a mutlivariate approach to identify the parameters likely to

influence the attenuation of particle stock.
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Figure A.4: a. Location of the KEOPS1 (January/February 2005) and KEOPS2 (Octo-
ber/November 2011) CTD profiles. b. Location of the profiles from two bio-argo floats
deployed from January to May 2015. Colors correspond to bathymetry.

Methods

We compiled the temperature/salinity, fluorescence, beam attenuation coefficient and oxy-

gen profiles from the KEOPS1 (121 profiles, January/February 2005) and KEOPS2 (115

profiles, October/November 2011) cruises together with the data acquired from January

to May 2015 by two bio-argo floats (float 37c, 57 profiles and float 50b, 70 profiles). The

location of the profiles considered is shown in Fig. A.4.

Data from both CTD and float upcasts were first low-pass filtered to remove spikes

and high frequency variability. Although spikes from raw instrument records might be

informative on biological processes (Briggs et al., 2011, 2013), we focussed on the main

signal for our synoptic approach. Quadratic fit was applied on 20 m intervals and root

mean squared error (RMS) was calculated. Data away from the fit by more than one

www.soclim.com
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RMS were discarded. Profiles were then linearly interpolated with a 1 m resolution.

Non-photochemical quenching (NPQ, decrease in the fluorescence when light exceeds

the excitation potential of pigments) affects the fluorescence profiles within the penetra-

tion depth and leads to an underestimation of the algal biomass (Müller et al., 2001;

Behrenfeld et al., 2009). A way to correct for NPQ is to assume an homogeneous flu-

orescence profile through the mixed layer and extrapolate the deep fluorescence value

toward the surface (Xing et al., 2012). However, direct measurements of chlorophyll a

suggested the phytoplankton biomass and associated pigment concentration is sometimes

not homogeneous within the mixed layer in the Southern Ocean (Kopczynska et al., 2001;

Holm-Hansen and Hewes, 2004; Holm-Hansen et al., 2005; Gomi et al., 2010). Therefore,

we choose an alternative way to correct NPQ. A linear regression was applied between

the beam attenuation coefficient cp and the fluorescence between 50-100 m. The slope of

the regression was then used to retrieve the fluorescence in the 0-50 m interval. The high

coefficient of determination of the regressions (R2 = 0.96 ± 0.03) gave confidence in the

robustness of the method. An example of the different steps is given in Fig. A.5a.

Chlorophyll a concentration was retrieved from the CTD-derived fluorescence (KEOPS

cruises) based on in situ HPLC measurments and non-linear calibration. For the bio-

argo float data, Chlorophyll a concentration was retrieved from the fluorescence and the

downward irradiance at 490 nm using a method described in Xing et al. (2011). Briefly,

the method uses the downward irradiance attenuation coefficient as a proxy for chlorophyll

a concentration, allowing the fluorescence signal to be calibrated in absolute units.

To correct for the drift in cp, the mean value at depth >1000 m (when available) was

subtracted from the cp profile, assuming negligible particle concentration at this depth

compared to the productive layer. The efficiency of particle export from the mixed layer

can be estimated by comparing POC stock decrease with depth (Lam et al., 2011). The

strong correlation between POC and cp suggests the latter is a good proxy for POC

(Cetinić et al., 2012). To quantify the attenuation of particle stock, the cp within the first

300 m was first normalized to filter-out the information on absolute particle abundance

and focus on the shape of the particle distribution.

cp norm =
cp−cp min

cp max−cp min

The cp norm attenuation was quantified as a function of density rather than depth to

correct for vertical displacements of isopycnals due to internal waves oner the Kerguelen

Plateau (Park et al., 2008a). The downward attenuation was quantified by fitting an

exponential law on cp norm versus potential density (σθ), starting from a σθ value where

cp norm = 1 (i.e. where the particle abundance is maximal, hereafter refereed to as σiniθ ).

An example is provided in Fig. A.5b.

cp norm = exp[−λ(σθ − σiniθ )]
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Figure A.5: Example of fluorescence and cp profiles treatment a. Low pass filtering,
unquenching of the fluorescence profile and chlorophyll a retrieval. b. Estimation of
the particle stock attenuation coefficient (λ = 15.8) as a function of potential density
anomaly. See the methods for the explanation of λ.

λ is a dimensionless parameter quantifying the attenuation of particle stock with increas-

ing isopycnals. λ can be compared between profiles because it is not impacted by the

absolute cp value. All the fits were highly significant, with a R2 > 0.80. Other vari-

ables likely to be linked to λ were considered: the integrated cp from 0-300 meters (cp int,

an estimator of the total carbon biomass), the integrated chlorophyll a from 0 to 300 m

(Chlint, an estimator of the total phytoplankton biomass), the chlorophyll a to cp ratio

averaged within 50-100 m (Chl : cp, an estimator of the fraction of algal biomass), and

the apparent oxygen utilisation (calculated using the oxygen solubility from Garcia and

Gordon, 1992) integrated between the mixed depth and 300 m (AOUint, an estimator of

the heterotrophic microbial remineralization below the mixed layer). A principal compo-

nent analysis (PCA) was performed on the data from the KEOPS cruises and the floats

to identify the variables potentially influencing the λ parameter.

Results and discussion

The first two principal components of the PCA accounted for 77% of the variance of

the dataset (Fig. A.6). Axis 1 described a seasonal gradient opposing the profiles from

spring (KEOPS2), to autumn (float 37c and 50b). Axis 2 described a lower fraction of

the variance (23%) and described somehow a spatial gradient with profiles close to the

plateau (KEOPS1 and first profiles from float 50b) opposed to the data acquired away

from the plateau (KEOPS2 and most of the profiles from float 37c). The temperature
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Figure A.6: Projection on the first two axes of a principal component analysis (PCA) of
the CTD- and float derived variables. The marker of the profile projection refers to the
platform (cruises or floats) and the color refers to the mean temperature within the mixed
layer depth (MLD).

was not used as forcing variable in the PCA to avoid the weight of hydrological variability

(e. g. fronts, submesoscale dynamics). However a consistent thermal structure emerges

and results from both seasonality (lower temperature in spring than summer) and spatial

variability (higher temperature in locations influenced by the polar front than in locations

strictly in the Antarctic zone).

The Chl : cp ratio, Chlint and λ were positively projected on axis 1, close to the

spring (KEOPS2) profiles projection. Conversely, the cp int and AOUint were negatively

projected along axis 1, close to the autumn (floats) profile projection. The opposition

between cp int and the Chl : cp ratio confirms that the normalisation of the cp signal

was efficient (i. e. the higher stock attenuation does not result from a higher particle

stock in the mixed layer). The strong collinearity between the first principal component

and λ suggests that seasonality, and probably the ecological successions associated with

this seasonality, is the major factor influencing the particle stock attenuation. Although

the Chl : cp ratio can be used as an indicator of photoacclimatisation (Geider et al.,

1998; Behrenfeld and Boss, 2003, 2006), it is considered here as a simple proxy of the

contribution of algal biomass to the total particle stock (Sathyendranath et al., 2009).
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Implications and future work

There are several limits to this non-quantitative approach. Firstly, the difference in the

time of sampling precludes intercalibration of the instruments on the CTD and the floats.

Secondly the presence of frontal structures along the bio-argo float trajectories render

the interpretation of the AOU signal difficult. They are associated with abrupt changes

in the age and origin of the water masses (d’Ovidio et al., 2015), which might drive an

AOU signal that does not originate from the observed particle stock attenuation. Fi-

nally, if some recent studies have proposed a link between the optical signals reported by

autonomous platforms and the biological constituents of the phytoplankton communities

(Cetinić et al., 2015), the interpretation of these signals is not homogeneous among the

scientific community. For example, the Chl : cp ratio is influenced from both phyto-

plankton community structure and physiology (photoacclimation) (Behrenfeld and Boss,

2003).

Figure A.7: Bio-optical ratios reported by two bio-argo floats deployed in the vicinity
of the Kerguelen islands (data from January to May are represented). Float 50b was
deployed at the reference productive station A3.

Float 50b, deployed at the productive reference station A3, reported a distinct bio-

optical signal when compared to float 37c (Fig. A.7). High Chl : cp and bbp : cp are

observed between 150 and 300 m, below the mixed layer depth. High Chl : cp suggests

important algal contribution to this particle pool. Backward scattering (bbp) has been

suggested to be an indicator of small (∼1 µm), non algal particles according to the phys-

ical Mie theory (Stramski and Kiefer, 1991; Morel and Ahn, 1991). However, field and

laboratory studies have shown that phytoplanktonic cells > 100µm could contribute sig-

nificantly to bbp (Stramski et al., 2004; Dall’Olmo et al., 2009; Whitmire et al., 2010). At

station A3, carbon export in late summer (Januray - March) is driven by resting spore

formation by the diatoms Chaetoceros subgenus Hyalochaete and Thalassiosira antarctica
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(Rembauville et al., 2015a). Moreover, in February 2014, diatom resting spores were the

major contributors to POC stock at 250 m at the A3 station (article 5). These small

(10 - 20µm) and robust cells might contribute to the distinct optical signal observed by

float 50b. If a quantitative relationship between cp, bbp, Chl and the structure of the

microplankton community could be established, autonomous platforms equipped with

bio-optical sensors would become a potential tool to track ecological processes such as

changes in phytoplankton community structure or resting spore formation.
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A.4 The modelling approach: taking into account

resting spore formation

Model structure

The simple Nutrient-Phytoplankton-Zooplankton-Detritus-Spore (NPZD-S) model con-

tains three nutrients (N, Fe, Si), two phytoplankton groups (diatom P1 and nanophyto-

plankton P2), a detritus pool (D), and one generalist grazer (Z) able to feed on the two

phytoplankton groups and the detritus (Fig. A.8). The model only represents mixed layer

processes in the sense of Fasham et al. (1990).

P2 
Nano phyto 

(N Fe) 

P1 
Diatom 

(N Fe Si) 

D 
Detritus 

(N Fe Si) 

N 
Nutrient 

(N Fe Si) 

Z 
Grazer 

(N Fe) 

S 
Spore 

(N Fe Si) 
f(P1N, Si, dP1N) 

f(T) f(T, P1, D, P2) 

Figure A.8: Scheme of
a simple NPZD model
used to test formula-
tions of resting spore
formation. Continu-
ous arrows represent
the flux of matter and
dashed arrows repre-
sent the sinking of
components.

Differential equations

dP1
dt

= (µP1 −mP1 − pspore)P1− gP1Z − (m+h+wP1)
MLD

P1

dP2
dt

= (µP2 −mP2)P2− gP2Z − (m+h+wP2)
MLD

P2

dZ
dt

= (gP1 + gP2 + gD −mZ − e)Z − pZZ2 − h
MLD

Z

dD
dt

= mP1P1 +mP2P2 +mZZ − gDZ − rD − (m+h+wD)
MLD

D

dN
dt

= −µP11P1− µP2P2 + rD + eZ + (Ndeep −Nsurf )
(h+m)
MLD

Phytoplankton growth

Phytoplankton growth rate µP1 depends on light,temperature and nutrient availability.

µP1 = µoptlimT limN

The optimal growth rate depends on light (Peeters and Eilers, 1978).
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µopt = µmaxI

I+µmax
α

(
I

Iopt
−1
)2

The temperature limitation follows the cardinal temperature model with inflexion de-

veloped by Rosso et al. (1993) and adapted to phytoplankton by Bernard and Rémond

(2012).

limT =

0 if T < tmin or T > Tmax

φ(T ) otherwise

φ(T ) = (T−Tmax)(T−Tmin)

(Topt−Tmin)
[

(Topt−Tmin)(T−Topt)−(Topt−Tmax)(Topt+Tmin−2T )
]

Nutrient limitation follows a minimum law on simple Michaelis-Menten formulations.

limN = min( NO3
kmNO3+NO3

, dFe
kmdFe+dFe

, Si(OH)4
kmSi(OH)4+Si(OH)4

)

For P1, the Si:N uptake ratio depends on the iron limitation (Takeda, 1998; Hutchins and

Bruland, 1998).

Si : N = Si : Nmin + (Si : Nmax − Si : Nmin)(1− limFe)

Zooplankton grazing

Zooplankton grazing on any prey X ∈(P1, P2, D) depends on its preference for this prey.

The preference for diatoms depends on their silicification level (e. g. if P1 is highly

silicified, then the preference for P2 and D increases).

gX = gT0z
T/10
Q10

prefXX
kmZ+prefXX+prefY Y+prefZZ

prefP1 = prefp1min +
(prefp1max−prefp1min)

1+exp
(
sSi:N (Si:N−tSi:N )

)
prefP2, D = 1−prefP1

2

Nutrient remineralization

The remineralization rate of nutrients (r) depends on temperature. NO3Q10 and dFeQ10

are bacterial Q10, whereas Si(OH)4Q10 is a physical Q10. For any nutrient X ∈(NO3,

Si(OH)4, dFe):

rX = rXT0 x
T/10
Q10

Resting spore formation

The formulation of resting spore formation is based on several constraints, observations

and hypotheses:

• In order to facilitate its integration into pre-existing general circulation/biogeochemical

models, no new plankton functional type is created, but spores are rather formed

from the pre-existing diatom class.
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• Spore forming diatoms are generally observed in very productive neritic environ-

ments (McQuoid and Hobson, 1996). Therefore the maximum fraction of spore

forming diatoms (pmax) is scaled to the total diatom biomass.

• It is hypothesized that silicate limitation is the main triggering factor for resting

spore formation in the Southern Ocean (Salter et al., 2012; Rembauville et al.,

2015a), represented by pSi.

• Resting spore formation occurs at the end of summer when diverse environmental

conditions (light, temperature, nutrient) become unfavourable for diatom growth

(McQuoid and Hobson, 1996). An integrator of these unfavourable conditions is the

diatom biomass decrease (pdP1).

• Resting spores have a very high transfer efficiency (Article 4) represented by an

important sinking speed (wS) and the absence of grazing on the spore (Kuwata and

Tsuda, 2005).

• Resting spore formation is an abrupt and continuous process that can occur within

48 hours (Kuwata et al., 1993; Oku and Kamatani, 1997). Hense, probabilities of

resting spore formation follow sigmoid formulations (Fig. A.9).

pspore = pmax × pSi × pdP1

pspore = P1
σ
× 1

1+exp
(
sSi×(Si−tSi)

) × 1

1+exp
(
sdP1×( dP1

dt
−tdP1)

)
dS
dt

= pspore × P1− (m+h+wS)
MLD

× S
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Figure A.9: Representation of the probability to form a resting stage as a function of
silicic acid concentration and diatom biomass variation.
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Export

The export not driven by the spores (E) is the sum of P1 and P2 single cells sinking and

the detritus sinking (w), mixing (m) and detrainment (h) out of the mixed layer.

E = wP1P1+wP2P2+wDD+(m+h)(P1+P2+D)
MLD

The export driven by the spores (ES) follows the same expression:

ES = (m+h+wS)S
MLD

To compare the results with observed export at 300 m, E is attenuated by a Martin et al.

(1987) formulation where Ez0 is the export at the basis of the mixed layer and b is the

flux attenuation coefficient. A value of 1 is appropriate for the Southern Ocean (Guidi

et al., 2015).

Ez = Ez0( z
z0

)−b

Physical forcing

The mixed layer rate of variation is calculated following Fasham et al. (1990).

h = max
(
0, dMLD

dt

)
Mixing by diffusion through the mixed layer is kept constant with the artificial mixing

coefficient m. Each particulate component has a specific sinking speed w. The mean

light within the mixed layer is used to calculate the optimal phytoplankton growth. Light

attenuation within the mixed layer depends on the chlorophyll concentration according

to Morel (1988).

I =
∫MLD

0
I0e

−Kdz 1
MLD

Kd = Kdw + 0.121Chl0.428
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Param. Value Unit Description Reference

P1 Diatoms
P1N ini 0.02 µmol L−1 initial biomass
µmaxP1 0.8 d−1 maximum growth rate Boyd et al. (2013)
kmSiP1 10 µmol L−1 Si(OH)4 half saturation Mosseri et al. (2008)
kmNP1 0.6 µmol L−1 NO3

– half saturation Eppley et al. (1969)

kmFeP1 1 nmol L−1 dFe half saturation
Timmermans et al.
(2004)

αP1 0.2 initial P vs. I slope
IoptP1 3 mol m−2 d−1 optimal irradiance
ToptP1 5 ◦C opt. temperature Boyd et al. (2013)
TminP1 1 ◦C min. temperature Boyd et al. (2013)
TmaxP1 7 ◦C max. temperature Boyd et al. (2013)

Si : Nmin 1 mol mol−1 min. Si:N uptake ratio
Hutchins and Bruland
(1998)

Si : Nmax 2.5 mol mol−1 max. Si:N uptake ratio
Hutchins and Bruland
(1998)

Fe : NP1 0.03 mmol mol−1 Fe:N uptake ratio Strzepek et al. (2012)
Chl : NP1 0.8 µg µmol−1 Chl:N ratio Behrenfeld et al. (2005)

wP1 2 m d−1 cell sinking speed
Laurenceau-Cornec
et al. (2015b)

σ1 50 1/µmol L−1 mortality scaling

P2 Nanophytoplankton
P2Nini 0.02 µmol L−1 initial biomass
µmaxP2 1 d−1 max. growth rate Boyd et al. (2013)
kmNP2 0.4 µmol L−1 NO3

– half saturation Eppley et al. (1969)

kmFeP2 0.6 nmol L−1 dFe half saturation
Timmermans et al.
(2004)

αP2 0.2 initial P vs. I slope
IoptP2 3 mol m−2 d−1 optimal irradiance
ToptP2 6 ◦C optimal temperature
TminP2 3 ◦C min. temperature
TmaxP2 10 ◦C max. temperature
Fe : NP2 0.06 mmol mol−1 Fe:N uptake ratio Strzepek et al. (2012)
Chl : NP2 0.4 µg µmol−1 Chl:N ratio Behrenfeld et al. (2005)

wP2 1 m d−1 cell sinking speed
Laurenceau-Cornec
et al. (2015b)

σP2 50 1/µmol L−1 mortality scaling

Table A.1: Parameter values for the NPZD-S model.
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Param. Value Unit Description Reference

Z Zooplankton
ZNini 0.02 µmol L−1 initial biomass

g0 0.2 d−1 grazing rate at 0 ◦C
Hirst and Bunker
(2003)

qQ10 2 grazing Q10
Mayzaud and
Pakhomov (2014)

e 0.02 d−1 excretion rate
kmZ 1 µmol L−1 grazing half saturation Chen et al. (2014)
sSi:N 10 preference slope
tSi:N 2.2 preference Si:N threshold
prefP1min 0.4 min. diatom preference
prefP1min 0.8 max. diatom preference
pZ 0.02 d−1 predation rate
σZ 10 1/µmol L−1 mortality scaling

D Detritus
DNini 0.02 µmol L−1 initial biomass
rNT0 0.4 N remin. at 0 ◦C
rSiT0 0.4 Si remin. at 0 ◦C
NQ10 5 remin. sensivity to T Adams et al. (2010)
SiQ10 1 remin. sensivity to T

wD 100 m s−1 sinking speed
Laurenceau-Cornec
et al. (2015b)

S Spore
σ 10 1/µmol L−1 P1 scaling factor
tSi 15 µmol L−1 Si(OH)4 sigmoid threshold
sSi 1 1/µmol L−1 Si(OH)4 sigmoid slope
tdP1 -0.15 µmol L−1 d−1 dP1 sigmoid threshold
sdP1 8 1/µmol L−1 d−1 dP1 sigmoid slope
wS 250 m s−1 sinking speed

Physical parameters
Kdw 0.0384 m−1 water att. coef. Morel (1988)
m 0.1 d−1 turb. mix.

Table A.2: Parameter values for the NPZD-S model (continued).
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Runs in environments of contrasted productivity

Two runs were performed at two stations where observations of POC export and the

associated diatom communities are available: the low productivity station KERFIX (ar-

ticle 3) and the highly productive station A3 (articles 1 and 2). A 13 year climatology

of PAR (MODIS) and SST (ECMWF) was calculated for the A3 and KERFIX stations.

A climatological MLD based on ARGO float and elephant seal data (J.B. Sallée, pers.

comm.) was used at A3 whereas the mean MLD cycle from a three year record was used

at KERFIX (Park et al., 1998). Initial (winter) dFe concentration was set to 0.25 and

0.5 nmol L−1 at KERFIX and A3, respectively (Blain et al., 2008b). The model was run

for 20 years with a time step of 1 hour. The last year is discussed hereafter.

The results for the run at KERFIX are shown in Figure A.10. The model accurately

reproduced the nutrient consumption starting in December, although the phytoplankton

bloom occurred one month later than in the observations. The model produced an ac-

curate amplitude of both chlorophyll a and zooplankton biomass. The comparison with

the observed export must be taken with caution since the sediment trap deployment took

place in mid-February (the observations from August to December correspond to the

second half of the record). The model showed one export peak starting in December,

reaching 0.9 mmol m−2 d−1 and decreasing to <0.1 mmol m−2 d−1 in June. This pattern

was comparable to the observations in terms of both amplitude and timing. The slightly

higher annual export in the model (50.2 mmol m−2 yr−1) compared to the observations

(42.9 mmol m−2 yr−1) can be explain by the missing observations in January and part of

February. The contribution of Chaetoceros Hyalochaete resting spores (CRS) to carbon

export in the observations was calculated assuming that all the CRS were exported as

full cells with a carbon content of 227 pg cell−1 (articles 2 and 4). The modeled annual

contribution of resting spores to carbon export (21%) was close to the observations (17.3

%)

The results for the run at A3 is shown in Figure A.11. The observations are a com-

posite of the KEOPS1 (summer 2004/2005) and KEOPS2 (spring 2011) cruises and may

include inter annual variability. This could explain part of the difference in seasonality be-

tween the observations and the model. The model performed well at representing Si(OH)4

seasonality, but summer NO3
– concentration were low compared to the observations dur-

ing KEOPS1. This might be due to the absence of nitrification in the model, a process

that could explain the high nitrate concentration despite high primary production levels

(Dehairs et al., 2015). The low dissolved iron (dFe) concentration in summer was accu-

rately reproduced by the model, but the dFe consumption in spring occurred later than

in the observations. The modeled amplitude in phytoplankton and zooplankton biomass

was consistent with observations. The model reported one export peak early in December

reaching 1.6 mmol m−2 d−1, in good agreement with the observations. The second spore-

dominated export event observed in February was not represented by the model. This
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feature may result from a second Si(OH)4 limitation event following nutrient injection by

a mid-summer mixing event (articles 1 and 2). The climatological MLD cycle does not

reproduce this event. This may explain the 30% lower annual carbon export reported by

the model (66.2 mmol m−2 yr−1) compared to the observations (98.2 mmol m−2 yr−1).
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Figure A.10: Simulation from the NPZD-S model at the KERFIX station. Dots and error
bars are respectively the monthly mean and range from the three year record during the
KERFIX project (Jeandel et al., 1998). The observed export is presented in Article 3.



219 A. Appendices

40

80

120

160

200

M
LD

 (m
)

Physical forcing

SST MLD PAR

0

10

20

30

40

N
O

- 3,
S

i(O
H

) 4
(

m
ol

L-1
)

Nutrients

NO-
3 Si(OH)4 dFe

0

1

2

3

4

P
O

N
 (

m
ol

L-1
)

Phytoplankton

P1 P2 Chl

0.0

0.2

0.4

0.6

0.8

1.0

P
O

N
, B

S
i (

m
ol

L-1
)

Zooplankton and detritus

ZN DN DSi

0.0

0.5

1.0

1.5

2.0

P
O

C
 fl

ux
 (m

m
ol

m
-2

d-1
)

66.2 mmol m-2 yr-1

 41.1% spore

Modelled export (289 m, C:N = 6.6)

Non spore
Spore

0.0

0.5

1.0

1.5

2.0

P
O

C
 fl

ux
 (m

m
ol

m
-2

d-1
) 98.2 mmol m-2 yr-1

 60% spore

Observed export (289 m)

0

1

2

3

4

5

6

S
S

T 
(◦

C
), 

P
A

R
 (x

10
-1

m
ol

m
-2

d-1
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

dF
e 

(n
m

ol
L-1

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
hl

 (
g

L-1
)

A S O N D J F M A M J J

a

A S O N D J F M A M J J

b

A S O N D J F M A M J J

c

A S O N D J F M A M J J

d

A S O N D J F M A M J J

e

A S O N D J F M A M J J

f

Figure A.11: Simulation from the NPZD-S model at the A3 station. Squares correspond to
observations during the KEOPS1 cruise (Blain et al., 2008a), and circles for the KEOPS2
cruise. The observed export comes from Article 2.
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A.5 Lipid data
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Sample cup A3-1_3 A3_4 A3-5_6 A3-7_9 A3_9 A3_10 A3_11 A3_12

Start 21/10/2011 04/11/2011 12/12/2011 22/12/2012 21/01/2012 08/02/2012 22/02/2012 31/05/2012

Stop 04/11/2011 12/12/2011 22/12/2011 11/01/2012 08/02/2012 22/02/2012 31/05/2012 07/09/2012

Total lipid flux 26.1 562.0 247.3 127.5 2408.5 210.8 1770.6 21.2

(µg/m2/d)

Relative abund. (%)

C14:1 (cis-9) 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0

C16:1 (cis-9) 34.8 47.3 2.7 1.8 5.0 2.4 5.2 2.2

C16:1 isom. 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0

C16:1 isom. 0.0 0.7 0.1 0.0 0.0 0.0 0.2 0.0

C17:1 (cis-10) 0.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0

C17:1 isom. 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0

C17:1 isom. 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

C18:1 (cis-9) 6.4 10.8 3.0 0.4 7.8 6.0 11.8 6.1

C18:1 (tr-9) 0.5 2.5 2.6 3.2 3.7 2.0 4.2 3.0

C18:1 isom. 0.0 0.0 0.0 0.0 0.2 0.1 0.3 0.0

C18:1 isom. 0.0 0.0 0.0 0.0 5.2 0.0 0.6 0.3

C19:1 isom. 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.1 0.6 0.0 0.7

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.2

C20:1 (cis-11) 1.0 2.1 3.2 3.0 2.6 0.7 3.0 2.0

C20:1 isom. 0.0 0.1 0.3 0.2 0.7 0.3 0.7 0.7

C22:1 isom. 0.1 0.0 0.0 0.0 0.3 0.3 1.0 0.6

C22:1 (cis-13) 0.1 0.3 0.1 0.1 0.3 0.4 1.1 0.6

C22:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0

C24:1 isom. 0.0 0.1 0.0 0.0 0.1 0.0 0.2 0.2

C24:1 (cis-15) 0.0 0.2 0.0 0.0 0.4 2.6 1.5 0.2

Σ MUFA 44.1 64.3 12.0 8.8 26.5 16.1 30.4 16.9

C16:3 0.9 1.1 0.0 0.0 0.0 0.0 0.0 0.0

C16:4 0.8 2.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:2 (cis-9) 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:3 (cis-6) 0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0

C20:2 (cis-11) 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.0

C20:3 (cis-11) 0.0 0.0 0.1 0.0 0.0 0.0 7.7 0.0

C20:4 (cis-5) 0.4 0.1 0.0 0.0 0.1 0.0 0.0 0.0

C20:5 (cis-8) 6.8 5.3 0.0 0.1 0.2 0.0 0.0 0.0

C22:2 (cis-13) 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0

C22:6 (cis-9) 0.0 0.0 0.0 0.0 2.3 0.0 0.1 0.0

Σ PUFA 10.2 8.5 0.1 0.1 2.9 0.0 8.4 0.0

C16:1 OH  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:1 OH  0.1 0.0 0.2 0.0 0.0 0.0 0.1 10.8

C18:1 OH isom. 0.0 0.0 9.2 4.7 0.0 0.0 0.0 0.0

C18:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:1 OH 0.0 0.0 40.0 43.8 0.0 0.0 0.0 32.1

C22:1 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.5

C22:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7

C24:1 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2

C24:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ unsat. OH 0.1 0.0 49.5 48.5 0.0 0.0 0.1 49.2

C14 FAME 1.7 0.6 3.2 2.6 0.7 0.9 6.1 3.0

C15 FAME 0.5 0.0 0.0 0.0 0.1 0.1 0.4 0.1

C16 FAME 20.7 1.7 7.9 9.8 26.3 6.7 13.9 10.2

C17 FAME 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.0

C18 FAME 1.6 0.1 0.7 0.8 0.6 1.8 2.5 1.2

C19 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20 FAME 0.1 0.0 0.0 0.0 0.0 0.0 0.3 0.0

C21 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C23 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24 FAME 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

C25 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C26 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ FAME 24.6 2.6 11.8 13.2 27.7 9.6 23.5 14.6

Figure A.12: Complete lipid dataset for the Kerguelen sediment trap deployment at
station A3 (289 m).



222

4,8-dimethyl-C12:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

 i -C15:0 0.1 0.2 0.0 0.0 0.1 0.1 0.6 0.1

a -C15:0 0.1 0.0 0.0 0.0 0.1 0.0 0.2 0.0

i -C16:0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

a -C16:0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0

i -C17:0 0.1 0.1 0.0 0.0 0.3 0.1 0.3 0.0

a -C17:0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.0

i -C18:0 0.0 0.0 0.0 0.0 0.2 0.0 0.2 0.0

Σ br. FAME 0.2 0.3 0.1 0.0 0.8 0.2 1.7 0.1

C12 OH 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

C13 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C14 OH 0.6 0.0 0.1 0.8 0.2 3.5 2.8 2.5

C15 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16 OH 3.5 1.0 0.4 1.1 0.5 7.7 7.3 4.8

C17 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18 OH 0.1 0.0 0.0 0.0 0.1 0.7 0.3 0.2

C19 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C21 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C23 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ OH 4.3 1.0 0.5 1.9 0.8 12.1 10.5 7.6

C26Δ22 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0

C26Δ5,22 0.0 1.0 1.2 0.7 0.4 0.6 0.5 0.1

Coprostanol 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0

Epicoprostanol 0.0 0.0 0.0 0.0 11.7 0.0 0.0 0.0

C27Δ22 (Z) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ5,22 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0

C27Δ22E 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ5,22 1.3 2.1 3.7 4.4 3.5 4.4 3.2 1.0

C27Δ22 0.1 0.0 0.2 0.2 0.0 0.2 0.0 0.0

C27Δ5 6.1 8.3 16.0 16.2 12.1 15.2 18.5 9.4

C27Δ0 0.1 1.7 0.3 0.4 0.4 0.3 0.1 0.1

C28Δ5,22 2.4 2.0 2.1 3.6 2.7 4.6 1.2 0.5

C28Δ22 0.1 0.3 0.0 0.3 0.1 0.4 0.0 0.0

C27Δ7 0.0 0.0 0.0 0.2 0.1 0.1 0.0 0.0

C28Δ5 0.8 0.0 0.8 0.0 0.0 0.0 0.0 0.0

C28Δ5 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0

C28Δ5 1.0 0.0 0.0 0.0 0.0 0.8 0.1 0.0

C28Δ22 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0

C28Δ5,X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C29Δ5,22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C29 Δ5,22 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0

C29Δ5 isom. 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0

C29Δ5 1.6 0.0 0.0 0.0 0.0 0.0 0.2 0.0

C29Δ0 0.2 5.6 1.1 0.0 0.2 0.0 0.7 0.0

Dinosterol 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

C29Δ7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C30Δ5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ Sterols 13.8 21.2 25.7 26.1 33.5 26.6 25.0 11.2

br. C15 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

phytadiene isomers 2.0 2.0 0.2 0.9 0.2 0.1 0.3 0.2

br. 19 OH 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

br. C17 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C17 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C18 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C18 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C19 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C19 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C20 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27 hopanone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

cholesta-3,5-dien-7-one 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12-OH(ω17)-C26 0.0 0.0 0.0 0.3 2.2 9.9 0.0 0.0

unsat. C28 diol isom. 0.0 0.0 0.0 0.0 3.4 12.1 0.0 0.0

12-OH(ω17)-C28 0.0 0.0 0.0 0.0 1.9 5.9 0.0 0.0

bb-hopanoic acid 0.7 0.0 0.1 0.2 0.0 0.0 0.0 0.3

37:3 Ketone 0.0 0.0 0.0 0.0 0.0 4.2 0.0 0.0

37:2 Ketone 0.0 0.0 0.0 0.0 0.0 3.1 0.0 0.0

Σ Other 2.7 2.0 0.4 1.4 7.8 35.3 0.3 0.5

Figure A.13: Complete lipid dataset for the Kerguelen sediment trap deployment at
station A3 (289 m) - continued.
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Sample cup P3-1 P3-2_3 P3-4 P3-5 P3-6_7 P3-8 P3-10 P3-11 P3-12

Start 15/01/2012 01/02/2012 01/03/2012 01/04/2012 01/05/2012 01/07/2012 01/09/2012 01/10/2012 01/11/2012

Stop 01/02/2012 01/03/2012 01/04/2012 01/05/2012 01/07/2012 01/08/2012 01/10/2012 01/11/2012 01/12/2012

Total lipid flux 122.3 38.6 11.5 7.5 3.9 3.2 5.7 4.8 4.8

(µg/m2/d)

Relative abund. (%)

C14:1 (cis-9) 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16:1 (cis-9) 10.2 18.1 4.8 1.3 2.1 0.0 0.2 5.2 3.3

C16:1 isom. 0.1 0.5 0.3 0.0 0.2 0.0 0.0 0.2 0.1

C16:1 isom. 0.3 0.4 0.5 0.0 0.1 0.0 0.0 0.4 0.1

C17:1 (cis-10) 0.2 0.2 0.4 0.0 0.1 0.0 0.0 0.8 0.6

C17:1 isom. 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.3 0.0

C17:1 isom. 0.1 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0

C18:1 (cis-9) 1.9 3.5 4.9 1.8 4.2 0.3 0.4 3.4 2.0

C18:1 (tr-9) 2.3 6.5 4.3 0.9 1.7 0.1 0.2 0.5 3.4

C18:1 isom. 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.1

C18:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 1.6 2.2 0.0 0.0 0.0 3.7 3.8

C19:1 isom. 0.0 0.0 0.4 0.6 0.0 0.0 0.0 0.9 0.9

C20:1 (cis-11) 0.3 0.4 0.4 0.1 0.2 0.0 0.0 0.4 0.3

C20:1 isom. 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:1 isom. 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:1 (cis-13) 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

C22:1 isom. 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 (cis-15) 0.7 0.2 0.3 0.1 0.1 0.0 0.0 0.6 0.3

Σ MUFA 16.5 32.1 18.4 7.0 8.9 0.3 0.9 16.7 15.0

C16:3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16:4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:2 (cis-9) 0.0 0.0 0.0 0.2 0.3 0.0 0.0 0.0 0.0

C18:3 (cis-6) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:2 (cis-11) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:3 (cis-11) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:4 (cis-5) 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:5 (cis-8) 2.4 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.0

C22:2 (cis-13) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:6 (cis-9) 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0

Σ PUFA 2.7 0.3 0.2 0.2 0.3 0.0 0.0 0.1 0.0

C16:1 OH  0.0 0.9 0.0 0.5 0.8 0.0 0.0 0.0 0.0

C18:1 OH  0.0 1.8 0.0 0.6 1.4 0.0 0.4 0.0 0.2

C18:1 OH isom. 0.0 0.5 0.0 0.1 0.3 0.0 0.0 0.0 0.0

C18:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:1 OH 0.0 0.3 0.0 0.1 0.7 0.0 0.0 0.0 0.0

C22:1 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 OH 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0

C24:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ unsat. OH 0.0 3.5 0.0 1.5 3.1 0.0 0.4 0.0 0.2

C14 FAME 3.9 2.0 0.9 0.0 0.2 0.0 0.0 0.6 0.7

C15 FAME 0.1 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.1

C16 FAME 6.0 8.4 9.3 3.4 3.9 0.0 0.7 8.9 6.2

C17 FAME 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.1 0.1

C18 FAME 0.4 0.3 0.9 0.3 0.8 0.3 0.3 6.5 1.1

C19 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20 FAME 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0

C21 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22 FAME 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0

C23 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24 FAME 0.3 0.0 0.1 0.0 0.0 0.0 0.0 3.6 0.1

C25 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C26 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ FAME 10.9 10.9 11.6 3.7 5.0 0.3 1.0 19.9 8.4

Figure A.14: Complete lipid dataset for the South Georgia sediment trap deployment at
station P3 (2000 m).
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4,8-dimethyl-C12:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

 i -C15:0 0.2 0.1 0.2 0.0 0.0 0.0 0.0 0.3 0.2

a -C15:0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.1

i -C16:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

a -C16:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

i -C17:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

a -C17:0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0

i -C18:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ br. FAME 0.3 0.1 0.5 0.0 0.1 0.0 0.0 0.5 0.4

C12 OH 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0

C13 OH 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1

C14 OH 0.4 0.5 0.5 0.2 0.1 0.0 0.0 0.5 0.4

C15 OH 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.1 2.4

C16 OH 0.8 2.8 2.9 1.1 1.2 0.0 0.0 2.1 0.0

C17 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18 OH 0.2 0.2 1.0 0.2 0.3 0.2 0.1 1.5 1.0

C19 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20 OH 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0

C21 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C23 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24 OH 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ OH 1.4 3.4 5.0 1.7 1.7 0.2 0.1 4.3 4.0

C26Δ22 0.6 1.2 0.1 0.1 0.1 0.1 0.0 0.1 0.1

C26Δ5,22 4.7 1.1 0.8 2.1 1.3 0.9 0.5 0.7 0.3

Coprostanol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Epicoprostanol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ22 (Z) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2

C27Δ5,22 0.2 0.3 0.4 0.9 0.6 0.3 0.3 0.2 0.0

C27Δ22E 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ5,22 10.3 6.1 7.7 11.1 7.0 11.1 11.0 4.9 3.9

C27Δ22 1.0 1.1 0.3 0.5 0.4 0.3 0.5 0.3 0.4

C27Δ5 17.7 23.5 33.1 48.4 58.6 79.4 67.9 37.7 51.7

C27Δ0 1.5 0.9 1.0 1.6 1.2 1.0 2.3 1.2 0.9

C28Δ5,22 7.7 7.0 10.7 12.7 6.2 0.0 8.2 3.2 3.9

C28Δ22 0.3 1.2 0.0 0.0 0.0 0.0 0.6 0.0 0.7

C27Δ7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C28Δ5 1.0 1.6 0.0 2.4 1.3 0.0 1.0 0.0 0.0

C28Δ5 isom. 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 1.0

C28Δ5 5.5 1.0 1.1 1.6 0.8 0.8 0.9 0.0 0.5

C28Δ22 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C28Δ5,X 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C29Δ5,22 0.4 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0

C29 Δ5,22 2.6 0.0 0.0 0.8 0.6 0.5 0.5 0.0 0.8

C29Δ5 isom. 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C29Δ5 3.7 2.1 2.5 2.2 1.4 2.2 2.2 3.5 2.8

C29Δ0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.4 0.0

Dinosterol 2.1 0.0 1.8 0.4 0.2 0.2 0.4 1.4 1.1

C29Δ7 3.5 0.8 0.4 0.0 0.0 0.2 0.0 0.0 0.5

C30Δ5 0.6 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0

Σ Sterols 64.1 49.4 62.9 84.7 79.7 97.0 96.3 53.5 68.7

br. C15 OH 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

phytadiene isomers 4.0 0.1 0.2 0.0 0.0 0.0 0.0 3.1 1.0

br. 19 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C17 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C17 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C18 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C18 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C19 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C19 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C20 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27 hopanone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

cholesta-3,5-dien-7-one 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12-OH(ω17)-C26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

unsat. C28 diol isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12-OH(ω17)-C28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

bb-hopanoic acid 0.0 0.2 1.2 1.1 0.9 2.2 1.3 1.9 2.4

37:3 Ketone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

37:2 Ketone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ Other 4.0 0.4 1.5 1.1 1.1 2.2 1.3 5.0 3.4

Figure A.15: Complete lipid dataset for the South Georgia sediment trap deployment at
station P3 (2000 m) - continued.
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Sample cup P2-1_3 P2-4 P2-6 P2-7 P2-9 P2-10 P2-12

Start 15/01/2012 01/03/2012 01/05/2012 01/06/2012 01/08/2012 01/09/2012 01/11/2012

Stop 01/03/2012 01/04/2012 01/06/2012 01/07/2012 01/09/2012 01/10/2012 01/12/2012

Total lipid flux 4.1 26.0 20.2 6.6 7.8 9.7 17.2

(µg/m2/d)

Relative abund. (%)

C14:1 (cis-9) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16:1 (cis-9) 0.8 1.7 2.1 1.5 1.2 1.5 5.1

C16:1 isom. 0.0 0.1 0.1 0.0 0.1 0.1 0.2

C16:1 isom. 0.0 0.1 0.0 0.0 0.0 0.0 0.2

C17:1 (cis-10) 0.0 0.3 0.4 0.0 0.0 0.0 0.3

C17:1 isom. 0.0 0.1 0.0 0.0 0.0 0.0 0.0

C17:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.7

C18:1 (cis-9) 1.5 1.8 1.5 0.7 1.2 0.7 3.5

C18:1 (tr-9) 2.3 1.5 2.2 2.7 1.7 3.2 6.2

C18:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.6 0.1 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.2 0.0 0.0 0.0 0.0 0.0

C20:1 (cis-11) 0.0 0.2 0.1 0.0 0.1 0.3 1.9

C20:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.1

C22:1 (cis-13) 0.0 0.0 0.0 0.0 0.0 0.0 0.1

C22:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 (cis-15) 0.0 0.1 0.0 0.0 0.0 0.0 1.0

Σ MUFA 4.6 6.8 6.5 5.0 4.2 5.7 19.4

C16:3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16:4 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:2 (cis-9) 0.0 0.1 0.2 0.0 0.0 0.0 0.0

C18:3 (cis-6) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:2 (cis-11) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:3 (cis-11) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:4 (cis-5) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:5 (cis-8) 0.0 0.1 0.0 0.0 0.0 0.0 0.1

C22:2 (cis-13) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:6 (cis-9) 0.0 0.1 0.1 0.0 0.0 0.0 0.2

Σ PUFA 0.0 0.3 0.3 0.0 0.0 0.0 0.4

C16:1 OH  0.0 0.0 0.0 0.0 0.2 0.1 0.0

C18:1 OH  0.1 0.2 0.0 0.1 0.4 0.0 0.0

C18:1 OH isom. 0.1 0.0 0.0 0.0 0.1 0.0 0.0

C18:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:1 OH 0.0 1.3 0.0 0.0 0.2 0.2 0.0

C22:1 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24:1 OH isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ unsat. OH 0.2 1.6 0.0 0.1 0.9 0.3 0.0

C14 FAME 0.1 0.0 0.3 0.0 0.1 0.2 0.6

C15 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.1

C16 FAME 3.5 6.7 2.4 4.6 4.3 3.6 5.1

C17 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.1

C18 FAME 0.7 0.7 0.3 1.1 0.4 0.0 0.5

C19 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C21 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.1

C23 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24 FAME 0.0 0.0 0.0 0.0 0.0 0.0 3.6

C25 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C26 FAME 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ FAME 4.3 7.4 3.0 5.7 4.8 3.9 9.9

Figure A.16: Complete lipid dataset for the South Georgia sediment trap deployment at
station P2 (1500 m).
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4,8-dimethyl-C12:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

 i -C15:0 0.0 0.1 0.5 0.0 0.1 0.0 0.1

a -C15:0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

i -C16:0 0.0 0.0 0.0 0.0 0.0 0.1 0.0

a -C16:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

i -C17:0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

a -C17:0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

i -C18:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ br. FAME 0.0 0.2 0.8 0.0 0.1 0.1 0.3

C12 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C13 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C14 OH 0.1 0.2 0.4 0.0 0.2 0.2 0.6

C15 OH 0.0 0.0 0.0 0.0 0.3 0.0 0.0

C16 OH 0.8 0.9 1.4 0.6 0.9 0.7 2.0

C17 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18 OH 0.2 0.3 0.3 0.1 0.1 0.2 0.5

C19 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C21 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C22 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C23 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C24 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ OH 1.0 1.3 2.1 0.7 1.6 1.1 3.1

C26Δ22 0.1 0.1 0.2 0.2 0.1 0.1 0.5

C26Δ5,22 0.9 1.9 1.4 1.3 2.8 0.4 3.2

Coprostanol 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Epicoprostanol 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ22 (Z) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ5,22 0.8 2.1 0.9 0.8 3.0 0.1 0.1

C27Δ22E 0.0 0.0 0.1 0.1 0.0 0.0 0.0

C27Δ5,22 11.9 13.4 13.2 13.2 14.1 8.0 6.5

C27Δ22 0.5 0.3 0.6 1.0 0.4 0.5 0.0

C27Δ5 27.4 29.1 26.7 47.1 28.3 69.5 25.7

C27Δ0 1.5 0.7 1.0 1.8 1.1 3.7 5.3

C28Δ5,22 14.2 16.8 15.3 13.5 20.7 2.8 6.1

C28Δ22 0.7 0.3 0.6 0.0 0.0 0.3 1.0

C27Δ7 0.0 0.0 0.2 0.0 0.0 0.0 0.0

C28Δ5 1.8 0.0 0.0 4.0 2.2 1.0 0.0

C28Δ5 isom. 0.0 2.5 2.9 0.0 0.0 0.0 0.0

C28Δ5 0.0 0.9 0.9 0.7 1.2 0.0 0.0

C28Δ22 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C28Δ5,X 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C29Δ5,22 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C29 Δ5,22 2.1 1.5 1.2 0.5 2.2 0.0 0.0

C29Δ5 isom. 0.0 0.3 0.4 0.0 0.0 0.0 0.0

C29Δ5 11.7 11.2 13.9 2.9 0.4 1.7 0.0

C29Δ0 0.5 0.0 0.0 0.2 10.0 0.0 17.5

Dinosterol 0.0 0.1 0.4 0.0 0.0 0.0 0.0

C29Δ7 15.1 0.6 4.1 0.7 1.0 0.0 0.0

C30Δ5 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ Sterols 89.0 81.8 84.3 87.9 87.7 88.2 65.6

br. C15 OH 0.1 0.2 2.6 0.0 0.0 0.0 0.0

phytadiene isomers 0.0 0.0 0.0 0.0 0.0 0.0 1.4

br. 19 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C17 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C17 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C18 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C18 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C19 OH (iso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C19 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C20 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27 hopanone 0.0 0.0 0.0 0.0 0.0 0.0 0.0

cholesta-3,5-dien-7-one 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12-OH(ω17)-C26 0.0 0.0 0.0 0.0 0.0 0.0 0.0

unsat. C28 diol isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0

12-OH(ω17)-C28 0.0 0.0 0.0 0.0 0.0 0.0 0.0

bb-hopanoic acid 0.8 0.3 0.4 0.7 0.9 0.6 0.0

37:3 Ketone 0.0 0.0 0.0 0.0 0.0 0.0 0.0

37:2 Ketone 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ Other 0.9 0.5 3.0 0.7 0.9 0.7 1.4

Figure A.17: Complete lipid dataset for the South Georgia sediment trap deployment at
station P2 (1500 m) - continued.
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Sample cup M5-1 M5-2 M5-3 M5-4 M5-5 M5-6 M5-7 M5-19

Start 28/12/2004 09/01/2005 23/01/2005 06/02/2005 27/02/2005 27/03/2005 24/04/2005 18/12/2005

Stop 09/01/2005 23/01/2005 06/02/2005 27/02/2005 27/03/2005 24/04/2005 22/05/2005 11/01/2006

Total lipid flux 5.9 5.6 9.1 9.0 11.4 0.9 2.8 285.8

(µg/m2/d)

Relative abund. (%)

C14:1 (cis-9) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16:1 (cis-9) 1.6 5.4 1.2 0.9 2.1 1.5 1.3 2.8

C16:1 isom. 0.3 0.0 0.0 0.0 0.1 0.2 0.0 0.1

C16:1 isom. 0.2 0.0 0.0 0.0 0.6 0.2 0.0 0.4

C17:1 (cis-10) 0.2 0.0 0.2 0.0 0.1 0.1 0.0 0.1

C17:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C17:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:1 (cis-9) 4.7 8.1 9.4 3.3 9.7 23.2 5.7 8.7

C18:1 (tr-9) 0.5 2.1 2.6 1.0 3.1 0.0 1.3 1.4

C18:1 isom. 0.0 0.0 0.0 0.0 0.0 2.8 0.0 0.8

C18:1 isom. 0.0 0.0 0.2 0.3 0.0 0.0 0.0 0.3

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:1 (cis-11) 0.2 1.8 1.8 0.1 0.1 3.1 0.8 0.5

C20:1 isom. 0.1 0.0 0.4 1.6 3.4 0.3 0.3 0.1

C22:1 isom. 0.0 0.0 0.0 1.2 1.2 0.6 1.4 0.4

C22:1 (cis-13) 0.2 0.0 3.6 2.4 0.9 7.3 1.1 1.2

C22:1 isom. 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0

C24:1 isom. 0.1 0.0 0.0 1.9 0.5 0.3 0.7 0.2

C24:1 (cis-15) 0.3 0.0 0.0 1.0 0.6 3.2 0.4 1.3

Σ MUFA 8.4 17.4 19.4 13.9 22.5 42.8 12.9 18.3

C16:3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C16:4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C18:2 (cis-9) 0.0 0.0 0.3 0.1 0.2 0.3 0.2 0.1

C18:3 (cis-6) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C20:2 (cis-11) 0.0 0.0 0.1 0.0 0.1 0.1 0.1 1.2

C20:3 (cis-11) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0

C20:4 (cis-5) 0.0 0.0 0.0 0.0 0.7 0.1 0.0 0.0

C20:5 (cis-8) 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2

C22:2 (cis-13) 0.0 0.0 0.9 0.0 0.0 1.2 0.0 0.0

C22:6 (cis-9) 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0

Σ PUFA 0.0 0.0 4.6 0.1 1.0 1.8 0.3 6.5

C16:1 OH  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

C18:1 OH  0.0 0.0 0.0 0.1 1.3 0.1 0.1 0.2

C18:1 OH isom. 0.0 0.0 0.0 0.2 1.0 0.2 0.1 0.1

C18:1 OH isom. 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1

C20:1 OH 0.1 0.0 0.1 0.4 2.2 0.4 0.3 0.2

C22:1 OH 0.0 0.0 0.0 0.2 0.4 0.1 0.1 0.1

C22:1 OH isom. 0.1 0.0 0.0 0.3 1.2 1.0 0.5 0.0

C24:1 OH 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1

C24:1 OH isom. 0.1 0.0 0.0 0.5 0.2 0.6 0.3 0.0

Σ unsat. OH 0.2 0.0 0.1 1.9 6.6 2.3 1.4 1.0

C14 FAME 2.5 4.5 3.5 1.6 3.5 0.0 1.1 1.8

C15 FAME 0.8 1.4 0.7 0.3 0.7 0.0 0.4 0.4

C16 FAME 21.2 46.0 23.9 10.5 19.0 16.0 11.0 15.2

C17 FAME 0.5 0.6 0.5 0.3 0.4 0.6 0.5 0.2

C18 FAME 3.7 4.9 3.7 3.8 2.9 4.6 3.1 2.7

C19 FAME 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0

C20 FAME 0.4 0.2 0.5 0.5 0.5 0.4 0.4 0.2

C21 FAME 0.2 0.0 0.0 0.0 0.7 0.1 0.0 0.0

C22 FAME 0.6 0.0 0.5 0.2 0.3 0.3 0.4 0.1

C23 FAME 0.2 0.0 0.1 0.0 0.1 0.1 0.1 0.1

C24 FAME 1.4 1.1 0.8 0.3 0.5 0.5 0.6 0.2

C25 FAME 0.3 0.0 0.1 0.1 0.0 0.0 0.1 0.1

C26 FAME 0.5 0.0 0.6 0.1 0.0 0.0 0.3 0.1

Σ FAME 32.3 58.7 34.9 17.8 28.7 22.6 17.9 21.1

Figure A.18: Complete lipid dataset for the Crozet sediment trap deployment at station
M5 (3195 m).
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4,8-dimethyl-C12:0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.2

 i -C15:0 0.4 0.0 0.3 0.2 0.6 0.0 0.2 0.1

a -C15:0 0.2 0.0 0.1 0.1 0.2 0.0 0.1 0.1

i -C16:0 0.0 0.0 0.3 0.0 0.1 0.0 0.0 0.0

a -C16:0 0.0 0.0 0.0 0.0 0.2 0.3 0.2 0.1

i -C17:0 0.3 0.0 0.7 0.2 0.5 0.5 0.2 0.2

a -C17:0 0.3 0.0 0.4 0.2 0.3 0.5 0.3 0.1

i -C18:0 0.0 0.0 0.0 0.5 0.2 0.1 0.2 0.0

Σ br. FAME 1.3 0.0 1.9 1.2 2.2 1.4 1.1 0.8

C12 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C13 OH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C14 OH 0.7 0.3 0.5 0.0 0.5 0.0 0.0 0.3

C15 OH 0.1 0.3 0.1 0.3 0.1 0.1 0.1 0.1

C16 OH 3.7 0.9 2.6 36.2 8.3 4.2 1.6 4.7

C17 OH 0.0 0.0 0.0 0.4 0.4 0.1 0.0 0.0

C18 OH 1.2 0.0 0.4 7.8 5.0 0.7 0.8 0.6

C19 OH 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0

C20 OH 0.2 0.0 0.2 0.6 0.4 0.1 0.1 0.2

C21 OH 0.1 0.0 0.0 0.0 0.3 0.0 0.1 0.0

C22 OH 0.2 0.0 0.2 0.4 0.4 0.1 0.2 0.1

C23 OH 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.1

C24 OH 0.2 0.0 0.1 0.3 0.0 0.2 0.1 0.0

Σ OH 6.6 1.6 4.1 46.3 15.7 5.6 3.1 6.2

C26Δ22 0.5 0.0 0.0 0.0 0.2 0.0 0.8 0.1

C26Δ5,22 2.0 1.0 0.0 0.0 0.5 0.0 2.2 0.6

Coprostanol 0.2 0.0 0.1 0.2 0.1 0.0 0.1 0.1

Epicoprostanol 0.7 0.0 0.5 0.3 0.2 0.4 0.0 0.0

C27Δ22 (Z) 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1

C27Δ5,22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ22E 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ5,22 4.4 4.2 0.0 0.0 2.3 1.2 7.3 1.0

C27Δ22 0.8 0.0 0.0 0.0 0.4 0.1 0.8 0.1

C27Δ5 19.4 12.6 25.1 11.4 15.2 15.2 33.3 39.1

C27Δ0 1.0 0.2 0.0 0.5 0.6 0.7 1.1 0.6

C28Δ5,22 9.4 4.3 6.3 3.0 2.0 2.5 7.4 1.4

C28Δ22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C27Δ7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C28Δ5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C28Δ5 isom. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C28Δ5 0.0 0.0 0.0 0.4 0.0 0.0 0.5 0.1

C28Δ22 0.9 0.0 0.0 0.0 0.4 0.3 1.4 0.3

C28Δ5,X 0.9 0.0 0.0 0.0 0.0 0.3 0.0 0.2

C29Δ5,22 0.9 0.0 0.0 0.0 0.0 0.2 0.0 0.1

C29 Δ5,22 0.9 0.0 0.4 0.6 0.3 0.3 0.8 0.2

C29Δ5 isom. 2.4 0.0 0.0 1.0 0.0 0.0 0.0 0.3

C29Δ5 0.7 0.0 0.2 0.0 0.0 0.9 2.8 0.2

C29Δ0 1.6 0.0 0.3 0.1 0.3 0.1 0.1 0.1

Dinosterol 0.5 0.0 0.0 0.0 0.2 0.0 0.6 0.1

C29Δ7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

C30Δ5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Σ Sterols 47.3 22.3 33.0 17.5 22.7 22.2 59.3 44.6

br. C15 OH 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

phytadiene isomers 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. 19 OH 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.2

br. C17 OH (iso) 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0

br. C17 OH (anteiso) 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0

br. C18 OH (iso) 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0

br. C18 OH (anteiso) 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0

br. C19 OH (iso) 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

br. C19 OH (anteiso) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

br. C20 OH 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0

C27 hopanone 0.6 0.0 0.0 0.0 0.0 0.0 1.4 0.0

cholesta-3,5-dien-7-one 0.3 0.0 0.0 0.0 0.0 0.1 0.3 0.8

12-OH(ω17)-C26 0.4 0.0 0.2 0.1 0.0 0.0 0.2 0.0

unsat. C28 diol isom. 1.0 0.0 0.4 0.2 0.1 0.3 0.7 0.0

12-OH(ω17)-C28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

bb-hopanoic acid 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

37:3 Ketone 0.7 0.0 0.6 0.2 0.1 0.2 0.5 0.1

37:2 Ketone 0.6 0.0 0.8 0.2 0.1 0.2 0.7 0.2

Σ Other 3.9 0.0 2.1 1.3 0.8 1.2 3.9 1.4

Figure A.19: Complete lipid dataset for the Crozet sediment trap deployment at station
M5 (3195 m) - continued.
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Sample cup M6-1 M6-2 M6-4 M6-7

Start 05/01/2005 16/01/2005 13/02/2005 01/05/2005

Stop 16/01/2005 30/01/2005 06/03/2005 29/05/2005

Total lipid flux 5.7 0.5 0.8 61.0

(µg/m2/d)

Relative abund. (%)

C14:1 (cis-9) 0.0 0.0 0.0 0.0

C16:1 (cis-9) 0.4 1.3 1.8 9.0

C16:1 isom. 0.0 2.0 0.0 0.0

C16:1 isom. 0.0 0.0 0.0 0.3

C17:1 (cis-10) 0.0 0.1 0.4 0.2

C17:1 isom. 0.0 0.0 0.0 0.6

C17:1 isom. 0.0 0.0 0.0 0.0

C18:1 (cis-9) 1.6 9.5 6.9 26.5

C18:1 (tr-9) 0.2 1.0 0.2 0.0

C18:1 isom. 0.0 0.3 0.0 0.0

C18:1 isom. 0.0 0.0 0.0 1.0

C19:1 isom. 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0

C19:1 isom. 0.0 0.0 0.0 0.0

C20:1 (cis-11) 0.1 0.0 0.1 6.8

C20:1 isom. 0.0 0.0 0.0 0.5

C22:1 isom. 0.2 0.7 0.0 0.0

C22:1 (cis-13) 0.1 2.7 0.6 0.0

C22:1 isom. 0.0 0.0 0.0 0.0

C24:1 isom. 0.0 0.0 0.0 0.0

C24:1 (cis-15) 0.1 0.0 0.1 0.0

Σ MUFA 2.7 17.6 10.1 44.8

C16:3 0.0 0.0 0.0 0.0

C16:4 0.0 0.0 0.0 0.0

C18:2 (cis-9) 0.0 1.3 0.4 1.0

C18:3 (cis-6) 0.0 0.0 0.0 0.0

C20:2 (cis-11) 0.0 0.0 0.0 0.9

C20:3 (cis-11) 0.0 0.2 0.0 0.0

C20:4 (cis-5) 0.0 0.0 0.0 0.0

C20:5 (cis-8) 0.0 0.0 0.0 1.7

C22:2 (cis-13) 0.0 0.0 0.4 0.0

C22:6 (cis-9) 0.0 0.0 0.0 6.0

Σ PUFA 0.0 1.6 0.9 9.6

C16:1 OH  0.0 0.0 0.0 0.0

C18:1 OH  0.0 0.1 0.0 0.1

C18:1 OH isom. 0.0 0.0 0.0 0.0

C18:1 OH isom. 0.0 0.0 0.0 0.0

C20:1 OH 0.1 0.3 0.2 0.0

C22:1 OH 0.2 0.0 0.0 0.1

C22:1 OH isom. 0.2 0.0 0.0 0.1

C24:1 OH 0.0 0.0 0.0 0.0

C24:1 OH isom. 0.1 0.0 0.0 0.0

Σ unsat. OH 0.6 0.3 0.2 0.4

C14 FAME 1.2 0.6 0.0 2.0

C15 FAME 0.3 1.3 0.9 0.2

C16 FAME 18.3 28.5 18.1 13.5

C17 FAME 0.3 2.5 1.6 0.5

C18 FAME 3.1 18.6 5.5 3.3

C19 FAME 0.0 0.0 0.0 0.1

C20 FAME 0.3 1.1 0.5 0.1

C21 FAME 0.3 0.2 0.1 0.0

C22 FAME 1.0 1.2 1.0 0.0

C23 FAME 0.3 0.5 0.2 0.1

C24 FAME 2.7 2.6 2.5 0.1

C25 FAME 0.0 0.6 0.0 0.0

C26 FAME 0.0 0.4 0.0 0.0

Σ FAME 27.7 58.2 30.4 19.8

Figure A.20: Complete lipid dataset for the Crozet sediment trap deployment at station
M6 (3160 m).



230

4,8-dimethyl-C12:0 0.1 0.0 0.0 0.2

 i -C15:0 0.1 0.0 0.0 0.1

a -C15:0 0.1 0.0 0.0 0.1

i -C16:0 0.0 0.0 0.0 0.0

a -C16:0 0.1 0.0 0.0 0.0

i -C17:0 0.4 0.2 0.0 0.3

a -C17:0 0.2 0.1 0.0 0.1

i -C18:0 0.0 0.0 0.0 0.0

Σ br. FAME 1.0 0.3 0.0 0.7

C12 OH 0.0 0.0 0.0 0.0

C13 OH 0.0 0.0 0.0 0.0

C14 OH 1.4 1.5 0.7 0.0

C15 OH 0.1 0.5 0.3 0.0

C16 OH 11.9 4.1 2.6 0.3

C17 OH 0.1 0.1 0.1 0.0

C18 OH 1.7 3.9 1.4 0.1

C19 OH 0.0 0.2 0.1 0.0

C20 OH 0.4 0.9 0.5 0.1

C21 OH 0.4 0.2 0.1 0.0

C22 OH 0.3 1.0 0.3 0.1

C23 OH 0.1 0.3 0.0 0.0

C24 OH 0.1 0.7 0.3 0.0

Σ OH 16.6 13.4 6.4 0.7

C26Δ22 0.6 0.0 0.0 0.0

C26Δ5,22 1.0 0.0 0.0 0.2

Coprostanol 0.4 0.0 0.0 0.0

Epicoprostanol 0.3 0.0 0.0 0.0

C27Δ22 (Z) 0.1 0.0 0.0 0.0

C27Δ5,22 0.0 0.0 0.0 0.0

C27Δ22E 0.0 0.0 0.0 0.0

C27Δ5,22 2.1 0.2 5.5 0.1

C27Δ22 0.9 0.0 0.0 0.0

C27Δ5 22.9 7.1 28.6 23.7

C27Δ0 1.1 0.1 0.5 0.1

C28Δ5,22 3.3 0.2 5.1 0.0

C28Δ22 0.0 0.0 0.0 0.0

C27Δ7 0.0 0.0 0.0 0.0

C28Δ5 0.0 0.0 0.0 0.0

C28Δ5 isom. 0.0 0.0 0.0 0.0

C28Δ5 0.0 0.0 0.0 0.0

C28Δ22 0.8 0.0 0.0 0.0

C28Δ5,X 0.0 0.0 0.0 0.0

C29Δ5,22 0.0 0.0 0.0 0.0

C29 Δ5,22 0.8 0.0 0.5 0.0

C29Δ5 isom. 0.6 0.0 0.0 0.0

C29Δ5 0.3 0.0 1.6 0.0

C29Δ0 0.2 0.0 0.0 0.0

Dinosterol 0.8 0.0 0.0 0.0

C29Δ7 0.0 0.0 0.0 0.0

C30Δ5 0.0 0.0 0.0 0.0

Σ Sterols 36.1 7.7 41.9 24.0

br. C15 OH 0.0 0.0 0.0 0.0

phytadiene isomers 0.0 0.0 0.0 0.0

br. 19 OH 0.5 0.0 0.1 0.0

br. C17 OH (iso) 0.0 0.1 0.1 0.0

br. C17 OH (anteiso) 0.0 0.6 0.7 0.0

br. C18 OH (iso) 0.0 0.0 0.0 0.0

br. C18 OH (anteiso) 0.0 0.0 0.0 0.0

br. C19 OH (iso) 0.0 0.0 0.0 0.0

br. C19 OH (anteiso) 0.0 0.0 0.0 0.0

br. C20 OH 0.0 0.0 0.0 0.0

C27 hopanone 0.7 0.0 0.0 0.0

cholesta-3,5-dien-7-one 0.6 0.0 0.0 0.0

12-OH(ω17)-C26 2.5 0.0 4.2 0.0

unsat. C28 diol isom. 9.7 0.3 5.1 0.0

12-OH(ω17)-C28 0.0 0.0 0.0 0.0

bb-hopanoic acid 0.0 0.0 0.0 0.0

37:3 Ketone 0.8 0.0 0.0 0.0

37:2 Ketone 0.5 0.0 0.0 0.0

Σ Other 15.3 1.0 10.1 0.0

Figure A.21: Complete lipid dataset for the Crozet sediment trap deployment at station
M6 (3160 m) - continued.
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A.6 Posters from conferences
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ASLO Aquatic Science Meeting, Granada, February 2015.
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Our Common Future Under Climate Change, Paris, June 2015.
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LEFE-CYBER workshop on modelling, Marseille, November 2015.
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A.7 Manuscript on Si isotopes submitted in Biogeo-

sciences.

1 

 

Unveiling the Si cycle using isotopes in an iron fertilized zone of the 

Southern Ocean: from mixed layer supply to export 

Ivia Closset
1
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1
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2
, François Thil

3
, Stéphane Blain

2
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France 

2
Sorbonne Universités (UPMC, Univ Paris 06)-CNRS, Laboratoire d’Océanographie Microbienne (LOMIC), Observatoire 

Océanologique, F-66650 Banyuls/mer, France 

3
Laboratoire des Sciences du Climat et de l’Environnement, CNRS 91190 Gif-sur-Yvette, France 

 10 

Correspondence to: Ivia Closset (ivia.closset@locean-ipsl.upmc.fr) 

Abstract. A massive diatom-bloom is observed annually in the surface waters of the naturally Fe-fertilized Kerguelen 

Plateau (Southern Ocean). In this study, silicon isotopic signatures (δ
30

Si) of silicic acid (DSi) and suspended biogenic silica 

(BSi) were investigated in the whole water column with an unprecedented spatial resolution in this region, during the 

KEOPS-2 experiment (spring 2011). We use δ
30

Si measurements to track the silicon sources that fuel the bloom, and 15 

investigate the seasonal evolution of Si biogeochemical cycle in the iron fertilized area. We compare the results from a 

HNLC reference station with stations characterized by different degrees of iron enrichment and bloom conditions. Dissolved 

and particulate δ
30

Si signatures were generally highly variable in the upper 500 m, reflecting the effect of the intense silicon 

utilization in spring, while they were quite homogeneous in deeper waters. The Si-isotopic and mass balance identified a 

unique WW Si-source for the iron-fertilized area originating from the southeastern Kerguelen Plateau and spreading 20 

northward. However, when reaching a retroflection of the Polar Front (PF), the δ
30

Si composition of WW silicic acid pool 

was getting progressively heavier. This would result from sequential diapycnal mixings between these initial WW and ML 

water masses, highlighting the strong circulation of surface waters that defined this zone. When comparing the results from 

the two KEOPS expeditions, the relationship between DSi depletion, BSi production and their isotopic composition appears 

decoupled in the iron fertilized area. This seasonal decoupling could help to explain the low apparent fractionation factor 25 

observed here in the ML at the end of summer. Taking into account these considerations, we refined the seasonal net BSi 

production in the ML of the iron-fertilized area to 3.0 ± 0.3 mol Si m
-2

 y
-1

, that was exclusively sustained by surface water 

phytoplankton populations. These insights confirm that the isotopic composition of dissolved and particulate silicon is a 

promising tool to improve our understanding on the Si-biogeochemical cycle since the isotopic and mass balance allows 

resolving the processes involved i.e. uptake, dissolution, mixing. 30 

Biogeosciences Discuss., doi:10.5194/bg-2016-236, 2016
Manuscript under review for journal Biogeosciences
Published: 8 June 2016
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méthodes en flux continu, Ifremer, Plouzané, France, 2007.
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Cetinić, I., Perry, M. J., D’Asaro, E., Briggs, N., Poulton, N., Sieracki, M. E., and Lee, C. M.:
A simple optical index shows spatial and temporal heterogeneity in phytoplankton commu-
nity composition during the 2008 North Atlantic Bloom Experiment, Biogeosciences, 12,
2179–2194, doi:10.5194/bg-12-2179-2015, URL http://www.biogeosciences.net/12/2179/

2015/, 2015.
Chang, C.-H., Johnson, N. C., and Cassar, N.: Neural network-based estimates of South-

ern Ocean net community production from in situ O2 / Ar and satellite observation: a
methodological study, Biogeosciences, 11, 3279–3297, doi:10.5194/bg-11-3279-2014, URL
http://www.biogeosciences.net/11/3279/2014/, 2014.

Charette, M. A. and Buesseler, K. O.: Does iron fertilization lead to rapid car-
bon export in the Southern Ocean?, Geochemistry, Geophysics, Geosystems, 1,
2000GC000 069, doi:10.1029/2000GC000069, URL http://onlinelibrary.wiley.com/doi/

10.1029/2000GC000069/abstract, 2000.
Chase, Z., Kohfeld, K. E., and Matsumoto, K.: Controls on biogenic silica burial in the Southern

Ocean, Global Biogeochemical Cycles, 29, 2015GB005 186, doi:10.1002/2015GB005186, URL
http://onlinelibrary.wiley.com/doi/10.1002/2015GB005186/abstract, 2015.

Chen, B., Laws, E. A., Liu, H., and Huang, B.: Estimating microzooplankton grazing half-
saturation constants from dilution experiments with nonlinear feeding kinetics, Limnology and
Oceanography, 59, 639–644, doi:10.4319/lo.2014.59.3.0639, URL http://onlinelibrary.

wiley.com/doi/10.4319/lo.2014.59.3.0639/abstract, 2014.
Chen, J. H., Lawrence Edwards, R., and Wasserburg, G. J.: 238U, 234U and 232Th in seawater,

Earth and Planetary Science Letters, 80, 241–251, doi:10.1016/0012-821X(86)90108-1, URL
http://adsabs.harvard.edu/abs/1986E%26PSL..80..241C, 1986.

Chen, Y.-C.: The biomass and total lipid content and composition of twelve species of ma-
rine diatoms cultured under various environments, Food Chemistry, 131, 211–219, doi:
10.1016/j.foodchem.2011.08.062, URL http://www.sciencedirect.com/science/article/

pii/S0308814611012118, 2012.
Chever, F., Sarthou, G., Bucciarelli, E., Blain, S., and Bowie, A. R.: An iron budget during the

natural iron fertilisation experiment KEOPS (Kerguelen Islands, Southern Ocean), Biogeo-
sciences, 7, 455–468, doi:10.5194/bg-7-455-2010, URL http://www.biogeosciences.net/7/

455/2010/, 2010.
Chisholm, S. W., Falkowski, P. G., and Cullen, J. J.: Dis-Crediting Ocean Fertilization, Science,

294, 309–310, doi:10.1126/science.1065349, URL http://www.sciencemag.org/content/

294/5541/309, 2001.
Chuecas, L. and Riley, J. P.: Component Fatty Acids of the Total Lipids of Some Marine

Phytoplankton, Journal of the Marine Biological Association of the United Kingdom, 49,
97–116, doi:10.1017/S0025315400046439, URL http://journals.cambridge.org/article_

S0025315400046439, 1969.
Claustre, H., Antoine, D., Boehme, L., Boss, E., D’Ortenzio, F., Fanton D’Andon, O., Guinet,

C., Gruber, N., Handegard, N. O., Hood, M., Johnson, K., Kortzinger, A., Lampitt,
R., LeTraon, P.-Y., Le Quere, C., Lewis, M., Perry, M.-J., Platt, T., Roemmich, D.,
Sathyendranath, S., Send, U., Testor, P., and Yoder, J.: Guidelines towards an integrated
ocean observation system for ecosystems and biogeochemical cycles, in: Proceedings of
OceanObs’09: Sustained Ocean Observations and Information for Society, Vol. 1, edited by
Hall, J., Harrison, D. E., and Stammer, D., pp. 593–612, European Space Agency, URL
http://eprints.soton.ac.uk/340375/, 2010.

Coale, K. H., Johnson, K. S., Chavez, F. P., Buesseler, K. O., Barber, R. T., Brzezinski,

http://onlinelibrary.wiley.com/doi/10.1029/2011JC007771/abstract
http://www.biogeosciences.net/12/2179/2015/
http://www.biogeosciences.net/12/2179/2015/
http://www.biogeosciences.net/11/3279/2014/
http://onlinelibrary.wiley.com/doi/10.1029/2000GC000069/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2000GC000069/abstract
http://onlinelibrary.wiley.com/doi/10.1002/2015GB005186/abstract
http://onlinelibrary.wiley.com/doi/10.4319/lo.2014.59.3.0639/abstract
http://onlinelibrary.wiley.com/doi/10.4319/lo.2014.59.3.0639/abstract
http://adsabs.harvard.edu/abs/1986E%26PSL..80..241C
http://www.sciencedirect.com/science/article/pii/S0308814611012118
http://www.sciencedirect.com/science/article/pii/S0308814611012118
http://www.biogeosciences.net/7/455/2010/
http://www.biogeosciences.net/7/455/2010/
http://www.sciencemag.org/content/294/5541/309
http://www.sciencemag.org/content/294/5541/309
http://journals.cambridge.org/article_S0025315400046439
http://journals.cambridge.org/article_S0025315400046439
http://eprints.soton.ac.uk/340375/


245 REFERENCES

M. A., Cochlan, W. P., Millero, F. J., Falkowski, P. G., Bauer, J. E., Wanninkhof, R. H.,
Kudela, R. M., Altabet, M. A., Hales, B. E., Takahashi, T., Landry, M. R., Bidigare, R. R.,
Wang, X., Chase, Z., Strutton, P. G., Friederich, G. E., Gorbunov, M. Y., Lance, V. P.,
Hilting, A. K., Hiscock, M. R., Demarest, M., Hiscock, W. T., Sullivan, K. F., Tanner,
S. J., Gordon, R. M., Hunter, C. N., Elrod, V. A., Fitzwater, S. E., Jones, J. L., Tozzi, S.,
Koblizek, M., Roberts, A. E., Herndon, J., Brewster, J., Ladizinsky, N., Smith, G., Cooper,
D., Timothy, D., Brown, S. L., Selph, K. E., Sheridan, C. C., Twining, B. S., and Johnson,
Z. I.: Southern Ocean Iron Enrichment Experiment: Carbon Cycling in High- and Low-Si
Waters, Science, 304, 408–414, doi:10.1126/science.1089778, URL http://www.sciencemag.

org/content/304/5669/408, 2004.
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Mosseri, J., Quéguiner, B., Armand, L., and Cornet-Barthaux, V.: Impact of iron on sili-
con utilization by diatoms in the Southern Ocean: A case study of Si/N cycle decoupling
in a naturally iron-enriched area, Deep Sea Research Part II: Topical Studies in Oceanog-
raphy, 55, 801–819, doi:10.1016/j.dsr2.2007.12.003, URL http://www.sciencedirect.com/

science/article/pii/S0967064508000301, 2008.
Muggli, D. L. and Harrison, P. J.: Effects of iron on two oceanic phytoplankters grown in natural

NE subarctic pacific seawater with no artificial chelators present, Journal of Experimental
Marine Biology and Ecology, 212, 225–237, doi:10.1016/S0022-0981(96)02752-9, URL http:

//www.sciencedirect.com/science/article/pii/S0022098196027529, 1997.
Murphy, E. J., Cavanagh, R. D., Hofmann, E. E., Hill, S. L., Constable, A. J., Costa, D. P.,

Pinkerton, M. H., Johnston, N. M., Trathan, P. N., Klinck, J. M., Wolf-Gladrow, D. A.,
Daly, K. L., Maury, O., and Doney, S. C.: Developing integrated models of Southern Ocean
food webs: Including ecological complexity, accounting for uncertainty and the importance of
scale, Progress in Oceanography, 102, 74–92, doi:10.1016/j.pocean.2012.03.006, URL http:

//www.sciencedirect.com/science/article/pii/S0079661112000237, 2012.
Nelson, D. M. and Brzezinski, M. A.: Diatom growth and productivity in an oligo-trophic mido-

cean gyre: A 3-yr record from the Sargasso Sea near Bermuda, Limnology and Oceanography,
42, 473–486, doi:10.4319/lo.1997.42.3.0473, URL http://onlinelibrary.wiley.com/doi/

10.4319/lo.1997.42.3.0473/abstract, 1997.
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Nielsdóttir, M. C., Bibby, T. S., Moore, C. M., Hinz, D. J., Sanders, R., Whitehouse, M., Korb,

R., and Achterberg, E. P.: Seasonal and spatial dynamics of iron availability in the Scotia
Sea, Marine Chemistry, 130–131, 62–72, doi:10.1016/j.marchem.2011.12.004, URL http://

www.sciencedirect.com/science/article/pii/S0304420311001320, 2012.
Nodder, S. D. and Alexander, B. L.: The effects of multiple trap spacing, baffles and brine

http://onlinelibrary.wiley.com/doi/10.1029/1999JC000043/abstract
http://onlinelibrary.wiley.com/doi/10.1029/1999JC000043/abstract
http://onlinelibrary.wiley.com/doi/10.1029/1999JC000043/abstract
http://onlinelibrary.wiley.com/doi/10.4319/lo.1996.41.7.1514/abstract
http://dx.doi.org/10.1371/journal.pbio.1001127
http://onlinelibrary.wiley.com/doi/10.1029/JC093iC09p10749/abstract
http://onlinelibrary.wiley.com/doi/10.1029/JC093iC09p10749/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2001PA000637/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2001PA000637/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2004JC002615/abstract
http://www.sciencedirect.com/science/article/pii/S0967064508000301
http://www.sciencedirect.com/science/article/pii/S0967064508000301
http://www.sciencedirect.com/science/article/pii/S0022098196027529
http://www.sciencedirect.com/science/article/pii/S0022098196027529
http://www.sciencedirect.com/science/article/pii/S0079661112000237
http://www.sciencedirect.com/science/article/pii/S0079661112000237
http://onlinelibrary.wiley.com/doi/10.4319/lo.1997.42.3.0473/abstract
http://onlinelibrary.wiley.com/doi/10.4319/lo.1997.42.3.0473/abstract
http://onlinelibrary.wiley.com/doi/10.1029/95GB01070/abstract
http://onlinelibrary.wiley.com/doi/10.1029/95GB01070/abstract
http://www.sciencedirect.com/science/article/pii/S0304420311001320
http://www.sciencedirect.com/science/article/pii/S0304420311001320


265 REFERENCES

volume on sediment trap collection efficiency, Journal of Marine Research, 57, 537–559, doi:
10.1357/002224099764805183, 1999.

Nodder, S. D. and Waite, A. M.: Is Southern Ocean organic carbon and biogenic silica export
enhanced by iron-stimulated increases in biological production? Sediment trap results from
SOIREE, Deep Sea Research Part II: Topical Studies in Oceanography, 48, 2681–2701, doi:
10.1016/S0967-0645(01)00014-5, URL http://www.sciencedirect.com/science/article/

pii/S0967064501000145, 2001.
Nodder, S. D., Charette, M. A., Waite, A. M., Trull, T. W., Boyd, P. W., Zeldis, J.,

and Buesseler, K. O.: Particle transformations and export flux during an in situ iron-
stimulated algal bloom in the Southern Ocean, Geophysical Research Letters, 28, 2409–
2412, doi:10.1029/2001GL013008, URL http://onlinelibrary.wiley.com/doi/10.1029/

2001GL013008/abstract, 2001.
Nodder, S. D., Chiswell, S. M., and Northcote, L. C.: Annual cycles of deep-ocean biogeochemical

export fluxes in subtropical and subantarctic waters, southwest Pacific Ocean, Journal of
Geophysical Research: Oceans, doi:10.1002/2015JC011243, URL http://onlinelibrary.

wiley.com/doi/10.1002/2015JC011243/abstract, 2016.
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M. M., Neill, C., Peeken, I., Röttgers, R., Sachs, O., Sauter, E., Schmidt, M. M., Schwarz,
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Ternon, E., Guieu, C., Loÿe-Pilot, M.-D., Leblond, N., Bosc, E., Gasser, B., Miquel, J.-C., and
Mart́ın, J.: The impact of Saharan dust on the particulate export in the water column of the
North Western Mediterranean Sea, Biogeosciences, 7, 809–826, doi:10.5194/bg-7-809-2010,
URL http://www.biogeosciences.net/7/809/2010/, 2010.

Thackeray, S. J., Sparks, T. H., Frederiksen, M., Burthe, S., Bacon, P. J., Bell, J. R., Botham,
M. S., Brereton, T. M., Bright, P. W., Carvalho, L., Clutton-Brock, T., Dawson, A., Edwards,
M., Elliott, J. M., Harrington, R., Johns, D., Jones, I. D., Jones, J. T., Leech, D. I., Roy,
D. B., Scott, W. A., Smith, M., Smithers, R. J., Winfield, I. J., and Wanless, S.: Trophic level
asynchrony in rates of phenological change for marine, freshwater and terrestrial environments,
Global Change Biology, 16, 3304–3313, doi:10.1111/j.1365-2486.2010.02165.x, URL http:

//onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02165.x/abstract, 2010.
Thiele, S., Fuchs, B. M., Amann, R., and Iversen, M. H.: Colonization in the Photic Zone and

Subsequent Changes during Sinking Determine Bacterial Community Composition in Marine
Snow, Applied and Environmental Microbiology, 81, 1463–1471, doi:10.1128/AEM.02570-14,
URL http://aem.asm.org/content/81/4/1463, 2015.

Thomalla, S. J., Poulton, A. J., Sanders, R., Turnewitsch, R., Holligan, P. M., and Lu-
cas, M. I.: Variable export fluxes and efficiencies for calcite, opal, and organic car-
bon in the Atlantic Ocean: A ballast effect in action?, Global Biogeochemical Cycles,
22, GB1010, doi:10.1029/2007GB002982, URL http://onlinelibrary.wiley.com/doi/10.

1029/2007GB002982/abstract, 2008.
Thomalla, S. J., Racault, M.-F., Swart, S., and Monteiro, P. M. S.: High-resolution view of the

spring bloom initiation and net community production in the Subantarctic Southern Ocean
using glider data, ICES Journal of Marine Science: Journal du Conseil, 72, 1999–2020, doi:
10.1093/icesjms/fsv105, URL http://icesjms.oxfordjournals.org/content/72/6/1999,
2015.
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