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Abstract

In the ocean, the perpetual ‘snowfall’ of biogenic marine particles exports organic carbon
from the well-lit surface layer to the deep sediments, promoting its sequestration. The efficiency
of this ‘biological carbon pump’ (BCP), presents strong spatio-temporal variations that are not
yet fully explained. Changes in surface plankton communities and trophic interactions appear
important because they lead to modifications of sinking particle characteristics (e.g. compo-
sition, structure, sinking velocity). These controls are explored here via the characterization
of sinking particles originating from varying planktonic community structures and evaluation
of their ability to export carbon. During the second KErguelen Ocean and Plateau compared
Study (KEOPS2) conducted in Oct.-Nov. 2011, six sites were sampled over and downstream of
the Kerguelen Plateau (Southern Ocean), where a mosaic of phytoplankton blooms of changing
communities forms in response to natural iron fertilisation. Sinking particles were collected with
free-drifting sediment traps at four mesopelagic depths to examine their form and composition,
including optical characterization using polyacrylamide gel filled traps. Concurrently, aggregates
were formed in roller tanks from surface water phytoplankton assemblages, to explore the intri-
cate influences of particle size, structure and composition on the sinking velocity. At each site,
carbon export efficiencies were calculated as the ratio of carbon flux to net primary productivity
(e-ratio).

High productivity was associated with the lowest carbon export efficiency (e-ratio ∼0.02)
while maximum export efficiency (e-ratio ∼0.2) was found at low-productivity sites. Two ex-
planations were identified. Firstly, at high-biomass sites, strong zooplankton grazing generated
large fecal pellets sustaining high carbon fluxes at 100-200 m (180 mg C m−2 d−1). This export
pathway represented a ‘dead end’ due to rapid attenuation of the fecal pellet flux at 200-400
m, releasing most of the carbon (48±21 % carbon flux decrease). Secondly, based on the roller
tank results, the morphology of dominant diatom species appeared to be an important control
on aggregate sinking velocities, possibly via species-specific coagulation efficiency affecting par-
ticle structure and density. At high-biomass sites, dominant small spine-forming species formed
loose slow-sinking aggregates (∼10 m d−1), whereas chain-forming diatoms without spines, at
low-productivity sites, produced compact fast-sinking aggregates (∼250 m d−1). The similarity
of aggregate morphology and structure from roller tank and gel traps (2-D fractal number =
1.8 and 1.9 respectively), increased confidence in applying these results to in situ conditions. A
generic 3-D physical-biogeochemical (BGC) model was modified to investigate conceptually the
influence of planktonic community variations on carbon export efficiency through their control
on detritus composition and sinking velocity. This was achieved by introducing in the model
a variable detritus sinking velocity based on phytoplankton and zooplankton detrital fractions
(using experimental results). Changes from a constant (100 m d−1) to a variable sinking ve-
locity induced a significant increase of the annual integrated carbon flux at 100 m (45±23 %)
highlighting the importance of sinking velocity parameterisation in BGC models. Simulations
indicate that export efficiency could depend upon subtle trophic interactions between phyto-
and zooplankton communities influencing the relative rates of productivity and associated car-
bon flux and determining the conditions of biomass retention or export. The insights and tools
developed here improve our understanding of how a climate-mediated shift of surface plankton
communities can alter the efficiency of the BCP.
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Chapter 1

Introduction

1.1 The Biological Carbon Pump: components and

processes

The oceanic biological carbon pump (BCP) includes all the biologically-driven processes that

deplete the upper ocean total CO2 relative to its concentration in the deep ocean, thereby

creating a concentration gradient (Volk and Hoffert, 1985). This gradient is maintained by a

perpetual fall of biogenic particles that transport carbon from the surface ocean to its interior.

In the well-lit surface layer, atmospheric CO2 dissolves into the upper ocean by air-sea gas

exchange and is fixed by phytoplankton photosynthetic activity into organic molecules required

for cell growth (Fig. 1.1). At a stage of their life cycle, phytoplankton cells sink in the water

column either because they are then unable to afford the energetic cost needed to maintain their

buoyancy (Waite et al., 1992), or as a physiological strategy to maximise their survival (Acuña

et al., 2010; Gross and Zeuthen, 1948; Smayda and Boleyn, 1965). Differential settling (i.e.

large cells typically sink faster than small cells), Brownian motion and fluid shear are the main

physical processes that bring phytoplankton cells into contact in the ocean (Burd and Jackson,

2009). If their probability to stick together upon collision (i.e. their stickiness) and biomass

are high enough (Jackson, 1990), they can attach and form large fast–sinking and organic-rich

aggregates able to scavenge various suspended particles during their descent (i.e. other cells,

fecal material, zooplankton carcasses and feeding structures, bacterias, micro-organisms and

their tests, exopolymer particles, bubbles, minerals...) (Alldredge, 2001). Phytoplankton cells

can also be aggregated biologically. Higher in the food web, zooplankton graze on phytoplankton

to produce their own organic matter and egest organic-rich and tightly packed fecal pellets, prone

to sink at very high velocity (up to 200 m d−1; Turner, 2015). Zooplankton fecal pellets and
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1.1. THE BIOLOGICAL CARBON PUMP: COMPONENTS AND PROCESSES

large phytodetrital aggregates (> 0.5 mm in diameter) composed of miscellaneous debris called

‘marine snow’, started to be the focus of extensive research efforts in the 1970’s and 1980’s.

They were soon identified as major vectors of the BCP because of their ability to transport

high quantities of particulate organic carbon (POC) at high sinking velocity to the deep ocean

(Alldredge, 1979; Alldredge and Silver, 1988; Bishop et al., 1977; Fowler and Knauer, 1986;

Shanks and Trent, 1980; Suess, 1980).

Figure 1.1: Representation of the components of the biological carbon pump and the processes con-
tributing to the formation of a dissolved inorganic carbon (DIC) concentration gradient between the
surface and deep ocean (from Ducklow et al., 2001). Atmospheric carbon dioxide (CO2) dissolves into
the surface ocean by air-sea gas exchange. Phytoplankton cells fix this DIC by photosynthetic activity and
with other nutrients (e.g. N2 and Fe) incorporate it into organic molecules. The organic matter produced
is partitioned between particulate and dissolved organic matter pools (POM and DOM). Particulate
matter (POC: particulate organic carbon; PIC: particulate inorganic carbon) can then be aggregated
physically, or biologically through zooplankton grazing, and sink passively in the form of large aggregates
of miscellaneous detritus and fecal pellets. Pronounced attenuation of the sinking flux occurs below the
euphotic zone due to aggregate break-up, bacterial decomposition and consumption by actively migrating
zooplankton, promoting the return of organic matter to the dissolved pool. Excretion and respiration by
heterotrophic organisms induce losses at several steps and promote the return of carbon to its inorganic
form and subsequent ventilation by physical mixing.

At several steps of the BCP, a part of the POC can go to the dissolved organic carbon pool

(DOC). POC consumption by heterotrophic organisms (e.g. zooplankton) promotes losses by

respiration, excretion and ‘messy (or sloppy) feeding’ (Corner et al., 1972; Møller, 2005). As
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Ecosystem controls on carbon export efficiency over the Kerguelen Plateau

a result, the flux of carbon carried by sinking particles that leaves the base of the euphotic

zone, referred to hereafter as ‘export flux’, represents often a very small fraction of the total

carbon initially fixed by phytoplankton. The ratio between export and production is often

less than 5 to 15% (Buesseler, 1998; Giering et al., 2014; Henson et al., 2011). It is however

during their downward journey through the mesopelagic layer (or ‘Twilight Zone’, between

the base of the euphotic zone and 1000 m) that phyto- and zoo–detritus exported out of the

surface ocean, will encounter most of their physical and biological transformations leading to a

large attenuation of the flux (Buesseler and Boyd, 2009; Buesseler et al., 2007; Martin et al.,

1987). Particle break-up will potentially occur (Burd and Jackson, 2009), facilitating their

bacterial decomposition. Zooplankton actively migrating in the water column will accompany

the sinking flux and keep modifying it by either grazing on phytodetritus, or degrading fecal

pellets through coprophagy (ingestion), coprorhexy (fragmentation) and coprochaly (loosening),

occasioning additional losses by respiration and promoting bacterial remineralisation, but also

sustaining the flux at depth by egesting new fecal pellets (Giering et al., 2014; Iversen and

Poulsen, 2007). Progressive bacterial remineralisation of the DOC to its inorganic form (DIC)

in the water column, maintains the carbon concentration gradient between the surface and

deep ocean. Lateral advection and vertical mixing promote the return of DIC to the surface

and its subsequent ventilation. The average time for the DIC to return back to the surface,

known as the ‘remineralisation length scale’ (RLS) depends on the depths over which carbon

was remineralised. Below 1000 m in the deep ocean, the time for the DIC to return back to

the surface by physical processes is on a scale of centuries to millennia, with strong geographic

variations (Passow and Carlson, 2012; Primeau, 2006).

The flux of particulate carbon transferred through the mesopelagic layer which reaches the

deep ocean (below 1000 meters) hereafter called the ‘sequestration flux’, is generally less than

10% of the POC exported out of the surface ocean (François et al., 2002; Henson et al., 2012;

Honjo et al., 1982). The consumption by benthic communities induces additional losses and the

flux of carbon actually buried in deep-sea sediments represents only 0.01% of the carbon initially

produced in the surface layer (Honjo, 1996; Jahnke, 1996; Martin et al., 1987; Suess, 1980). The

term ‘sequestration’ generally describes the removal of inorganic or organic carbon from the

global cycle for a period ≥ 100 years (Legendre et al., 2015). The BCP appears quite inefficient

at sequestering carbon because of all the losses occurring during the transfer from its fixation
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to its sequestration. The relative contributions of the BCP in the total oceanic carbon pump

(the physically–mediated ‘solubility pump’ + the BCP) (Volk and Hoffert, 1985) still suffer

large uncertainties (Gruber and Sarmiento, 2002; Reid et al., 2009), but two thirds of the total

uptake of CO2 by the global ocean (total uptake estimated at 2.6±0.5 Gt C yr−1 for the period

2004-2013; Le Quéré et al., 2014) could be operated by the BCP (Passow and Carlson, 2012).

An alteration of the biologically-mediated BCP, feared as a consequence of the global climate

change (mostly via increased stratification and ocean acidification; Bopp et al., 2013; see Turner

2015 for a review) would have largely unknown and potentially serious consequences. Thus, it

appears crucial to clearly identify the controls on the efficiency of the BCP, in order to better

predict the potential consequences of its alteration. It is particularly important to investigate

these controls in the Southern Ocean which plays a major role in mitigating atmospheric CO2

(e.g. in 2008, it contributed over 40% of the anthropogenic CO2 inventory in the global ocean;

Khatiwala et al., 2009).

1.2 Controls on the efficiency of the BCP

The efficiency of the BCP, i.e. the fraction of the carbon fixed in the euphotic zone that is ef-

fectively sequestered, presents large spatio–temporal variations (mostly at regional and seasonal

scales) (Buesseler, 1998; De La Rocha and Passow, 2007; Henson et al., 2015; Honjo et al., 2008;

Neuer et al., 2002). The difficulty of explaining these variations is that controls can operate

at each step of the processes involved and because of their dependence to the multiple possible

interactions between the different trophic levels involved (Boyd and Trull, 2007; De La Rocha

and Passow, 2007). Disentangling the physical from the biological influences and weighting their

relative importance also appear to be big challenges. After more than 30 years of research, many

gaps remain in our knowledge of the BCP.

The importance of large phytoplankton aggregates and zooplankton fecal pellets in the export

of organic carbon have long been known, but the conditions in which one or the other carry the

largest fraction of the carbon flux remain unclear. Studies report fluxes dominated by either large

phytodetrital aggregates (Alldredge and Gotschalk, 1989; Burd and Jackson, 2009; De La Rocha

and Passow, 2007; Jackson, 1990; Turner, 2002) or fecal pellets (Bishop et al., 1977; Cavagna

et al., 2013; Ebersbach and Trull, 2008; Fowler and Knauer, 1986; Pilskaln and Honjo, 1987;
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Wassmann et al., 2000). There is a great interest in understanding the factors which promote a

direct export by phytoplankton aggregates, because it could be the most efficient mode of the

biological carbon pump since it minimises the losses otherwise associated with the consumption

by higher trophic levels (Buesseler and Boyd, 2009). Ecosystem structure, reflected by planktonic

community composition appears to elect the dominant carbon export mode (Ebersbach and

Trull, 2008; Ebersbach et al., 2011; Wassmann, 1998; Wiedmann et al., 2014). During the

growing season, phyto- and zooplankton biomass variations related to their trophic interactions

depend on several factors including plankton assemblages and their respective initial biomass

levels, physiological rates and resistance to grazing (Miller and Wheeler, 2012). The particle

sinking flux generated by these interactions, acquires its initial characteristics in term of volume

and size spectra (Fowler and Knauer, 1986; McCave, 1984; Michaels and Silver, 1988; Silver and

Gowing, 1991). Most of the questions related to the efficiency of the BCP lies in the observation

that the biomass accumulation itself does not determine the ‘strength’ of the BCP (i.e. the

magnitude of the concentration gradient it creates; Volk and Hoffert, 1985). It is suggested

by many studies reporting inconsistencies between the primary production in the surface layer

and its associated carbon export flux (Buesseler, 1998; Ebersbach et al., 2011; Lam and Bishop,

2007). It is possibly due to the variety of particles produced (i.e. single cells, marine snow, fecal

pellets) having different abilities to transport carbon to the deep ocean. Within a same category

of particles a wide range of export efficiency can also be observed. This is true for the large

marine snow aggregates which display great variations of their size, structure and composition

(Alldredge, 1979; Alldredge and Gotschalk, 1988; Alldredge and Silver, 1988; Asper, 1986; Shanks

and Trent, 1980). The relative efficiency of each particle category at exporting carbon appears

to depend on their physical and biological properties. The three ‘pillars’ of a particle efficiency

at exporting carbon are its carbon content, its sinking velocity and its sensitivity to degradation.

Therefore, the best candidate to the most efficient carbon export is a carbon–rich, fast–sinking,

and degradation–resistant particle. Far from this simplistic view, observations show a large

range of combinations of these three properties amongst natural particles (Turner, 2015 and

references therein).

The sinking velocity started to receive attention in the 1970’s (e.g. Kajihara, 1971; Fowler

and Small, 1972). Based on theoretical laws, particle size was first investigated as the main

control of the sinking velocity, but discrepancies highlighted a higher complexity (Diercks and
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Asper, 1997; Engel and Schartau, 1999; Iversen and Ploug, 2010). Today, controls on the sinking

velocity of large marine aggregates are still unclear. The main reasons are the large variety of

the components that these particles scavenge during their fall and the various ways that they are

assembled, defining different sinking properties for almost every single particle. Especially, the

excess density of each particle composing the aggregate (defined as the density difference between

the particle and the surrounding water) can strongly vary. The role of phytoplankton community

structure in setting the efficiency of carbon export has been suggested since the 1990’s, but most

of the studies explained these controls through phytoplankton cell size (Boyd and Newton, 1995;

Boyd et al., 1999) and ballasting of the cells with biominerals (Armstrong et al., 2001; Klaas

and Archer, 2002). It is unclear, however how different phytoplankton assemblages affect the

sinking velocity of their aggregates.

Variability in planktonic community structure is observed at a wide range of spatio–temporal

scales. Based on the potential links between plankton community structure, flux characteristics

and particle sinking properties, it seems possible that the variations of plankton communities

could play a large role in spatio–temporal variations of the efficiency of the BCP. By focusing on

the ecosystem controls on carbon export efficiency in the Southern Ocean, this thesis addressed

three of the main gaps in our understanding of the BCP:

i. How does ecosystem trophic structure determine the dominant carbon export mode (via

phytodetrital aggregates or zooplankton fecal pellets) and which one is the most efficient

vector for carbon export?

ii. What is the role played by planktonic community structure in the control of marine snow

sinking velocities?

iii. How do spatio–temporal variations in planktonic community structure affect carbon ex-

port efficiency?

Different approaches and methods were used to answer these questions. Experiments, field

sampling and modelling studies were combined to explore the links between ecosystem structure

and carbon export efficiency. The Kerguelen region (Southern Ocean) was chosen for its con-

text of natural iron–fertilisation which frames a variety of ecosystem structures and associated

carbon export efficiencies (Armand et al., 2008; Blain et al., 2008a). The last section of this
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‘Introduction’ chapter presents the study area and describes briefly the approaches and methods

used.

1.3 Study area and methodology

1.3.1 The Kerguelen region: a natural laboratory

The Kerguelen Plateau is the largest volcanic plateau in the Southern Ocean, lying approxi-

mately from 45 to 62°S Latitude and 63 to 84°E Longitude (Fig. 1.2). This large volcanic for-

mation induces an ‘island mass effect’ (Doty and Oguri, 1956) and promotes one of the largest

seasonal phytoplankton biomass accumulations (or ‘bloom’) in the Southern Ocean. Hart (1942)

was the first to mention that a release of iron might be responsible for the observed increase

of biomass in the vicinity of islands in the Southern Ocean. However, Martin (1990) provided

the first evidence and formulated the so-called ‘iron hypothesis’ which postulates that iron is a

limiting micronutrient able to fuel the primary productivity in the High Nutrient–Low Chloro-

phyll (HNLC) waters of the Southern Ocean. This hypothesis has been confirmed by numerous

purposeful mesoscale iron–enrichment and natural iron–fertilisation experiments conducted in

the Southern Ocean (Blain et al., 2007; Boyd et al., 2000; Coale et al., 2004; Pollard et al., 2009;

Smetacek, 2001; Smetacek et al., 2012). The KErguelen Ocean and Plateau compared study

(KEOPS) was the first major investigation of the effect of iron fertilisation on carbon seques-

tration in a natural context (Blain et al., 2008a). KEOPS, conducted in January-February 2005

investigated the bloom to explore the role of natural iron supply on biologically–driven carbon

sequestration over the Kerguelen Plateau.

Two distinct regions of the bloom can be distinguished (Fig. 1.3): a long plume extending

eastward of the Kerguelen Islands and impacted by complex mesoscale structures due to the close

proximity of the polar and subantarctic fronts (PF and SAF), and a bloom over the plateau

between the Kerguelen and Heard Islands (Blain et al., 2008b). The KEOPS study revealed

a bloom dominated by diatom assemblages which varied in space and time over the course of

the survey (less than one month in duration). At the on–plateau bloom reference station, the

phytoplankton community was first dominated by the small Chaetoceros Hyalochaete spp. and

later by a remnant Eucampia antarctica assemblage (Armand et al., 2008). In contrast, the

HNLC reference station (i.e. low iron waters) was dominated by Fragilariopsis pseudonana and
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Kerguelen
Islands

Heard
Island

Figure 1.2: Bathymetric map of the Kerguelen Plateau showing the location of Kerguelen and Heard
Islands. Data from the NOAA 1 Arc-Minute Global Relief Model ETOPO1 (Amante and Eakins, 2009).

Fragilariopsis kerguelensis throughout the survey. The study of sinking particles collected over

the plateau and at its periphery revealed an important role played by zooplankton in the export

of carbon in late summer (Ebersbach and Trull, 2008).

The questions tackled by this thesis (see previous section) were addressed using data from the

second KErguelen Ocean and Plateau compared study (KEOPS2). KEOPS2 was conducted on-

board the RV Marion Dufresne, over and downstream of the Kerguelen Plateau to re–investigate

the bloom earlier in the season, during its initiation (October–November 2011). The main objec-

tives of KEOPS2 were to explore further the modes of iron supply and their effects on ecosystem

structure and subsequent carbon export efficiency.
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0.3 m s-1

SAF
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Figure 1.3: Map of the average surface chlorophyll a concentration (Chl. a) in the Kerguelen region in
November 2011 [data from MODIS-Aqua satellite (CLS-CNES)]. Surface geostrophic velocities (arrows)
derived from sea surface height are represented for the same period [data from the Integrated Marine
Observing System (IMOS)]. The location of the main Southern Ocean fronts limited to the vicinity of
the Kerguelen Islands (from 63 °E to 79 °E) is also indicated based on Park et al. (2014). SAF: Sub–
Antarctic front (grey line); PF: Polar front (red line). The map illustrates the interactions between Chl. a
concentrations and the complex physical context induced by the presence of the two oceanic fronts.

1.3.2 Approaches, material and methods

The modes and efficiency of carbon export at the early stage of the Kerguelen bloom were

explored by collecting natural sinking particles at sites presenting various biomass levels and

contrasting planktonic community structures. Free-drifting standard sediment traps (PPS3/3)

and polyacrylamide gel–filled sediment traps were deployed at several depths below the mixed

layer (between 100 and 400 m depth) in HNLC waters and at sites under variable iron-fertilisation

influences. PPS3/3 traps (Technicap, La Turbie, France) consist of a cylinder with an internal

conical funnel, which collects the sinking flux in individual cups over a pre–determined duration

and according to a pre–programmed sequence. Once in a cup, all particles collected can break–
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up, collide and aggregate, thus this type of trap is used to measure the bulk chemical composition

of the flux but cannot inform on the categories of particle constitutive of the flux. To isolate

the sinking particles and preserve their initial structure by a slow deceleration, cups filled with

a highly viscous medium (polyacrylamide gel) were placed at the base of cylindrical sediment

traps (Ebersbach and Trull, 2008; Lundsgaard, 1995). These were deployed at the same sites

and depths as the PPS3/3 traps to relate biogeochemical composition of the sinking flux to its

characteristics in term of particle type, number and size. This work is presented in Chapter 2.

Controls on the sinking velocity of large phytodetrital aggregates (‘marine snow’) forming

the main numerical fraction of the flux collected in traps, were investigated by an experimental

approach. At similar sites to the trap deployments, phytoplankton assemblages were sampled

from Niskin bottles mounted on a CTD rosette deployed in the euphotic zone, and incubated in

cylindrical tanks placed on a rotating table. By always keeping the particles in suspension, this

‘roller tank’ technique developed by Shanks and Edmondson (1989) simulates the continuous

fall of particles in the water column and allow their aggregation by differential settling as it

would occur in the water column (i.e. the large fast-sinking particles scavenge the smaller

suspended or slow-sinking particles). An extensive set of morphological, chemical and biological

properties were measured on the aggregates formed and explored as potential controls on the

sinking velocity. Particular focus was made on relating particle sinking velocity determinant

of carbon export efficiency and variation of phytoplankton mixtures composing the aggregates.

This experimental study is shown in Chapter 3.

The relationship identified between the proportion of different phytoplankton morphologi-

cal types composing the aggregates and their sinking velocity, was introduced in a generic 3–D

coupled physical-biogeochemical model. The model was used to explore further the influence of

plankton community variations on carbon export efficiency. The physical module was the Sparse

Hydrodynamic Ocean Code or ‘SHOC’ part of the Ecosystem Modelling Suite (EMS) developed

at the Commonwealth Scientific and Industrial Research Organisation, division of Marine and

Atmospheric Research (CSIRO CMAR, Hobart, Australia). Because of the complexity of the

physical context around the Kerguelen Islands, mainly due to the proximity of the polar and

subantarctic fronts, the physics was resolved at the Southern Ocean Time Series (SOTS) lo-

cated South of Tasmania (between the sub–tropical and sub–antarctic fronts near 140°E, 47°S)

where an extensive dataset is provided by the Integrated Marine Observing System (IMOS). The
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biogeochemical module of the model is a classical Nutrient Phytoplankton Zooplankton Detri-

tus (NNPPZZDD) model where physiological rates are scaled on temperature. Phytoplankton

growth depends on dissolved nutrients and light availability, and small and large zooplankton

graze respectively on small and large phytoplankton. The relative contributions of small and

large phytoplankton and zooplankton to the flux directed toward the detritus are used to com-

pute a variable detritus sinking velocity. The carbon flux is then calculated below the euphotic

zone. Seasonal and inter–annual variability in planktonic community structure induced by the

physical forcing from SHOC, were related to the changes of carbon flux and thus assessed in

term of carbon export efficiency. This is presented in Chapter 4.

Conclusions from these field, experimental and model observations are then summarised in

Chapter 5, to provide an overall perspective on future research needs.
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2.1. INTRODUCTION

Abstract

The first KErguelen Ocean and Plateau compared Study (KEOPS1) conducted in the naturally
iron–fertilised Kerguelen bloom, demonstrated that fecal material was the main pathway for ex-
porting carbon to the deep ocean during summer (January–February 2005) suggesting a limited
role of direct export via phytodetrital aggregates. The KEOPS2 project reinvestigated this issue
during the spring bloom initiation (October–November 2011) when zooplankton communities
may exert limited grazing pressure, and further explored the link between carbon flux, export
efficiency and dominant sinking particles depending upon surface plankton community struc-
ture. Sinking particles were collected in polyacrylamide gel–filled and standard free–drifting
sediment traps (PPS3/3) deployed at six stations between 100 and 400 m, to examine flux com-
position, particle origin and their size distributions. Results revealed an important contribution
of phytodetrital aggregates (49± 10 and 45± 22 % of the total number and volume of particles
respectively, all stations and depths averaged). This high contribution dropped when converted
to carbon content (30± 16 % of total carbon, all stations and depths averaged) with cylindrical
fecal pellets then representing the dominant fraction (56± 19 %).

At 100 and 200 m depth, iron- and biomass–enriched sites exhibited the highest carbon fluxes
(maxima of 180 and 84±27 mg C m−2 d−1, based on gel and PPS3/3 trap collection respectively)
especially where large fecal pellets dominated over phytodetrital aggregates. Below these depths,
carbon fluxes decreased (48 ± 21 % decrease on average between 200 and 400 m), and mixed
aggregates composed of phytodetritus and fecal matter dominated, suggesting an important
role played by physical aggregation in deep carbon export.

Export efficiencies determined from gels, PPS3/3 traps and 234Th disequilibria (200 m car-
bon flux/net primary productivity) were negatively correlated to net primary productivity with
observed decreases from ∼ 0.2 at low–iron sites to ∼ 0.02 at high–iron sites. Varying phyto-
plankton communities and grazing pressure appear to explain this negative relationship. Our
work emphasises the need to consider detailed plankton communities to accurately identify the
controls on carbon export efficiency, which appear to include small spatio–temporal variations
in ecosystem structure.

2.1 Introduction

Physical and biological processes occurring in the surface ocean generate a vast diversity of

particles. These particles represent potential vehicles to export organic carbon to the deep

ocean, where a small fraction can eventually be sequestered in the sediments. This process,

known as the ‘biological carbon pump’ (BCP) influences the level of atmospheric carbon dioxide

and thus the global climate system (Lam et al., 2011; Volk and Hoffert, 1985)

Primary production in the euphotic layer builds a stock of phytoplankton cells. If their

concentration and stickiness are high enough (Jackson, 1990), these cells can collide, attach

and form large phytodetrital aggregates (Burd and Jackson, 2009; McCave, 1984), with those

reaching sizes greater than 0.5 mm known as ‘marine snow’ (Alldredge and Silver, 1988). Alter-

natively, phytoplankton cells can be tightly packed into dense fecal pellets through zooplankton

grazing (Silver and Gowing, 1991). Because of their large size and high density respectively,
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phytodetrital aggregates and fecal pellets are major constituents of the downward flux, and sev-

eral studies have found either fecal pellets (Bishop et al., 1977; Cavagna et al., 2013; Ebersbach

and Trull, 2008; Fowler and Knauer, 1986; Pilskaln and Honjo, 1987; Wassmann et al., 2000) or

large organic aggregates (Alldredge and Gotschalk, 1989; Burd and Jackson, 2009; De La Rocha

and Passow, 2007; Jackson, 1990; Turner, 2002) to be the dominant vectors of carbon to depth.

Because grazing causes losses of organic carbon by respiration (Alldredge et al., 1995;

Michaels and Silver, 1988), direct export via the sinking of phytodetrital aggregates repre-

sents the most efficient operating mode of the BCP. However, the ecosystem structure and

environmental conditions under which primary production can be exported directly via phy-

todetrital aggregates are still unclear, and their determination would considerably improve the

predictions of the efficiency of the BCP in varying conditions. The volume fraction of phy-

todetrital aggregates vs. fecal pellets in the total flux and their volume–to–carbon–content

ratio select the dominant carbon export mode; these relative contributions depend on numerous

parameters, including primary productivity, biomass, interactions between primary producers

and heterotrophic communities (Michaels and Silver, 1988), physical fragmentation, microbial

decomposition, coprophagy and the velocity at which particles settle (Turner, 2002).

The Southern Ocean contains the largest high–nutrient, low–chlorophyll (HNLC) area of the

world ocean and is an essential player in global biogeochemistry (Sigman and Boyle, 2000). In

these waters, abundant macronutrients (silicic acid, nitrate and phosphate) can fuel primary

production given available light and sufficient iron, a limiting micronutrient (de Baar et al.,

1995; Martin, 1990). The Kerguelen Plateau offers the opportunity to study the functioning of

the BCP in a naturally iron–fertilised region (Blain et al., 2007). The first KErguelen Ocean

and Plateau compared Study (KEOPS1) demonstrated that most of the sinking flux collected in

polyacrylamide gel sediment traps was derived from copepod fecal detritus (intact or degrading

pellets and fecal material reaggregated with phytodetritus, hereafter called ‘fecal aggregates’),

and reported limited evidence for phytodetrital aggregates formed by direct flocculation of phy-

toplankton cells (Ebersbach and Trull, 2008). Number and volume fluxes were dominated by

aggregates but represented a small fraction of the total carbon flux, owing to their low volume–

to–carbon–content ratio. Several natural and artificial iron–fertilisation experiments conducted

at the same time of the year but in different locations in the Southern Ocean (e.g. SAZ–Sense

study and SOFeX) displayed similar export modes relying mainly on fecal matter (Bowie et al.,
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2011; Coale et al., 2004; Ebersbach et al., 2011; Lam and Bishop, 2007). In contrast, other arti-

ficial and natural iron experiments (SOIREE, CROZEX and EiFeX) have demonstrated a direct

export via the sinking of phytodetrital aggregates or single phytoplankton cells (Boyd et al.,

2000; Pollard et al., 2007; Salter et al., 2007; Smetacek et al., 2012; Waite and Nodder, 2001).

These variations among studies may reflect the time–varying aspects of export. In his re-

view of Southern Ocean ecosystem contribution to carbon export, Quéguiner (2013) suggests

that from the onset of a bloom to its decline and subsequent export event, phytoplankton and

to a lesser extent zooplankton communities, is subject to several rapid successions. The com-

plexity of the processes is also reflected by the past 30 years of empirical and modelling studies

attempting to relate deep carbon export variations to surface productivity (Eppley and Peter-

son, 1979; Guidi et al., 2009; Suess, 1980; Wassmann, 1990). In general, the ratio between

export and production in the surface ocean is low (< 5–10 %; Buesseler, 1998), but decoupling

associated with high–export events (e.g. high–latitude blooms) or even negative relationships,

has been noted (Buesseler, 1998; Ebersbach et al., 2011; Lam and Bishop, 2007; Maiti et al.,

2013). This highlights the complexity of food web structure and its multiple controls on carbon

export (Michaels and Silver, 1988; Wassmann, 1998).

In the present study we test the hypothesis that direct export via phytodetrital aggregates

occurs during the early stage of the Kerguelen naturally iron–fertilised bloom, when zooplankton

communities present in the water column are not fully developed. We further explore the relative

export abilities of each carbon export mode (i.e. phytodetrital aggregates vs. fecal pellets) by

looking at their variation with depth and over time and their links to spatio–temporal variations

in plankton communities.

We collected sinking particles in free–drifting polyacrylamide gel and standard sediment

traps. Gel traps allowed for the collection of intact natural particles as they sank in the water

column (Ebersbach and Trull, 2008; Jannasch et al., 1980; McDonnell and Buesseler, 2010),

and thus gave a direct ‘picture’ of the sinking flux at the depth of trap deployment. Image

analysis of particles embedded in gels provided particle statistics (e.g. number and volume

fraction of each category of particle), and conversion from area to volume and from volume to

carbon content, using empirical relationships, allowed for estimation of the carbon flux and the

relative importance of each category of particle. In parallel, standard sediment traps serving

as a reference permitted direct quantitative estimates based on bulk chemical analyses of the
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material collected and from 234Th depletion method (Planchon et al., 2015). Then, to test our

main hypothesis, the relative contribution of each category of particles was linked to the amount

of carbon effectively exported in order to determine which one led the carbon export.

2.2 Material and methods

2.2.1 The KEOPS2 study

The second KErguelen Ocean and Plateau compared Study (KEOPS2) was conducted onboard

the RV Marion Dufresne over and downstream of the Kerguelen Plateau, from 8 October to

30 November 2011. Sinking particle flux and composition were assessed by the use of free–

drifting sediment traps deployed at six stations, inside and outside the naturally iron–fertilised

area, in waters with varying biomass and surface chlorophyll a (Chl a) levels (Figs. 2.1 and 2.2).

For more information on the complex spatio–temporal evolution of the phytoplankton bloom

over the full 2011–2012 annual cycle, we refer the reader to an animation of NASA MODIS

Aqua chlorophyll images, provided as a supplementary material in Trull et al. (2014). Combina-

tion of sediment trap collection with volume–to–carbon conversion factors allowed to determine

preferential modes of carbon export (Ebersbach and Trull, 2008; Ebersbach et al., 2011).

2.2.2 Water column properties and biomass at each station

In addition to trap–derived measurements, POC concentrations were estimated in the water

column using a WET Labs C–Star (6000 m) transmissometer (660 nm wavelength and 25 cm path

length) linked to a conductivity–temperature–depth (CTD) system (Sea–Bird SBE–911+CTD).

Xmiss transmissometer data (%) were converted to POC concentrations (µmol L−1) following

a calibration based on in situ POC measurements from Niskin bottles. A Seapoint Chelsea

Aquatracka III (6000 m) chlorophyll fluorometer linked to the CTD was used to determine

fluorescence profiles. Fluorescence was converted to chlorophyll a (Chl a; µg L−1) by comparison

with total Chl a in situ measurements from Niskin bottles (Lasbleiz et al., 2014).

Figure 2.2 shows water column properties and biomass at each site. The HNLC refer-

ence station R–2 located outside the fertilised area was characterised by a relatively deep

mixed layer (96 m), low net primary productivity (NPP) (euphotic zone 1 % PAR–integrated
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Figure 2.1: MODIS–Aqua satellite (CLS–CNES) images of surface chlorophyll a concentration (Chl a)
at different bloom stages from 28 October to 20 November 2011. Images show free–drifting sediment
trap deployment locations in contrasting biomass levels. On each map, red labels represent the station(s)
sampled at the date of the map ±3 days.

NPP = 135±6 mg C m−2 d−1; Cavagna et al., 2014), low surface chlorophyll (chlorophyll a mixed

layer average = 0.6 µg Chl aL−1), and biomass (mixed–layer–integrated POC = 4.7 g C m−2).

Stations E–1, E–3 and E–5 were located in an eddy–like, bathymetrically trapped recirculation

feature in deep waters east of the Kerguelen Islands (stationary meander of the polar front)

with a mixed layer depth varying from 33 (E–3) to 70 m (E–1). These stations had moder-

ate NPP (523 ± 55, 686 ± 97 and 943 ± 113 mg C m−2 d−1 respectively), Chl a (0.8, 0.7 and

1.1 µg Chl aL−1 respectively), and biomass (5.3, 3 and 4.8 g C m−2 respectively). They were

used as a time series assuming a pseudo–Lagrangian evolution (d’Ovidio et al., 2014). F–L

was the only station located north of the polar front and exhibited the shallowest mixed layer

(31 m). A3–2 was the second visit to the on–plateau bloom reference station of KEOPS1 and

had the deepest mixed layer (149 m). F–L and A3–2 displayed the highest NPP (3.4 ± 0.1

and 1.9± 0.2 g C m−2 d−1 respectively), chlorophyll a (3 and 1.8 µg Chl a L−1 respectively) and
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biomass (6.2 and 20.4 g C m−2).
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Figure 2.2: Water column properties and biomass at each site. Chl a: chlorophyll a (µg L−1); σθ:
potential density anomaly (kg m−3); POC: particulate organic carbon (µmol L−1). Grey lines indicate
CTD profiles and black lines represent their average values. EZ 1 % PAR: base of the euphotic zone
assumed at 1 % of the photosynthetic available radiation (PAR).

2.2.3 Sediment trap preparation, deployments and recovery

Two different types of trap were deployed during KEOPS2. Bulk fluxes of particulate organic

carbon (POC), total particulate nitrogen (TPN), biogenic silica (BSi), particulate inorganic

carbon (PIC), particulate iron (PFe; data shown in Bowie et al., 2014), and thorium 234 (234Th)

were estimated using PPS3/3 traps (Technicap, La Turbie, France). A PPS3/3 trap consists

of a single cylindrical trap with an internal conical funnel at its base with a collection area of

0.125 m2 that transfers samples into a carousel of 12 cups. During KEOPS2, these traps were

deployed for a maximum period of 6 days. Cups were filled with brine with a salinity of ∼ 52 psu,

made by freezing filtered (0.2 µm pore size) surface seawater. Some cups were also amended with
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mercuric chloride (1 g L−1) as a biocide (as detailed in Table 2.4). No poison was added to the

cups used for trace metal studies (Bowie et al., 2014).

Table 2.1: Deployment schedules for free–drifting sediment trap arrays.

Area Site ID Array Trap depths ± SD Event Time Latitude Longitude Duration Drift Tilt ± SD
(m) (m) (UTC)∗ (days) (km) (◦)

HNLC R–2 Gel traps 110, 210, 330, 430 0.8 Deploy 26 Oct 2011, 15:33 50◦21.58′ S 66◦42.93′ E 0.92 3.8 –
reference Recover 27 Oct 2011, 13:33 50◦20.10′ S 66◦40.69′ E

P trap 210 – Deploy 18 Oct 2011, 00:56 50◦42.57′ S 66◦41.47′ E – – –
Lost – – –

Off-plateau E–1 Gel traps 110, 210, 330, 430 1 Deploy 28 Oct 2011, 23:00 48◦28.72′ S 72◦12.68′ E 1.25 2.9 –
meander Recover 30 Oct 2011, 05:00 48◦27.48′ S 72◦11.27′ E
(time series) P trap 210 0. 6 Deploy 29 Oct 2011, 10:35 48◦29.66′ S 72◦14.28′ E 5.32 35 2.5± 0.7

Recover 3 Nov 2011, 18:14 48◦38.44′ S 71◦48.99′ E
E–3 Gel traps 110, 210, 430 0.9 Deploy 3 Nov 2011, 14:30 48◦41.92′ S 71◦57.89′ E 1.02 4 –

Recover 4 Nov 2011, 15:00 48◦43.90′ S 71◦56.66′ E
P trap 210 0.7 Deploy 5 Nov 2011, 07:52 48◦42.06′ S 71◦56.96′ E 5.11 43 0.3± 1

Recover 10 Nov 2011, 10:37 48◦40.77′ S 72◦32.08′ E
E–5 Gel traps 110, 210, 430 0.9 Deploy 18 Nov 2011, 13:50 48◦25.07′ S 71◦59.84′ E 1.06 10.1 –

Recover 19 Nov 2011, 15:17 48◦30.25′ S 71◦57.42′ E
P trap 210 2.4 Deploy 18 Nov 2011, 14:42 48◦25.03′ S 71◦58.11′ E 1.55 15.1 4± 1.7

Recover 20 Nov 2011, 03:54 48◦33.16′ S 71◦56.86′ E
North polar F–L Gel traps 110, 210, 430 0.9 Deploy 6 Nov 2011, 14:30 48◦31.64′ S 74◦39.53′ E 0.92 14.2 –
front Recover 7 Nov 2011, 12:37 48°36.60′ S 74◦48.40′ E
On-plateau A3–2 P trap (+gel) 210 (210) 1 Deploy 15 Nov 2011, 21:28 50◦37.80′ S 72◦4.81′ E 1.85 10.4 1± 0.9
reference Recover 17 Nov 2011, 17:46 50◦42.52′ S 72◦9.67′ E
* Times and locations are at the start of the deck operation.

To examine sinking flux characteristics (particle type, number and size), intact particles

were also collected in cylindrical polyacrylamide gel–filled sediment traps with a collection area

of 0.011 m2. These deployments lasted less than 2 days so as not to overload the gels (Table

2.1). Polyacrylamide gels were prepared following the method developed by Lundsgaard (1995),

modified as described in Ebersbach and Trull (2008).

Due to different required deployment durations (shorter for gel traps to avoid overloading;

see above) each category of trap was deployed on separate arrays, except at A3–2 (combined

deployment, Table 2.1). All separated deployments of gel and PPS3/3 traps overlapped in

time and location (except at station E–3, where they were successive) to optimise the collection

of similar particle fields. The arrays had broadly the same design consisting of a surface float

sustaining a mooring line where the traps were fixed at different depths. PPS3/3 traps were fixed

at 210 m, and one to four gel traps, depending on the station, were fixed at 110, 210, 330 and

430 m. Wave–induced motions were dampened by an elastic link to keep the traps at a constant

depth (Trull et al., 2008). Pressure sensors mounted on the deepest gel trap and PPS3/3 trap

on most of the arrays confirmed very small vertical motions during the deployments, with depth

standard deviations ranging from 0.6 m at E–1 to 2.4 m at E–5 (Table 2.1). The average trap

drift speed of 8.5 ± 5 cm s−1 was in the range of horizontal velocities determined by drogued

drifter trajectories (Zhou et al., 2014). Inclinometers recorded small tilts of the mooring lines

(from 0.3± 1° at E–3 to a maximum of 4± 1.7° at E–5) guaranteeing minimum perturbation of
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particle collection due to hydrodynamic conditions. No particular difficulties were encountered

during trap recoveries, ensuring unperturbed gel structure. The seawater overlying the gels was

removed directly after recovery to prevent particles collected in the trap cylinder during the

recovery from entering the gels. Unfortunately, the PPS3/3 trap array deployed at R–2 was

lost.

2.2.4 Chemical analysis

Protocols used for particulate organic carbon (POC), total particulate nitrogen (TPN), partic-

ulate inorganic carbon (PIC), and biogenic silica (BSi) analyses are described in Trull et al.

(2008). 234Th flux analysis is detailed in Planchon et al. (2015).

2.2.5 Image analysis

Within a few hours after recovery, each gel was photographed onboard against a laser–etched

glass grid of 36 cells (each 14 mm×12.5 mm) at a magnification of ×6.5 using a light field trans-

mitted illumination and a Zeiss Stemi 2000–CS stereomicroscope coupled to a Leica DFC–280

1.5 MP digital camera and Leica Firecam software on an Apple iMac G4 computer. Observations

at higher magnification (from × 10 to × 50) confirmed particle identifications when needed.

Pictures of incomplete grid cells, with unequally distributed particles (i.e. containing at least

a quarter of their area without particles) or large zooplankton, were removed from the analysis

to avoid bias. Ten grid cells per gel (total of 180 pictures) were selected randomly. The average

sum of the surface analysed per gel was 15.7±0.7 cm2, corresponding to 14.3±0.7 % of the trap

collection area.

Particles collected in gels (Fig. 2.3) were phytodetrital aggregates (PA), cylindrical fecal

pellets (CFP), oval fecal pellets, fecal aggregates (FA), and diatoms in the form of chains (e.g.

the pennate Fragilariopsis spp.) or single cells (e.g. the centric Thalassiosira spp.). A few

mesozooplankton specimens were collected (less than 10 per gel), and were mostly represented

by copepods (adult and copepodite stages) and appendicularians. Foraminifera and radiolarians

were also occasionally observed. Phytodetrital aggregates were loose and green, while fecal

aggregates contained dense, brown material. Most cylindrical fecal pellets had sharp edges and

relatively constant diameters, but some were tapered along their length and had blurred edges

composed of unpacked fecal material or attached phytodetritus (Fig. 2.3B).
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Figure 2.3: High–resolution pictures of particles embedded in polyacrylamide gels showing the main
categories of particles collected. (A) Phytodetrital aggregate (a), oval fecal pellet (b), radiolarian (c),
foraminifera (d); (B) large cylindrical fecal pellet; (C) small and large centric diatom single cells (e),
chains of pennate diatoms of the genera Fragilariopsis spp. (f), chain of small centric diatom cells (g);
(D) fecal aggregate. Note the difference in compactness and optical density between phytodetrital and
fecal aggregates.

A preliminary image analysis was conducted to select the best analysis method in terms

of particle identification. Particles were classified into three main categories based on their

significant contribution to the flux: phytodetrital aggregates, cylindrical fecal pellets and fecal

aggregates. A fourth category, oval fecal pellets, was rare (less than one pellet per image in

total), and its contribution to the flux was assumed negligible. Pictures were converted to

binary images, with threshold levels adjusted manually on each picture to ensure a minimum

alteration of particle areas. The average alteration of particle area estimated on a subsample

was an increase of 21.6 ± 7 % (n = 169) for particles with irregular shapes (e.g. aggregates

sensu lato including phytodetrital and fecal aggregates), and an increase of 11.6± 7 % (n = 44)

for cylindrical fecal pellets. Cylindrical fecal pellet and aggregate areas were systematically

corrected for this overestimation.

Pictures were analysed with the US National Institutes of Health’s free software ImageJ.

Typical shapes of each category of particle were determined manually on a subsample of particles.

MATLAB routines using specific sets of shape descriptors were then applied to all images to
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identify and separate each category of particle. Because fecal and phytodetrital aggregates had

similar complex shapes, automated routines could not separate these particles efficiently. All

fecal material was thus isolated manually from all other particles based on the assumption that

fecal matter is brown and denser than biologically unprocessed phytoplankton (Ebersbach et al.,

2011). From the resulting set of pictures, fecal aggregates were easily separated from cylindrical

fecal pellets due to their very contrasted shapes. Tests on the efficiency of our automated

selection, conducted on a large sample, showed that 93.4 % (n = 397) of cylindrical fecal pellets

and 67.2 % (n = 171) of fecal aggregates were correctly identified by the set of shape descriptors

chosen.

Table 2.2: Particle characteristics and bins for phytodetrital aggregates, cylindrical fecal pellets and
fecal aggregates.

Characteristics name Unit Definition
Projected area cm2 Pixel area of the particle image
Volume cm3 Volume calculated from area
Equivalent spherical diameter (ESD) cm Diameter of a sphere with the same image area
Perimeter cm Sum of pixel lengths at particle edge
Length cm Major axis of ellipse fit to particle
Numerical flux m−2 d−1 Number flux of sinking particles
Volume flux cm3 m−2 d−1 Volume flux of sinking particles
Carbon flux mg C m−2 d−1 Organic carbon flux in sinking particles
Number flux spectrum cm−1 m−2 d−1 Number flux per unit ESD size interval
Volume flux spectrum cm3 m−2 d−1 cm−1 Volume flux per unit ESD size interval
Number, volume and carbon flux fractional contributions none Number, volume and carbon flux of particle types as a fraction of total
Bins (cm) 1 2 3 4 5 6 7 8 9 10
Lower limits (ESD) 0.0071 0.0102 0.0145 0.0207 0.0296 0.0422 0.0603 0.0860 0.1228 0.1752
Upper limits (ESD) 0.0102 0.0145 0.0207 0.0296 0.0422 0.0603 0.0860 0.1228 0.1752 –
Centre (ESD) 0.0087 0.0124 0.0176 0.0252 0.0359 0.0513 0.0732 0.1044 0.1490 –

All particle characteristics investigated in this study and their units are reported in Table 2.2.

An area cut–off applied at 0.004 mm2 (0.07 mm equivalent spherical diameter) removed all ‘fake

particles’ deriving from small gel imperfections and glass–grid or microscope lens cleanliness.

This cut–off removed 38 % of the total number of particles (mostly spurious particles and small

single cells) but represented a loss of only 5.2 % of the total area of particles in the images,

introducing a negligible bias.

Aggregate area was converted to equivalent spherical diameter (ESD) assuming spherical

shape, and the volume was calculated from the ESD. Because cylindrical fecal pellets were

not always straight, their volume could not be accurately measured directly from their length

and was calculated from their perimeter and area (independent of pellet curvature) assuming

a cylinder. The radius r of the cylinder section was determined by finding the minimum root of

the polynomial

4r2 − Pr +A = 0, (2.1)
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where P is the perimeter and A is the projected area of the pellet. The length L was calculated

from the projected area and radius using the formula

L = A/2r. (2.2)

The volume was then calculated from the radius and length.
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Figure 2.4: Empirical relationships of particulate organic carbon (POC) density as a function of volume
for different categories of sinking particles. 1, 2 and 3: copepod fecal pellets, average of euphausiids and
copepod fecal pellets and euphausiids fecal pellets respectively (González and Smetacek, 1994); 4 (red
line): fecal marine snow (Alldredge, 1998); 5 (blue line): diatom marine snow (Alldredge, 1998); 6 (green
line): small and large aggregates (sensu lato) respectively (Ebersbach and Trull, 2008). Standard errors
on the fitting parameters are indicated in dashed lines for the relationships 2 (black), 4 (red) and 5 (blue)
used in this study. The grey area represents the size range of particles processed in this study. Note
the constant carbon mass per unit volume in fecal pellets based on solid geometry (linear relationship)
and its decrease with increasing volume scaled on fractal geometry (power relationship) in the case of
aggregates.

The conversion from volume to carbon content was done by using different ratios and rela-

tionships depending on the particle considered. Figure 2.4 shows the relationship between carbon

content and particle volume for different algorithms from the literature and those selected in this

study. Based on values published by González and Smetacek (1994), the volume of cylindrical

fecal pellets was converted to their organic carbon content using a ratio of 0.036 mg C mm−3 (Fig.

2.4, line 2) as an average value for copepod (Fig. 2.4, line 1) and euphausiid fecal pellets (Fig.

2.4, line 3). For fecal aggregates, we used the power relationship between POC content and ag-

gregate volume V , POC (µg) = 1.05V (mm3)0.51, based on the fractal decrease in carbon content

with size and determined empirically by Alldredge (1998) for fecal marine snow (Fig. 2.4, line 4).
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Figure 2.5: Images of sinking particles embedded in polyacrylamide gels, collected at each site at 210 m.
Comparison of images suggests differences in terms of particles abundance and nature at each site.
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The volume of phytodetrital aggregates was converted to carbon content using also a power rela-

tionship determined by Alldredge (1998) for diatom marine snow, POC (µg) = 0.97V (mm3)0.56

(Fig. 2.4, line 5) assuming aggregates composed of phytoplankton not biologically processed. In

contrast to Ebersbach and Trull (2008; Fig. 2.4, line 6), very small particles (large single cells

and aggregates composed of few cells) were included in the category of phytodetrital aggregates

and their volume–to–carbon conversion was done using the same relationship (Fig. 2.4, line 5).

Particle number and volume fluxes are presented in the section 2.3 as a function of size

spectra. All particles were binned in 10 size classes spaced logarithmically to give the best

representation of the whole size range (Jackson et al., 1997, 2005). To avoid bias, bins containing

five or fewer particles were not included in the flux spectrum analyses, as recommended by

Jackson et al. (2005).

2.3 Results

2.3.1 Particles collected in polyacrylamide gel–filled sediment

traps

Particle number, projected area and volume fluxes

Despite variations in deployment duration among sites exceeding 80 % (between 0.9 and 5.3 days,

Table 2.1), an observation of raw images (Fig. 2.5) gives a broad preliminary indication on flux

differences in terms of particle abundance (e.g. low fluxes at R–2 and F–L, and higher at

E stations and A3–2). The lowest particle numbers, projected particle area and volume fluxes

were collected at R–2 and F–L (Table 2.3 and Fig. 2.6) with particle volume fluxes of 2.5±1 and

3 ± 0.7 cm3 m−2 d−1 respectively (all depths averaged). In contrast, high fluxes were collected

at E stations with an average volume flux of 7.5 ± 3 cm3 m−2 d−1 (all E stations and depths

averaged). Station A3–2 also presented a relatively high flux of 6.1 cm3 m−2 d−1.

Phytodetrital aggregates dominated in number at most stations and depths (49 ± 10 % of

the total number of particles for all stations and depths averaged). Particles not selected au-

tomatically as phytodetrital aggregates, cylindrical fecal pellets or fecal aggregates (‘others’ in

Table 2.3) represented the second–largest numerical fraction (38± 8 %) but less than 9 % of the

total projected particle area, and thus were assumed negligible in volume fluxes. Phytodetrital
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Figure 2.6: Projected area of particles estimated from image analysis at each site and depth and ex-
pressed as fluxes (cm2 m−2 d−1). (a) All particles (TOTAL), (b) phytodetrital aggregates (PA), (c)
cylindrical fecal pellets (CFP) and (d) fecal aggregates (FA). 5% error bars are indicated. The figure
suggests a sinking flux dominated by cylindrical fecal pellets at the surface, except at R–2, where phy-
todetrital aggregates represented the most important fraction. The attenuation of the cylindrical fecal
pellet flux with depth observable at all stations was combined with an increase in the flux of phytode-
trital and fecal aggregates at almost all stations. At 430 m, phytodetrital aggregates were then the most
dominant particles.
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Table 2.3: Total numerical, volume and particulate organic carbon (POC) fluxes and fractional contribu-
tions of each category of particle. Maximum and minimum fluxes are indicated in bold. PA: phytodetrital
aggregates; CFP: cylindrical fecal pellets; FA: fecal aggregates; O: others.

Site Depth Numerical flux Fractional Volume flux Fractional POC flux Fractional
ID (m) (#104 m−2 d−1) contributions (cm3 m−2 d−1) contributions (mg C m−2 d−1) contributions

PA CFP FA O PA CFP FA PA CFP FA
R–2 110 97 0.45 0.04 0.07 0.44 4 0.43 0.14 0.43 43 0.3 0.48 0.22

210 84 0.46 0.03 0.05 0.46 2.8 0.39 0.14 0.47 30 0.34 0.46 0.2
330 72 0.49 0.02 0.04 0.45 1.7 0.52 0.15 0.33 20 0.39 0.43 0.18
430 91 0.49 0.01 0.04 0.46 1.6 0.61 0.04 0.35 16 0.63 0.13 0.24

E–1 110 178 0.52 0.16 0.04 0.28 5.2 0.34 0.45 0.21 112 0.18 0.76 0.06
210 208 0.6 0.07 0.03 0.3 13 0.56 0.27 0.17 176 0.24 0.71 0.05
330 142 0.51 0.07 0.06 0.36 8 0.3 0.25 0.45 108 0.19 0.67 0.14
430 184 0.65 0.02 0.02 0.31 12.3 0.78 0.1 0.12 96 0.47 0.46 0.07

E–3 110 131 0.47 0.12 0.05 0.36 4.8 0.4 0.24 0.36 67 0.25 0.63 0.12
210 216 0.58 0.05 0.03 0.34 6.6 0.61 0.19 0.2 85 0.4 0.52 0.08
430 92 0.61 0.02 0.04 0.33 7.6 0.73 0.1 0.17 56 0.43 0.47 0.1

E–5 110 225 0.34 0.33 0.04 0.29 6.1 0.15 0.72 0.13 180 0.08 0.88 0.04
210 194 0.4 0.19 0.06 0.35 7.9 0.28 0.51 0.21 177 0.11 0.82 0.07
430 93 0.49 0.02 0.04 0.45 3.5 0.8 0.08 0.12 30 0.55 0.34 0.11

F–L 110 85 0.31 0.12 0.05 0.52 2.1 0.16 0.48 0.36 45 0.11 0.8 0.09
210 87 0.32 0.07 0.07 0.54 3.5 0.15 0.19 0.66 38 0.16 0.64 0.2
430 56 0.46 0.04 0.09 0.41 3.3 0.23 0.09 0.68 26 0.26 0.41 0.33

A3–2 210 123 0.65 0.04 0.03 0.28 6.1 0.7 0.16 0.14 66 0.41 0.52 0.07

aggregates also dominated the volume fluxes (45.3 ± 22 %, all stations and depths averaged)

with a maximum of 70 % at A3–2. However, volumes of cylindrical fecal pellets collected at E–5

(44± 33 %, all depths averaged) and volumes of fecal aggregates collected at F–L (57± 18 %, all

depths averaged) represented the highest fractions at these stations.

Projected area fluxes at all stations and depths (Fig. 2.6) showed a clear attenuation of the

total flux between 210 and 430 m (loss of 38 ± 21 % on average) with a maximum attenuation

of 74 % at E–5 (Fig. 2.6a). A decrease in the flux of cylindrical fecal pellets with depth was

combined with an increase in the flux of aggregates (mainly phytodetrital) except at R–2, where

a general flux attenuation was observed (all particle categories), and only a small increase in

phytodetrital aggregates at 430 m.

Fluxes at E stations at 110 and 210 m decreased with time between E–1 and E–3, followed

by a strong increase in cylindrical fecal pellet flux at E–5 (Fig. 2.6c).

Number and volume flux spectra

Smallest particles were the most numerous at every site and depth (Fig. 2.7). Particle numbers

decreased by more than 3 orders of magnitude for a 1 order of magnitude increase in size

(0.008–0.07 cm) leading to slopes values around −3, and therefore in the range expected for

particle size distribution (PSD) in natural waters (−2 to −5; Buonassissi and Dierssen, 2010;

Guidi et al., 2009). Phytodetrital aggregates, representing the largest fraction of total particles,
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Figure 2.7: Total number and volume fluxes of particles binned in 10 size classes. Bins with less
than five particles were removed (see Table 2.2 and text for explanations). Results are shown for each
category of particles at all depths and sites. TOTAL: all particles; PA: phytodetrital aggregates; FA: fecal
aggregates; CFP: cylindrical fecal pellets. Smallest particles represented by phytodetrital aggregates were
the most numerous at every site and depth. Middle–sized phytodetrital aggregates and fecal particles
(pellets and aggregates) contributed the most to the volume flux due to the overall rarity of very large
particles relative to all particles.
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broadly followed the same spectra. Most cylindrical fecal pellets and fecal aggregates were

middle–sized (ESD of 0.015–0.1 cm) with maximum abundances in the range 0.015–0.03 cm. E–

5 presented the highest abundance of large fecal pellets (0.025 to 0.035 cm) with values exceeding

2× 107 and 7× 106 # m−2 d−1 cm−1 at 110 and 210 m respectively.

At all sites, most of the volume flux of phytodetrital aggregates was carried by middle–

sized particles (ESD of 0.01–0.03 cm) due to the small contribution of large aggregates to the

total number. Middle–sized and large cylindrical fecal pellets and fecal aggregates (ESD of

0.03–0.07 cm) carried most of the volume flux, but again the largest particles did not bring the

highest contribution due to their rarity relative to smaller particles (except at R–2, where the

largest cylindrical fecal pellets and fecal aggregates contributed significantly to the volume flux).

The most notable change in the number flux spectra with depth was observed for middle–

sized cylindrical fecal pellets at E stations, for which a decrease in number was generally com-

bined with an increase in size. E–1 presents the best illustration, with most of the cylindrical

fecal pellets with a size around 0.01 cm at 110 m increasing to 0.06 cm at 210 m.

POC flux from image analysis

The lowest carbon fluxes were estimated at R–2 and F–L (Table 2.3) with values of 27± 12 and

36±10 mg C m−2 d−1 respectively (all depths averaged). The highest carbon fluxes were observed

at E stations (107±33 mg C m−2 d−1, all E stations and depths averaged) with a maximum value

of 180 mg C m−2 d−1 at E–5, 110 m. A3–2 presented a moderate carbon flux of 66 mg C m−2 d−1

at 210 m.

Cylindrical fecal pellets carried most of the carbon flux at all stations and depths, with an

average fractional contribution of 56±19 % (Table 2.3). This was particularly true at E stations,

where fecal pellets drove on average 63 ± 17 % of the carbon flux (maximum of 88 % at E–5,

110 m), and at F–L (62± 20 %, all depths averaged). However, at several stations, a transition

was observed at 430 m, where phytodetrital aggregates brought a larger fractional contribution

with 63, 47 and 55 % at R–2, E–1 and E–5 respectively. Fecal aggregates generally carried

a small fraction of the carbon flux, with an average of 13 ± 8 % (all stations and depths), but

their contribution tended to increase with depth (e.g. 24 and 33 % at 430 m at R–2 and F–L

respectively).
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Table 2.4: Particle fluxes at 210 m depth from free-drifting deployments of the 12-cup-carousel cylindri-
cal PPS3/3 trap. The trap collection area was 0.125 m2. Particles were washed through a 350 µm Nitex
screen to remove zooplankton and were collected on a 1 mm silver filter. Mean values and their standard
deviations are indicated in bold.

Cup Opening time (UTC)a Poison Mass flux POC flux TPN flux BSi flux PIC flux 234Th flux POC : TPN POC : BSi POC : PIC POC : 234Th POC : mass
ID # in cup

[duration (h)] (g m−2 d−1) (mg C m−2 d−1) (mmol m−2d−1) (dpm m−2 d−1) (mol mol−1) (µmol dpm−1) (g g−1)
E–1
1 29 Oct 11, 13:00 [12] none – – – – – – – – – – –
2 30 Oct 11, 01:00 [12] none – – – – – – – – – – –
3 30 Oct 11, 13:00 [12] HgCl2 2.55 120.10 1.46 34 0.01 722 6.84 0.29 1016 13.8 0.05
4 31 Oct 11, 01:00 [12] HgCl2 2.34 103.17 1.22 32 0.00 675 7.04 0.27 8809 12.7 0.04
5 31 Oct 11, 13:00 [12] none – – – – – – – – – – –
6 1 Nov 11, 01:00 [12] none – – – – – – – – – – –
7 1 Nov 11, 13:00 [12] none 1.14 64.73 0.71 11 0.83 869 7.56 0.51 6.53 6.2 0.06
8 2 Nov 11, 01:00 [12] none 1.06 43.24 0.60 11 0.58 826 5.99 0.34 6.21 4.4 0.04
9 2 Nov 11, 13:00 [12] none – – – – – – – – – – –
10 3 Nov 11, 01:00 [12] none 1.72 90.44 1.10 17 0.67 1311 6.87 0.44 11.30 5.7 0.05
11 3 Nov 11, 01:00 [Blk] none – – – – – – – – – – –
12 3 Nov 11, 01:00 [Blk] none – 0 0.00 – 0.00 – 3.86 – 11.60 – –

meanb 1.76 84.31 1.02 21.03 0.52 881 6.90 0.33 13.49 8.6 0.05
SDc 0.61 27.38 0.32 10.41 0.31 226 0.57 0.10 NA 3.9 0.01

E–3
1 5 Nov 11, 07:00 [1] none – – – – – – – – – – –
2 5 Nov 11, 08:00 [8] none – – – – – – – – – – –
3 5 Nov 11, 09:00 [1] HgCl2 1.34 40.95 0.38 10 0.39 997 8.89 0.33 8.69 3.4 –
4 5 Nov 11, 17:00 [8] HgCl2 0.99 45.64 0.55 11 0.60 1073 6.89 0.36 6.38 3.5 0.05
5 6 Nov 11, 01:00 [12] none – – – – – – – – – – –
6 6 Nov 11, 13:00 [12] none – – – – – – – – – – –
7 7 Nov 11, 01:00 [12] none 1.11 35.07 0.45 9 1.11 947 6.43 0.31 2.62 3.1 0.03
8 7 Nov 11, 13:00 [12] none 0.97 28.10 0.38 8 1.01 813 6.14 0.28 2.31 2.9 0.03
9 8 Nov 11, 01:00 [12] none – – – – – – – – – – –
10 8 Nov 11, 13:00 [12] none – – – – – – – – – – –
11 9 Nov 11, 01:00 [12] HgCl2 1.21 64.13 0.71 11 0.71 1240 7.47 0.49 7.53 4.3 0.05
12 9 Nov 11, 13:00 [12] HgCl2 2.17 116.50 1.48 22 1.19 1565 6.55 0.44 8.14 6.2 0.05

mean 1.35 58.49 0.72 12.35 0.94 1129 6.74 0.39 5.19 4.02 0.04
SD 0.46 18.50 0.21 2.48 0.20 177 1.01 0.08 2.80 1.24 0.01

E–5
1 18 Nov 11, 13:00 [3] none – – – – – – – – – – –
2 18 Nov 11, 16:00 [3] none – – – – – – – – – – –
3 18 Nov 11, 19:00 [3] HgCl2 – – – – – – – – – – –
4 18 Nov 11, 22:00 [3] HgCl2 1.6 40.83 0.4 32 0.8 1688 7.79 0.11 4.39 2.0 0.03
5 19 Nov 11, 01:00 [3] none – – – – – – – – – – –
6 19 Nov 11, 04:00 [3] none – – – – – – – – – – –
7 19 Nov 11, 07:00 [3] none – – – – – – – – – – –
8 19 Nov 11, 10:00 [3] none 0.42 16.81 0.2 6 0.4 378 6.83 0.25 3.34 3.8 0.04
9 19 Nov 11, 13:00 [3] none – – – – – – – – – – –
10 19 Nov 11, 16:00 [3] none – – – – – – – – – – –
11 19 Nov 11, 19:00 [3] HgCl2 0.29 14.41 0.2 5 0.2 800 7.41 0.22 6.37 1.4 0.05
12 19 Nov 11, 19:00 [n.r.] – – – – – – – – – – – –

mean 0.78 24.02 0.27 14.25 0.46 955 7.46 0.14 4.32 2.42 0.03
SD 0.60 12.01 0.12 12.41 0.24 546 0.48 0.08 1.54 1 0.01

A3–2
1 15 Nov 11, 22:00 [3] none – – – – – – – – – – –
2 16 Nov 11, 01:00 [3] none – – – – – – – – – – –
3 16 Nov 11, 04:00 [3] HgCl2 – – – – – – – – – – –
4 16 Nov 11, 07:00 [3] HgCl2 0.42 19.34 0.22 6 0.19 498 7.19 0.29 8.32 3.2 0.05
5 16 Nov 11, 10:00 [3] none – – – – – – – – – – –
6 16 Nov 11, 13:00 [3] none – – – – – – – – – – –
7 16 Nov 11, 16:00 [3] none – – – – – – – – – – –
8 16 Nov 11, 19:00 [3] none 0.42 22.94 0.30 6 0.27 535 6.36 0.34 7.19 3.6 0.05
9 16 Nov 11, 22:00 [3] none – – – – – – – – – – –
10 16 Nov 11, 01:00 [3] none – – – – – – – – – – –
11 17 Nov 11, 04:00 [3] HgCl2 – – – – – – – – – – –
12 17 Nov 11, 07:00 [3] HgCl2 0.42 38.19 0.55 10 0.28 486 5.79 0.31 11.51 6.5 0.09

mean 0.42 26.78 0.36 7.17 0.25 506 6.24 0.31 9.11 4.45 0.06
SD 0.00 8.17 0.14 2.24 0.04 21 0.71 0.02 2.24 1.48 0.02

a Local time was UTC + 5 h.
b For all stations, mean values are the total collection divided by the total time over the entire deployment.
c For all stations, flux standard deviations are weighted by cup duration times. Component ratio standard deviations are unweighted.

n.r.: not rotated.
NA: Not available
Blk: Blank
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2.3.2 Biogeochemical fluxes collected in PPS3/3 traps

Bulk fluxes from PPS3/3 traps are reported in Table 2.4. The highest mass, POC, 234Th

and TPN fluxes were collected at E stations. POC fluxes decreased over time from 84 ± 27

at E–1, to 58 ± 18 at E–3, to 24 ± 12 at E–5 mg C m−2 d−1. A3–2 presented a POC flux of

27 mg C m−2 d−1. An average 234Th activity of 988±127 dpm m−2 d−1 was recorded at E stations,

with a maximum of 1129 ± 177 dpm m−2 d−1 at E–3. 234Th fluxes are detailed in Planchon

et al. (2014). Over all sites, BSi fluxes were very high (7 ± 2 to 21 ± 10 mmol BSi m−2 d−1),

suggesting the large contribution of diatoms to the phytoplankton community. Conversely, very

low particulate inorganic carbon (PIC) fluxes (1–4 orders of magnitude lower than POC fluxes)

suggested the limited role of calcium carbonate (CaCO3) in biogenic mineral fluxes. POC : TPN

ratios were close to the canonical Redfield ratio of 6.6 for phytoplankton at all stations except

E–5 (7.5) which also displayed the lowest POC : BSi ratio (0.1). At E stations, POC : 234Th

and POC : mass ratios decreased over time (POC : 234Th ratios from 8 at E–1 to 2.1 µmol dpm−1

at E–5; POC : mass ratio from 0.05 at E–1 to 0.03 g g−1 at E–5) suggesting an attenuation of

export fluxes combined with a degradation of sinking particles. A3–2 displayed POC : 234Th

and POC : mass ratios of 4.4 µmol dpm−1 and 0.06 g g−1 respectively. In general, no consistent

differences in fluxes could be resolved between poisoned and unpoisoned cups.

2.3.3 POC flux comparisons and export efficiencies

POC fluxes determined from gel images (using particle volume–to–carbon–content conversion

factors) were in the same range of values as those determined from particle collection in PPS3/3,

with maximum differences at a same station never exceeding 1 order of magnitude (Tables 2.3

and 2.4). POC fluxes from PPS3/3 were systematically lower than those derived from image

analysis (on average 57± 22 % less).

E–ratios, calculated as the ratio of POC fluxes from gel image analysis to 1 % PAR–integrated

net primary productivity (Cavagna et al., 2014; Table 2.5) indicated a high export efficiency

at R–2 and E–1 (0.2 ± 0.08 and 0.23 ± 0.07 respectively, all depths averaged), intermediate at

E–3 and E–5 (0.1± 0.02 and 0.13± 0.09 respectively, all depths averaged), and very low at F–L

(0.01 ± 0.0, similar value at all depths) and A3–2 (0.03). E–ratios derived from POC fluxes

estimated from PPS3/3 traps showed lower values but followed the same trend: E–1>E–3>E–
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Table 2.5: Export efficiency at each site estimated from several methods. Maximum and minimum
export efficiencies are indicated in bold.

Site Depth E–ratios ThEC %
∑

POCML export 1 d
ID (m) Gels PPS3/3 Gels PPS3/3
R–2 100± 10 0.32 – 0.34 0.92 –

200± 10 0.22 – 0.16 0.64 –
330 0.15 – – 0.43 –
430 0.12 – – 0.34 –

E–1 100± 10 0.21 – 0.27 2.12 –
200± 10 0.34 0.16±0.05 0.18 3.34 1.59± 0.52

330 0.21 – – 2.05 –
430 0.18 – – 1.82 –

E–3 100± 10 0.10 – 0.21 2.22 –
200± 10 0.12 0.08± 0.03 0.14 2.82 1.92± 0.64

430 0.08 – – 1.86 –
E–5 100± 10 0.19 – 0.11 3.76 –

200± 10 0.19 0.03± 0.02 0.1 3.69 0.50± 0.25
430 0.03 – – 0.63 –

F–L 100± 10 0.01 – 0.01 0.73 –
200± 10 0.01 – 0.01 0.62 –

430 0.01 – – 0.42 –
A3–2 100± 10 – – 0.05 – –

200± 10 0.03 0.01±0.004 0.02 0.32 0.13± 0.04

E-ratio: POC flux (gels, PPS3/3) / NPP (EZ integration 1 % PAR; data
from Cavagna et al., 2014).
ThEC: POC flux (234Th; data from Planchon et al., 2015) / NPP.
%
∑

POCML export 1 d: percentage of mixed-layer-integrated POC ex-
ported in 1 day.

5>A3–2. Export efficiencies derived from 234Th disequilibria, ThEC (Planchon et al., 2015),

are shown in Table 2.5 for comparison, and are discussed in the next section.

According to calculations based on gel trap POC flux and transmissometer POC concen-

tration estimates (Fig. 2.2), E stations exported the largest percentage of their mixed–layer–

integrated POC (ΣPOCML) per day (2.4 ± 1 %, all E stations and depths averaged) with the

maximum observed at E–5 (2.7±1.8 %, all depths averaged) and values of 2.3±0.7 and 2.3±0.5 %

at E–1 and E–3 respectively (all depths averaged). R–2 and F–L exported respectively 0.58±0.2

and 0.59 ± 0.15 % of their ΣPOCML per day (all depths averaged), and A3–2 exported 0.32 %

of its ΣPOCML per day (210 m). A similar trend was obtained using POC fluxes from PPS3/3

traps (E stations>A3–2).

2.4 Discussion

2.4.1 Comparison of POC flux estimations

Two different approaches were used to estimate POC fluxes. PPS3/3 trap collection providing

a direct determination of the flux served as a reference method. POC fluxes estimated from
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image analysis of particles embedded in polyacrylamide gels were in the same range as those

derived from PPS3/3 but were systematically higher (see section 2.3). This difference is most

likely due to the uncertainty in the volume–to–carbon conversion factors (Fig. 2.4) used to

estimate POC fluxes from particle image analysis. A comparison with the direct estimation

of bulk fluxes collected in PPS3/3 suggests that our volume–to–carbon–content conversion fac-

tors tended to slightly overestimate the carbon carried by sinking particles (Tables 2.3 and 2.4)

especially at E–5, where it was up to 7–fold higher. At this station the large contribution of

cylindrical fecal pellets to the volume flux (Table 2.3; 72 % at 110 m and 51 % at 210 m) suggests

that the volume–to–carbon conversion factor used for these particles may be responsible for the

mismatch observed. The value of 0.036 mg C mm−3 used as an average for copepod and eu-

phausiid fecal pellets may not reflect the actual carbon contained in the cylindrical fecal pellets

collected. Feeding behaviours (e.g. herbivorous or coprophagous) specific to each zooplankton

group will produce fecal pellets with variable carbon content due to variable fraction of undi-

gested food, compaction or vulnerability to physical or biological degradation (Urban-Rich et al.,

1998). Constant carbon to volume ratios are thus unable to reflect the myriad of fecal pellet

compositions linked to ecosystem structure variations. Values of carbon content in cylindrical

fecal pellets found in the literature range over approximately 1 order of magnitude between 0.01

and 0.1 mg C mm−3 (Carroll et al., 1998; González and Smetacek, 1994; González et al., 1994,

2000), leading to potential strong variations in carbon flux estimations if large volumes of fecal

pellets are involved, as was the case at E–5. Mesozooplankton communities collected in Bongo

nets from 250 m to the surface (day and night haulings, except at R–2 and F–L, where only day

haulings were conducted), and analysed with a ZooScan integrated system (Carlotti et al., 2015),

generally revealed a large dominance of the size fraction 500–1000 µm with values from 54 to

79 % (considering only the stations where the traps were deployed). Microscopic identifications

confirmed a community largely dominated by copepods (Carlotti et al., 2015). However, most of

the fecal pellets collected in gel traps at E–5 were large fragments (Fig. 2.5) with a peritrophic

membrane interrupted at their extremities suggesting more probably an origin from euphausiids

rather than copepods, which produce smaller fecal pellets with a continuous peritrophic mem-

brane terminated by a pellicle (Gauld, 1957; Martens, 1978; Yoon et al., 2001). Differences in

euphausiid and copepod fecal pellet sinking velocities due to size variations, ballast content or

compaction (Fowler and Small, 1972; Small et al., 1979), as well as contrasted sensitivities to
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degradation or zooplankton vertical migration behaviours (Wallace et al., 2013), could explain

the mismatch between the zooplankton community identified from net haulings and the fecal

pellets collected in gel traps. A reduced collection efficiency of euphausiids compared to cope-

pods could also be responsible for this mismatch, knowing that specific nets like the Multiple

Opening and Closing Nets and Environment Sensing System (MOCNESS; Wiebe et al., 1976)

are needed to efficiently capture both mesozooplankton and euphausiids in the layer 0–250 m

(e.g. Espinasse et al., 2012). Most studies show that zooplankton net avoidance is complex and

variable; it depends on environmental conditions (e.g. light regime), net characteristics, and

various zooplankton characteristics, including size, shape, species, sex and developmental stage

(Brinton, 1967; Fleminger and Clutter, 1965; Wiebe et al., 1982).

Assuming a dominance of euphausiid fecal pellets at E–5, the use of the reference value of

0.016 mg C mm−3 improves the match between POC fluxes estimated from PPS3/3 and gel

traps (ratios POCgels /POCPPS3/3 = 4) although it cannot fully explain the discrepancy, pre-

sumably due to other factors (e.g. particle field heterogeneity or small differences in sediment

trap collection efficiencies).

2.4.2 Evolution of the flux at depth

POC fluxes presented in Fig. 2.8 were estimated through two different approaches: gel trap

image analysis (at 110, 210, 330 and 430 m) and total 234Th activity measured at 11–14 depths

at all stations (Planchon et al., 2015) and calculated at 100, 150 and 200 m. Fluxes estimated

from PPS3/3 trap collection at only one depth (210 m) are not presented here. Figure 2.8 shows

the evolution of POC fluxes with depth and its comparison with the empirical flux attenuation

known as the ‘Martin curve’ (Martin et al., 1987), estimating the flux at depth from values

at 100 m ranging from 20 to 500 mg C m−2 d−1. Agreements between POC flux determination

methods and this empirical relationship were the best for R–2 and F–L, showing a continuous

attenuation of the flux with depth, but always at a lower rate than predicted by the Martin

curve.

For all other stations POC fluxes above 210 m presented complex patterns suggesting distinct

POC export episodes to be more likely than a continuous downward flux. Between 210 and 430 m

the attenuation of POC fluxes estimated from the gel traps tends to be more consistent with

the Martin curve, except for E–5, which displayed a strong decrease (as already noted in the
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section 2.3). A fecal pellet loss at depth was particularly strong at E–5, due to the large role

played by these particles at this site, but was observed at all stations (Fig. 2.6).
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Figure 2.8: Variation in the carbon flux with depth estimated from gel trap and 234Th methods. The
empirical attenuation of the flux with depth (Martin curve) is represented by grey dashed lines for initial
values of the carbon flux at 100 m from 20 to 500 mg C m−2 d−1. Error bars are indicated for the 234Th
data. Results show overall poor agreements between observed fluxes and the Martin curve, suggesting
the complexity of the processes affecting the carbon flux with depth.

Our data revealed two major trends of particle flux evolution with depth: (i) the fecal

pellet flux decreased, and (ii) phytodetrital and fecal aggregate fluxes remained constant or

even increased. Establishing a link between these two processes is tempting. It suggests the

importance of physical reaggregation in sustaining the carbon flux at depth from fecal pellets

that have undergone bacterial degradation or zooplankton coprorhexy (Iversen and Poulsen,

2007; Lampitt et al., 1990; Suzuki et al., 2003). A recent study from Giering et al. (2014)

suggests that half of fast–sinking particles in the twilight zone of the eastern Atlantic Ocean

(between 50 and 1000 m) are fragmented and ingested by zooplankton, and that more than 30 %

may be released as suspended and slowly sinking organic matter. Even if the gel trap technique

does not offer enough information on aggregation processes and particle sources to permit any

clear conclusion, the hypothesis of a reaggregation of unpacked fecal pellets into ‘secondary’

phytodetrital aggregates still deserves careful consideration.

Since the rate of physical aggregation is largely controlled by particle concentration (Jack-
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son, 1990), a reaggregation at depth implies that sufficient material has been released by fecal

pellet disaggregation. If single cells represented most of the material released during fecal pellet

disaggregation, their concentration should have increased with depth in the case of no secondary

aggregation, or remained constant as a balance between aggregate formation and loss by sinking

(notion of critical concentration; (Jackson, 1990; Jackson et al., 2005). The number flux spectra

(Fig. 2.7) suggest that the smallest particles had a constant concentration until 210 m at almost

every site. Station E–3 shows an increase in the number of small particles between 110 and

210 m and then a decrease at 430 m, which could indicate reaggregation processes occurring at

depth. This decrease at 430 m is also observable at E–5 and F–L. However, data evaluation

in this way implies a steady–state assumption which considers that traps measured the occur-

rence of a unique sinking event; the flux collected at depth being a direct temporal evolution

of the same shallower flux. This appears unlikely considering the episodic nature of export and

its dependence on highly dynamical ecosystem interactions responsible for high flux variability

at short spatio–temporal scales as evidenced by the PPS3/3 individual cup variations (Table

2.4). In addition, if assuming phytodetrital aggregates at E–3, sinking at an average velocity of

150 m d−1 (based on results from Laurenceau–Cornec et al., 2015a, Chapter 3), a particle field

would need approximately 1.5 days to sink from 210 to 430 m, neglecting any advection. Con-

sidering this calculation and the short trap deployment at E–3 (1.02 days), a non–steady–state

assumption appears more reasonable, and the increase in phytodetrital and fecal aggregates

observed at depth could reflect an earlier production event.

2.4.3 Temporal POC flux variations during KEOPS2 and com-

parison with KEOPS1

From E–1 to E–5, the POC flux varied with the depth and estimation method. Collection of POC

flux in PPS3/3 trap at 210 m revealed a monotonic decrease in the flux with time (Table 2.4).

Temporal evolution of the flux between E–1, E–3 and E–5, at 100±10 and 200±10 m, using gel

trap and 234Th methods (Planchon et al., 2015), shows a almost constant flux (undistinguishable

differences within the uncertainties). At 430 m, gel traps measured flux evolutions comparable

to those identified in the PPS3/3 at 210 m, i.e. a continuous decrease in the flux with time. With

the results from 110 and 210 m at E–5 excluded (likely linked to an episodic flux of euphausiid
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fecal pellets at these depths; see text above), the gel traps also show a decrease in the total flux

over time, consistent with PPS3/3 trap method. The unusual increase at E–5, against the steady

background of the other E stations, highlights the importance of zooplankton in modifying the

particle flux.

At the KEOPS1 (January–February 2005) bloom reference station A3, POC flux values esti-

mated at 200 m from gel trap image analysis and PPS3/3 traps were 62 and 13–20 mg C m−2 d−1

respectively (Ebersbach and Trull, 2008), i.e. in the same range as during KEOPS2 at the same

station and using the same methods (gels: 66 mg C m−2 d−1; PPS3/3: 27 mg C m−2 d−1). During

KEOPS1, the 234Th–based method assuming a non–steady–state system (NSS) yielded 200 m

POC fluxes of 294 mg C m−2 d−1 at A3 (flux averaged over 21 days) and 124 mg C m−2 d−1 at

the KEOPS1 HNLC reference station C11 (flux averaged over 10 days; Savoye et al., 2008).

These values are well above the KEOPS2 values of 46 and 22 mg C m−2 d−1 determined at 200 m

at A3–2 and R–2 respectively using the same method (average over 28 days, except for R–2

assumed in steady state; Planchon et al., 2015). The 234Th–based method assuming NSS inte-

grated the POC flux over a period longer than 20 days, contrasting with the 1 day to 1 week

period provided by gel and PPS3/3 trap estimations.

Seasonal trends are more reliable if calculated over a longer period, and the 234Th–based

method then gives the best insight into the temporal evolution of the POC flux from the onset

of the bloom to its decline. 234Th results suggest that the POC flux was approximately 5- to

6–fold higher at the decline of the bloom (January–February) than during its onset (October–

November), agreeing with the common view that most of the export flux occurs in late bloom

stage (Wassmann, 1998). During KEOPS1, at A3 and C11, the NPP integrated within the

euphotic zone was 1030±43 and 224±30 mg C m−2 d−1 respectively (based on 13C incorporation;

Mosseri et al., 2008; Lefévre et al., 2008). In comparison, values of 1903 ± 186 and 135 ±

6 mg C m−2 d−1 were determined at A3–2 and R–2 during KEOPS2 (euphotic zone, EZ 1 % PAR–

integrated NPP based on 13C incorporation; Cavagna et al., 2014). Carbon export efficiencies

estimated at 200 m, based on 234Th–derived POC export flux (reported as ThEC), were 30 % at

A3 and 49 % at C11 during KEOPS1 (calculations using data from Savoye et al., 2008; Mosseri

et al., 2008). In contrast, ThEC values of 2 % (NSS model) and 16 % (SS model) were calculated

at 200 m at A3–2 and R–2 respectively during KEOPS2 (Planchon et al., 2015). These results

show that (i) primary productivity at the on–plateau site was approximately 2–fold higher in
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spring than during summer and (ii) carbon export fluxes were approximately 5–fold lower during

early than late bloom stage, leading to (iii) carbon export efficiencies up to 10–fold lower during

the early bloom stage (spring) than during late bloom stage (summer).

2.4.4 Toward an explanation of the negative relationship be-

tween primary productivity and carbon export efficiency

We examined two different export efficiency indicators (Table 2.5): (i) e–ratios calculated as

the ratio between POC fluxes estimated from gel images or PPS3/3 traps, and net primary

productivity integrated over the euphotic zone (EZ 1 % PAR; Cavagna et al., 2014), and (ii)

ThEC calculated as the ratio between POC flux estimated from 234Th method and net primary

productivity. KEOPS2 results suggest a negative relationship between primary productivity

and carbon export efficiency, the most productive sites being those where carbon is exported

the least efficiently. Figure 2.9a shows the relationship between primary productivity and export

efficiency (with POC fluxes estimated at 200 ± 10 m from gels, PPS3/3 traps and 234Th water

column disequilibria) for KEOPS2 sites. For comparison purposes, KEOPS1 data are also

indicated (Savoye et al., 2008). The empirical relationship proposed recently by Maiti et al.

(2013), based on surface tethered cylindrical sediment traps and 234Th data from up to 130

stations in the Southern Ocean, is also reported. While this negative relationship has now been

observed in several field studies in the Southern Ocean (Jacquet et al., 2011; Morris et al., 2007;

Savoye et al., 2008), and elsewhere (e.g. González et al., 2009), the reasons for its existence

remain unclear. Maiti et al. (2013) mentioned differences in trophic structure, grazing intensity,

recycling efficiency, high bacterial activity, or increase in DOC export as possible explanations

for high–productivity, low–export–efficiency regimes. Phytoplankton physiological state has also

been suggested as a possible control of carbon export mode and efficiency (González et al., 2009),

although this could not be verified here due to a generally good phytoplankton physiological state

confirmed via microscopy over the course of the KEOPS2 study (M. Lasbleiz and K. Leblanc,

personal communication, 2014). In addition, due to their degradation–resistant and heavily

silicified valves (Hargraves and French, 1983; Kuwata and Takahashi, 1990), the abundance of

diatom resting spores in the sinking flux, as observed during KEOPS1 (Armand et al., 2008),

could also be a major factor to consider when evaluating carbon export efficiency as suggested
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by Salter et al. (2012) and Rynearson et al. (2013).

It was beyond the scope of this study to explore each of these potential controls of carbon

export efficiency. However, in the light of KEOPS1 and KEOPS2 results, phytoplankton and

zooplankton community structure and their trophic relationships through grazing, seem to have

played an important role in carbon export mode and efficiency via controls on sinking particle

composition.

Table 2.6 presents a summary of site characteristics based on net primary productivity,

surface plankton communities determined from Niskin bottle sampling and net haulings (most

abundant species and biomass), carbon export features at 200 ± 10 m (mode and efficiency),

and iron fertilisation status (e.g. HNLC or iron–fertilised). Due to their importance in export

fluxes demonstrated by high BSi fluxes (see section 2.3), only diatoms were examined in the

phytoplankton community. Data are presented for all stations, but only stations R–2 and A3–2

will be discussed in detail here because of their reference status (i.e. HNLC and on–plateau

bloom).

Table 2.6: Summary of site characteristics based on their primary productivity, plankton communities,
iron–fertilisation and carbon export efficiency.

Site ID EZ–MLD NPP Diatom communitya Mesozoo. community (%)b Export E–ratio Fe source –
(m) (see text for %) [Total mesozoo. biomass (mm3 m−3)] mode biomass/export

R–2 92–96 Lowest Fragilariopsis spp. Ctenocalanus citer (16) + cop. (19) PA, FA Highest HNLC – low biomass, high
Thalassionema nitzschioides Oithona frigida (12) export efficiency
Centrics (< 25 µm) Paraeuchaeta sp. C1–C3 (11)

Rhincalanus gigas C1–C3 (10) [90]
E–1 64–70 Moderate Thalassionema nitzschioides Euphausiid eggs (16) CFP, PA High Fe-fertilised, mesoscale

Fragilariopsis spp. Ctenocalanus citer (5) + cop. (11) recirculation feature – moderate
Centrics (< 25 µm) Calanidae C1–C3 (6) biomass moderate export efficiency

[55]
E–3 68–33 Moderate Thalassionema nitzschioides Ctenocalanus citer (27) + cop. (34) CFP, PA Moderate

Fragilariopsis spp. Oithona frigida (4) [350]

E–5 54–39 Moderate Thalassionema nitzschioides Ctenocalanus citer (18) + cop. (18) CFP Low
Chaetoceros Hyalochaete spp. Calanidae C1–C3 (15) + cop. (2)
Centrics (< 25 µm) Metridia lucens cop. (6) [203]

F–L 29–31 Highest Thalassiosira spp. (< 25 µm) Euphausiid eggs (26) CFP, FA Lowest Fe-fertilised, north polar
Chaetoceros Hyalochaete spp. Ctenocalanus citer (11) + cop. (12) front mixed zone – high biomass

Triconia sp. (6) [290] low export efficiency
A3–2 38–149 High Chaetoceros Hyalochaete spp. Euphausiid eggs (19) PA Low Fe-fertilised,

Paraeuchaeta sp. C1–C3 (12) on-plateau bloom site –
Appendicularians (12) high biomass, low export efficiency
Oithona similis (8)
Ctenocalanus citer (7) + cop. (8) [310]

EZ: depth of the base of the euphotic zone assumed at 1 % of the photosynthetic available radiation (PAR).
MLD: mixed layer depth calculated using the density difference criterion of 0.02σθ [potential density at MLD = potential density at 10 m + 0.02 kg m−3 (Park et al.,
1998)].
NPP: euphotic–zone- (1 % PAR) integrated net primary productivity (Cavagna et al., 2014).
PA: phytodetrital aggregates.
CFP: cylindrical fecal pellets.
FA: fecal aggregates.

a Most abundant diatom genera or species presented in decreasing order of abundance. Data from M. Lasbleiz (personal communication, 2014) from Niskin bottle
samples. Sampling depths: R–2: 116 m; E–1: 80 m; E–3: 137 m; E–5: 110 m; F–L: 52 m; A3–2: 151 m. See text for fractions of total live diatom cell counts (%).

b Mesozooplankton community and fraction of the total mesozooplankton biomass, presented by decreasing order of abundance. Data from Carlotti et al. (2015),
from day net haulings only (250 m to the surface). Cop.: copepodite stage; C1–C3: development stages 1–3.

At the HNLC reference station R–2, characterised by the lowest net primary productivity

(Cavagna et al., 2014), the diatom community was dominated by the heavily silicified Fragilar-

iopsis spp. (34.6 %: fraction of total live diatom cell counts; see Table 2.6 for sampling depths;
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M. Lasbleiz, personal communication, 2014) and Thalassionema nitzschioides (25.6 %) as well as

by a limited mesozooplankton biomass represented mainly by middle–sized copepods (Carlotti

et al., 2015). The export was mostly mediated through physical aggregation as suggested by

the dominance of phytoplankton and fecal aggregates. The highest e–ratio estimated during

KEOPS2 was observed at R–2. In contrast, the iron–fertilised on–plateau bloom station A3–2

displayed a high net primary productivity (Cavagna et al., 2014), and a diatom community

largely dominated by the lightly silicified Chaetoceros subgenus Hyalochaete (87 %). The meso-

zooplankton biomass was up to 3–fold higher at A3–2 than at R–2. Small- and middle–sized

copepods dominated, along with euphausiid eggs and appendicularians (Carlotti et al., 2015).

Particles exported were mostly phytodetrital aggregates. One of the lowest e–ratios was recorded

at A3–2. At E stations, used as a time series, the net primary productivity was moderate (Cav-

agna et al., 2014), and a shift from a high e–ratio at E–1 to a low e–ratio at E–5 was associated

with plankton community shifts. This is indicated, for instance, by the remarkable increase in

Chaetoceros subgenus Hyalochaete biomass from 10 and 2.3 % at E–1 and E–3 respectively to

22.5 % at E–5.

At stations R–2 and A3–2, although presenting very contrasted export efficiencies, physical

aggregation seemed to dominate over biological aggregation, as suggested by the rarity of fecal

pellets. If explained from this perspective, the inverse relationship between net primary produc-

tivity and export efficiency somewhat needs to be linked to the different nature of the aggregates

produced at each station and their ability to export carbon to depth (e.g. slow- or fast–sinking).

In parallel with the present study, roller tank experiments have been conducted to explore the

influence of different phytoplankton communities on the sinking velocity of large phytodetrital

aggregates and their aggregation processes (Laurenceau-Cornec et al., 2015a) (Chapter 3). These

experiments consisted of the physical aggregation of natural assemblages sampled with Niskin

bottles at high and low biomass sites during KEOPS2. Results suggest that the proportions of

different phytoplankton types forming the phytodetrital aggregates could influence their sinking

velocity (and potentially their efficiency at exporting carbon) via a control on their structure

and excess density. A strong relationship (r2 = 0.98) was found between the proportion of

small spine–forming diatom cells included in marine snow aggregates (e.g. Chaetoceros sub-

genus Hyalochaete) and their sinking velocity, suggesting an important role for phytoplankton

morphology with regard to export efficiency. However, no evidence has been found that natural
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phytoplankton communities present at each site, as determined from Niskin bottle sampling

(Table 2.6), reflect the composition of their aggregates, something required to approximate their

sinking velocity from roller tank experiment results. Experimental and field studies noted that

the proportions of diatoms in aggregates are not necessarily the same as their proportions in the

surrounding water (Crocker and Passow, 1995; Riebesell et al., 1991; Waite and Nodder, 2001).

Without direct estimation of the sinking velocity of natural aggregates formed in the water

column at each station, no conclusion is possible and further investigations will be needed.

The potential control of export efficiency through zooplankton grazing is another hypothesis

that we explored here. In the case of high grazing pressure, carbon export is driven mostly via

fecal pellets, but these, even if sinking fast, potentially experience coprophagy or coprorhexy

(Iversen and Poulsen, 2007; Lampitt et al., 1990; Suzuki et al., 2003), and disaggregation pro-

cesses facilitating bacterial remineralisation (Giering et al., 2014). In Fig. 2.9b, mesozooplank-

ton biomass data from KEOPS2 (250 m to surface Bongo net haulings; Carlotti et al., 2015) is

shown as a simple index of zooplankton abundance against export efficiency. Considering all

POC flux estimation methods, a correlation has been found (n = 15, r2 = 0.72, p < 0.0005)

suggesting that zooplankton may exert an important control on export efficiency. In this per-

spective, however, E–3 presented an unexpectedly high export efficiency considering its high

zooplankton biomass, suggesting that factors predominantly affecting carbon export efficiency

can vary locally and over time.

In the low–productivity systems (e.g. R–2) a direct export can be efficient if processed

via fast–sinking aggregates composed of heavy–silicified diatoms that are also assumed to be

grazing–resistant. In contrast, in the sites of high productivity (e.g. A3–2 and F–L) the export

flux can be strongly attenuated if a large fraction of the organic carbon flows towards paths

promoting its retention in the surface layer (i.e. grazing, microbial remineralisation and biomass

accumulation). At A3, Christaki et al. (2014) proposed a carbon budget integrated over the

mixed layer showing the carbon flows through microbial and higher trophic levels for early and

late bloom stages. This budget indicates that, during KEOPS2, 2400 mg C m−2 d−1 was still

available for phytoplankton biomass accumulation and/or export after subtracting the different

loss terms, such as bacterial, microplankton and mesozooplankton respiration, as well as viral

lysis of bacterial cells, from the gross community production (GCP). Using our carbon flux value

at 200 m and phytodetrital aggregate contributions to this export, the relative fractions of the
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Figure 2.9: Relationships between net primary productivity (a), zooplankton biomass (b) and export
efficiency calculated using particulate organic carbon fluxes estimated at 200± 10 m from PPS3/3 traps,
gel traps and 234Th methods for the KEOPS2 (k2) and KEOPS1 (k1, (a) only) studies. (a) The black
line represents the empirical relationship from Maiti et al. (2013) estimated in the Southern Ocean
(y = −0.35x + 1.22; r2 = 0.97), and the dashed line represents the regression line for all KEOPS data
(y = −0.19x+ 0.68; n = 24, r2 = 0.33, p < 0.005). (b) The dashed line represents the regression line for
KEOPS2 data (y = −0.00086x+0.2232; n = 15, r2 = 0.72, p < 0.0005). E–3 was assumed an outlier and
was excluded from the best fit calculation (see text for possible explanation). Panel (a) suggests that the
most productive sites are the less efficient to export carbon. Panel (b) suggests that zooplankton biomass
could influence the efficiency of carbon export by bypassing direct export via phytodetrital aggregates.
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available carbon actually used for biomass accumulation and/or export can be estimated here.

At A3–2, the carbon flux at 200 m was 66 mg C m−2 d−1 (gel trap results) with 41 % contributed

by phytodetrital aggregates (Table 2.3). This leads to 27 mg C m−2 d−1 exported (1.1 % of the re-

maining available carbon) and 2373 mg C m−2 d−1 used for biomass accumulation (98.9 %). The

same calculations can be made for the late–bloom situation using the values of 384 mg C m−2 d−1

for the carbon still available for biomass accumulation and/or export (Christaki et al., 2014), the

KEOPS1 200 m POC flux at A3 (62 mg C m−2 d−1; Ebersbach and Trull, 2008), and a 36 % ag-

gregate contribution (including both phytodetrital and mixed aggregates; Ebersbach and Trull,

2008). Results lead to 22 mg C m−2 d−1 exported (5.7 %) and 362 mg C m−2 d−1 used for biomass

accumulation (94.3 %). These estimations show that the fraction of the carbon available that

is exported is subject to large variations during the season (increased by a factor of ∼ 5), while

the fraction allocated to biomass accumulation varied comparatively much less (decreased by

a factor of ∼ 1.05). This suggests that A3 progressed over the whole season from a retention-

to an export–dominated food web system (Wassmann, 1998), possibly related to successions of

plankton communities prone to large variations in their export ability, as suggested in this study.

This general picture can be compared with the conceptual scheme of the development of

planktonic communities in the Southern Ocean recently proposed by Quéguiner (2013). Direct

export can occur efficiently when the phytoplankton community is dominated by the large

heavily silicified species (e.g. Fragilariopsis spp.) which are highly grazing–resistant and form

fast–sinking aggregates. This type of slow–growing species develops through the whole season

and forms a ‘persistent’ background encountered at almost all sites. In bloom conditions (during

the growth season), smaller fast–growing, lightly silicified species are added to the community,

leading to an increased primary productivity. Because these small species are possibly less

efficient at exporting carbon (e.g. rapidly grazed and/or sinking slowly), the increase in primary

productivity is not accompanied by an increase in carbon export — though 2- to 5–fold higher in

sites under Fe–fertilisation influence than in the HNLC site — required to obtain a high export

efficiency.

2.5 Conclusions

Our study conducted in early spring, during bloom initiation, demonstrated the following points:
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i. Phytodetrital aggregates represented the main numerical and volume fractions of the flux,

especially at depth, and could have played a major role in sustaining export fluxes where

fecal pellet flux attenuation occurred. This contrasts with summertime (KEOPS1) when

fecal material largely dominated the flux, while phytodetrital aggregates brought only

a minor contribution to the flux (Ebersbach and Trull, 2008). However, when converted

to carbon content, and where their degradation was limited, cylindrical fecal pellets still

represented the dominant fraction of the flux.

ii. Primary productivity was negatively correlated to export efficiency, the sites of highest

productivity being the least efficient to export carbon. This supports the emergent vi-

sion of high–productivity, low–export regimes already noted in the Southern Ocean (Lam

and Bishop, 2007). The decrease in productivity from bloom initiation (KEOPS2) to its

decline (KEOPS1) related to a shift from autotroph- to heterotroph–dominated regimes

(i.e. production exported via phytodetrital vs. fecal material), could explain why major

export tends to occur at the end of the season essentially via the sinking of fecal matter.

iii. Plankton community structure influenced by productivity regimes could have controlled

export efficiency via variations in phytoplankton species and zooplankton grazing pressure

(Table 2.6).
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L., Blain, S., and Quéguiner, B.: Biological productivity regime and associated N cycling
in the vicinity of Kerguelen Island area, Southern Ocean, Biogeosciences Discussions, 11,
18 073–18 104, doi:10.5194/bgd-11-18073-2014, 2014.
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Abstract

During the second KErguelen Ocean and Plateau compared Study (KEOPS2) in October–
November 2011, marine snow was formed in roller tanks by physical aggregation of phyto-
plankton assemblages sampled at 6 stations over and downstream of the Kerguelen Plateau.
Sinking velocities, morphology, bulk composition (transparent exopolymer particles, biogenic
silica, particulate organic carbon), and phytoplankton contents were measured individually
on 66 aggregates to identify controls on sinking velocities. Equivalent spherical diameters
(ESD) ranged from 1 to 12 mm, and the particle aspect ratios, Corey shape factors, and
fractal dimensions (DF1 = 1.5, DF2 = 1.8) were close to those of smaller natural aggregates
(0.2 to 1.5 mm) collected in polyacrylamide gel–filled sediment traps (DF1 = 1.2, DF2 =
1.9). Sinking velocities ranged between 13 and 260 m d−1, and were correlated with ag-
gregate size only when considering individually the experiments conducted at each station,
suggesting that a site–dependent control prevailed over the general influence of size. Varia-
tion in dominant diatom morphologies among the sites (classified as small spine–forming or
chain without spines) appeared to be a determinant parameter influencing the sinking velocity
[SV(m d−1) = 168− 1.48× (% small spine–forming cells); (r2 = 0.98)], possibly via a control on
species–specific coagulation efficiency affecting particle structure and excess density. Our re-
sults emphasize the importance of ecological considerations over that of simple compositional
perspectives in the control of particle formation, and in accurate parameterizations of marine
snow sinking velocities that are essential to predictions of biological carbon sequestration.

3.1 Introduction

In the ocean, the rain of large biogenic particles is a major pathway for the export of carbon

from the surface to the interior (Asper et al., 1992; Fowler and Knauer, 1986; Suess, 1980). This

mechanism contributes significantly to the drawdown of atmospheric carbon dioxide, and has

become known as the oceanic ‘biological carbon pump’ (Volk and Hoffert, 1985). Substantial

production of particulate organic matter (POM) in the euphotic zone is essential but not suf-

ficient to obtain high carbon export (Buesseler, 1998). The speed at which particles settle is

also a critical parameter since it determines the duration of their exposure to extensive physical

and biological transformations (Boyd et al., 1999; Karl et al., 1988) responsible for the observed

attenuation of the particle flux with depth (Martin et al., 1987; Silver and Gowing, 1991).

In the Southern Ocean, a region known to play a leading role in global climate and carbon

systems (Sigman and Boyle, 2000), primary productivity is low due to phytoplankton growth

restriction by a combination of iron and light limitation (de Baar et al., 1995; Martin, 1990).

These waters are described as ‘high nutrient, low chlorophyll’ (HNLC) and contain a large

amount of unused surface macronutrients capable of fuelling the production of high quantities

of organic carbon and potentially its sequestration. Against this background, like oases in

deserts, some areas in the Southern Ocean are fertilized by a natural supply of iron and display
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remarkable seasonal biomass increases (Sullivan et al., 1993), offering a great opportunity to

investigate the controls on carbon export efficiencies in the context of iron fertilization.

This study focuses on the bloom that occurs each year between October and February over

and downstream of the Kerguelen Plateau in the Indian sector of the Southern Ocean (Blain

et al., 2007). In January–February 2005, the first KErguelen Ocean and Plateau compared Study

(KEOPS1) demonstrated that the downward flux of carbon was elevated by a factor of 2 to 3

in comparison to the surrounding HNLC waters (Savoye et al., 2008). Particle size spectra from

an in situ camera demonstrated that more and larger particles were present beneath the bloom

(to 400 m depth) than in surrounding HNLC waters, although a comparison to size spectra of

particles collected in gel–filled sediment traps showed slower sinking velocities (Jouandet et al.,

2011), suggesting that sinking velocity was not a simple monotonic function of particle size.

According to theory and empirical studies, size is known to exert a major control on particle

sinking velocity (Dietrich, 1982; Gibbs, 1985), but discrepancies in the size–sinking velocity re-

lationship are often reported, and other parameters (e.g. particle composition or structure) can

prevail over size in the control of the sinking velocity, as previously noted (Diercks and Asper,

1997; Engel and Schartau, 1999; Iversen and Ploug, 2010). While extensive study of these pa-

rameters has verified their importance, it has also turned out to be difficult to define a limited

number of parameters suitable to predict carbon export accurately — something that would

be of considerable use in computationally expensive models of ocean biogeochemical cycling.

Among these parameters, the shape (Alldredge and Silver, 1988; McNown and Malaika, 1950),

porosity or compactness (Iversen and Ploug, 2010; Kajihara, 1971), permeability (Matsumoto

and Suganuma, 1977), fractal structure (Engel et al., 2009; Johnson et al., 1996), content of high

density minerals (Armstrong et al., 2001; Klaas and Archer, 2002; Passow and De La Rocha,

2006) or low density particulate polysaccharides (Azetsu-Scott and Passow, 2004; Engel and

Schartau, 1999), phytoplankton species (Padisák et al., 2003; Passow, 1991) and their physio-

logical state (Bienfang et al., 1982; Muggli et al., 1996; Waite et al., 1992) or individual organism

size (Boyd and Newton, 1995; Waite et al., 1997a) have been proposed as potential controls of

particle sinking velocity. Due to this high complexity and the absence of clear controlling fac-

tors provided by empirical research, most biogeochemical models have no other alternative than

simple sinking velocity parameterization (e.g. constant or size–dependent). Several modelling

studies have focused on the sensitivity to sinking velocity parameterization, testifying to the
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awareness that improvements are needed and that more complexity needs to be added to the

models (Gehlen et al., 2006; Kriest and Oschlies, 2008, 2013; Losch et al., 2014). Here, we inves-

tigate a comprehensive set of morphological and compositional parameters in a single study to

identify potential influences on particle sinking velocity and to develop a possible explanation for

the inconsistencies often observed between sinking velocity and particle size, offering a potential

alternative for biogeochemical model parameterization.

3.1.1 Theory

We refer the reader to the classic textbook on fluid dynamics from Batchelor (1967) for further

details on the theory of particle sinking velocity. For a sphere settling in a fluid, the immersed

weight (Wi) is the difference between the force of gravity acting downward and the buoyancy

force acting upward, and is given by (e.g. Komar and Reimers, 1978):

Wi =
π

6
D3(ρs − ρf)g (3.1)

where D is the diameter of the sphere, ρs and ρf are the sphere and fluid densities, respectively,

and g (9.81 m s−2) is the acceleration due to gravity. The Reynolds number (Re; Reynolds,

1883) is the parameter that determines a flow field for boundaries of a given form and is given

by:

Re =
UsD

ν
(3.2)

where Us is the sphere sinking velocity and ν is the kinematic viscosity of the fluid. Particles

termed ‘marine snow’ are large aggregates (> 0.5 mm) formed by physical aggregation of phy-

toplankton and miscellaneous debris: mostly fecal pellets, inorganic particles and zooplankton

feeding structures (Alldredge and Gotschalk, 1990; Alldredge and Silver, 1988). Because of their

large size and potentially high sinking velocity (Alldredge and Silver, 1988), the settling of ma-

rine snow aggregates in the water column occurs at Re > 0.5 (Alldredge and Silver, 1988). For

these large particles, it is found empirically (Komar and Reimers, 1978) that the drag force FD
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is proportional to the square of the velocity:

FD = CDA
ρfU

2
agg

2
(3.3)

where Uagg is the sinking velocity of the aggregate, CD is the drag coefficient (an empirical

proportionality coefficient between FD and U2
agg) and A is the projected area of the aggregate

in the direction of motion. At terminal velocity, the drag force is balanced by the immersed

weight giving a force balance equation which, after algebraic manipulations, leads to a general

expression for the sinking velocity:

Uagg =
[4

3

g(∆ρ)D

CDρsw

]1/2
(3.4)

where ∆ρ is the aggregate excess density calculated as the difference between aggregate density

and seawater density (ρsw). In this equation, applicable to all Reynolds numbers, the drag

coefficient is a complex function of both aggregate shape and Reynolds number. For simplicity,

we refer to Eq. (3.4) as the ‘general sinking velocity model’ in the rest of the text.

Considering a small perfect sphere settling through a quiescent fluid and assuming that the

inertial forces are negligible compared to viscous forces, G. G. Stokes solved in December 1850

the low Reynolds number limit of the Navier–Stokes equations (Stokes, 1851), and obtained a

simplified expression of the drag force:

FD = 3πµDUs (3.5)

where µ is the dynamic viscosity of the fluid. Again, at terminal velocity, the immersed weight

equals the drag force yielding the Stokes expression:

Us =
1

18

g(ρs − ρf)D
2

µ
(3.6)

In this expression, the properties of the sphere influencing its settling velocity are only the

density and the diameter. Because of the assumptions made by Stokes, Eqs. (3.5) & (3.6)

are only valid at small Reynolds number, empirically found to apply to Re < 0.5 (Graf and

Acaroglu, 1966; Komar and Reimers, 1978; White, 1974).

By comparing the general model (Eq. 3.4) to its particular case represented by the Stokes’
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expression (Eq. 3.6) one can notice that the settling velocity has a weaker dependence on size

in the general model since the diameter is raised to the power of 0.5, rather than 2 as in the

Stokes’ law.

In Fig. 3.1 we plot various empirical and theoretical data of sinking velocity versus size for

marine snow, from the present study and others using different methods and approaches. Since

these studies were carried out over a range of different water temperatures and salinities, we

investigated whether temperature and salinity variations could contribute significantly to sinking

velocity variations through their influence on seawater dynamic viscosity (µ) and density (ρsw).

Stokes’ law predicts that, at a fixed aggregate porosity and solid content density [e.g. 99%

porosity and ρsol = 1170 kg m−3, corresponding to 30 % transparent exopolymeric particles

(TEP), 20 % biogenic silica (BSi), and 50% particulate organic matter (POM) in solid content],

a temperature increase from 2 to 20°C or a salinity decrease from 34 to 2 would lead respectively

to a 40 and 20% increase in the sinking velocity. It is very likely that the differences between the

studies did not exceed these very large range of temperature and salinity variations, and given

that Fig. 3.1 is a log–log plot, the effect of temperature and salinity changes on the sinking

velocity can reasonably be neglected here.

Overall, the data suggest a relatively weak dependence of sinking velocity on particle size

both when considering the whole dataset or each study separately. The general model gives to

size a weaker control on sinking velocity and a stronger dependence on drag and excess density

influenced by particle structure and composition; our calculations show that the general model

provides a better representation of the observations for large particles than the usual Stokes’

law (Fig. 3.1). In combination with porosity increasing with size according to a fractal scaling

known to apply to marine snow, and using the formula proposed by Logan and Wilkinson (1990;

see ‘Materials and methods: Measurement of aggregate morphology and structure’), the general

model shows poor size–sinking velocity correlation for the large particle size range (Fig. 3.1, line

2). Based on this, it appears that particle structure, morphology and composition could prevail

over size in the control of sinking velocity via a control on particle drag and excess density.

Aggregate morphological and structural properties likely to control excess density and drag

are numerous, and the combined effects of these 2 parameters make their relative influence on

the measured sinking velocity hard to distinguish. The drag experienced by a particle might

be the result of several parameters, including shape, permeability, and surface roughness, while
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Particle type - Method used Location Source
Marine snow from natural phyto. assemblages - Roller tank, settling column
Diatom culture agg. - Roller tank, video recording

Natural agg. - Gel trap and in situ imaging

Kerguelen region (Southern Ocean)
n/a

Kerguelen region (Southern Ocean)

West Antarctic peninsulaNatural agg. - Gel trap and in situ imaging

Carbonate-ballast. culture agg. - Roller tank, vertical flow, video recording
Opal-ballast. culture agg. - Roller tank, vertical flow, video recording

n/a
n/a

Natural marine snow - In situ settling chamber, Cherokee ROV Cape Blanc (Mauritania)
Natural marine snow - In situ (MASCOT) Central Black Sea
River flocs - In situ Floc Camery Assembly Halifax river estuary (Nova Scotia)

Natural agg. - In lab., linear density gradient column Bedford basin (Nova Scotia)
Diatom culture agg. - In lab., linear density gradient column n/a

Natural marine snow - SCUBA diving Santa Barbara Channel (S. California)
Estuarine flocs - Settling tank Chesapeake bay (Maryland)
Natural agg. - In situ holographic measurements Western North Atlantic

Natural marine snow - Settling chamber Monterey bay (Calif.) and NE Atlantic

Recoagulated marine snow - KUROSHIO II submarine Off Muroran (Japan)

Figure 3.1: Sinking velocity (SV) of large marine aggregates (agg.) versus their equivalent spherical
diameter (ESD) for this study and others. Theoretical lines and empirical relationships using different
approaches are also represented. 1: Stokes’ law (Eq. 3.6) (solid line) and general sinking velocity model
(Eq. 3.4) (dashed line) applying to distinct ranges of Reynolds number for solid body particles with
constant excess density (∆ρ = 0.0014 g cm−3; large black square: specific conditions of the models,
fixing the initial drag characteristics of the particle (ESD0 = 1 mm and SV0 = 100 m d−1). 2: Same
models with excess density scaled on a typical fractal geometry for marine snow (DF3 = 1.39, a = 0.03;
Logan and Wilkinson, 1990) (see Fig. 3.3 and ‘Results: Sinking velocity’ for details). 3: Guidi et al.
(2008). 4–5: SV calculated using the coagulation model from Stemmann et al. (2004) with different
parameter values (4: excess density ∆ρ = 0.08, fractal number DF3 = 2.33; 5: ∆ρ = 0.01, DF3 = 1.79),
Phyto.: phytoplankton; Calif.: California; n/a: not applicable.
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excess density depends on aggregate composition and compactness (i.e. porosity). The influence

of macroscopic shape, permeability, and surface roughness on the sinking velocity have been

investigated in the theoretical, experimental, and engineering fields, on natural and artificial

particles, but these parameters have generally been described as poor contributors to the sinking

velocity (Achenbach, 1974; Alldredge and Silver, 1988; Baba and Komar, 1981; Li and Logan,

2001; Li and Yuan, 2002; Matsumoto and Suganuma, 1977; Williams, 1966).

The excess density of a marine snow aggregate depends on the density and volume fraction

of its solid components (mostly phytoplankton cells in the case of diatom marine snow) and

how tightly they are assembled, giving more or less inner space filled by seawater, defined as

the porosity (e.g. De La Rocha and Passow, 2007). To our knowledge the species–specific

effect of phytoplankton on the alteration of the size–sinking velocity relationship of marine snow

aggregates has not been studied to date. We tested here the possible combined effects of varying

phytoplankton assemblages on aggregate sinking velocity via ballast effect (Engel et al., 2009)

and control on aggregate structure, assuming species–specific aggregate compactness, based on

aggregation experiments of phytoplankton cultures (Iversen and Ploug, 2010).

3.1.2 Experimental setup

We focused on marine snow aggregates, a major component of the vertical flux of organic carbon

(Fowler and Knauer, 1986). They represented the main numerical fraction of the flux during

KEOPS1 (Ebersbach and Trull, 2008) and KEOPS2 (Laurenceau-Cornec et al., 2015b) (Chapter

2), and could represent an efficient way to export carbon over the Kerguelen Plateau if they

sink rapidly enough to reach the deep ocean before being consumed or remineralized. Because

it is difficult to record in situ the sinking velocity of natural marine snow (Alldredge and Silver,

1988), we took an experimental approach. Marine snow aggregates were formed in rotating

cylindrical tanks following the method developed by Shanks and Edmondson (1989). In contrast

to the majority of roller tank experiments using phytoplankton cultures, we incubated various

natural mixtures of phytoplankton sampled carefully from Niskin bottles to produce aggregates

as close as possible to those forming in the water column at different sites. This ‘roller tank’

technique allows the particles to sink continuously as they would in the water column and thus

to aggregate mainly by differential settling (after a short period of shear during the initiation

of solid–body rotation) in which fast–sinking particles scavenge suspended and slower–sinking
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particles. Thus, the technique minimizes the influences of the 2 other main mechanisms forming

marine snow in natural environments: (1) shear, which can also cause disaggregation, and (2)

brownian motion, which dominates the collision rate for small (< 1 µm) particles (Burd and

Jackson, 2009; McCave, 1984).

Once macroscopic aggregates had formed, they were photographed and their sinking veloci-

ties measured. Bulk chemical compositions were determined and the abundances of organisms

within the aggregates were examined using light microscopy. To test our hypothesis, all ag-

gregate properties needed to be explored as potential controls of the sinking velocity. Data

were thus evaluated in terms of morphological, chemical and biological relative influences on the

sinking velocity.

To evaluate the oceanic applicability of the results determined in the roller tank experiments,

we compared our aggregates with natural aggregates collected at the same time using polyacry-

lamide gel–filled sediment traps which allow the sampling of intact particles as they exist in

the water column (Ebersbach and Trull, 2008; Jannasch et al., 1980; Laurenceau-Cornec et al.,

2015b) (Chapter 2).

3.2 Material and methods

3.2.1 Study site and sampling

This work was conducted during the second KErguelen Ocean and Plateau compared Study

(KEOPS2) onboard the RV Marion Dufresne from 8 October to 30 November 2011, over and

downstream of the Kerguelen Plateau. One of the major purposes was to characterize the

downward particle flux by the use of sediment traps and identify the physical and biological

controls on the efficiency of carbon export.

In the present work, duplicate sampling was conducted at 6 stations (Fig. 3.2) at surface

(20 and 30 m) and deeper layers (65, 80 and 150 m) of high and moderate biomass according to

CTD calibrated fluorescence profiles. Stations (Stns) E–3, E–4W (west), E–4E (east), and E–5

formed a time series within a moderate biomass, eddy-like, bathymetrically–trapped recircula-

tion feature in deep waters east of the Kerguelen Islands. Stns F–L and A3–2 were respectively

in a region of elevated biomass near the Polar front and at the Kerguelen on-plateau bloom

reference station of KEOPS1 (A3). Seawater was sampled using 12 l Niskin bottles mounted on

93



3.2. MATERIAL AND METHODS

E-4W E-4E

E-5

E-3

A3-2

F-L

Figure 3.2: Sampling stations over the Kerguelen Plateau on a MODIS satellite image of surface chl
a concentration on 11 November 2011. Location of each station and sampling date (dd/mm/yyyy):
E–3: 71.97◦E, 48.704◦S (4/11/2011); F–L: 74.668◦E, 48.523◦S (6/11/2011); E–4W: 71.43◦E, 48.766◦S
(11/11/2011); E–4E: 72.567◦E, 48.717◦S (13/11/2011); A3–2: 72.055◦E, 50.624◦S (16/11/2011); E–5:
71.9◦E, 48.412◦S (19/11/2011)

a CTD rosette frame. At each station the whole content of 2 Niskin bottles was transferred into

a clean 30 l carboy to avoid any undersampling of particulate organic matter from the Niskins.

Sampling was repeated at 2 different depths at each site (2 carboys per station). The carboys

were stored in darkness for 1 d to initiate phytoplankton senescence.

3.2.2 Roller tank experiments

Carboy contents were poured into 10 l transparent cylindrical tanks cleaned previously with

2‰ alkaline detergent (Decon) and washed 3 times with extra sampled seawater. At each station,

4 cylindrical tanks (2 duplicates by depth, except at E–4E where deeper layers were not sampled)

were placed on a rolling table at a constant speed of 0.66 rpm and kept in darkness during

the entire duration of the incubation. All experiments were conducted at a temperature of

∼ 10◦C. To obtain sufficient millimeter sized aggregates to perform the chemical measurements
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on individual aggregates, incubations lasted from 1 to 4 d. Measurements were conducted

on 3 aggregates per tank (12 aggregates per experiment). When possible, aggregate selection

was made in order to capture large variations of size, shape (e.g. spherical to elongated), and

compactness (e.g. compact to loose). In each experiment, 6 aggregates were used for chemical

measurements and 6 preserved in Lugol’s solution for post-cruise microscopic observations in

the laboratory.

3.2.3 Measurement of aggregate morphology and structure

At the end of the incubation, the tanks were removed from the rolling table and carefully rotated

90◦ to allow the aggregates to settle to the bottom. The maximum length of the 3 aggregates

selected per tank was measured optically. Each aggregate was photographed through the bottom

of the tank with a high-resolution Canon Powershot G12 camera (1 pixel ≈ 20 µm). The images

were thresholded to create binary images and processed using the US National Institutes of

Health free software, Image J (Abramoff et al., 2004). The minimum length was taken to be

the minimum axis of the ellipse fitted to the shape by the software. The aspect ratio (AR) was

calculated from the ratio between smallest and largest axes of the fitted ellipse. The commonly

used Corey shape factor (CSF) (Corey, 1949; McNown and Malaika, 1950) representing particle

flatness (low values of CSF corresponding to flat particles) was also used as a shape descriptor

(assuming that the particles were symmetrical about their polar axis; Alldredge and Gotschalk,

1988). The equivalent spherical diameter (ESD) and volume of aggregates were calculated from

the projected area, assuming a sphere.

We characterized the fractal structure of our aggregates by determining their 1-, 2- and 3-

dimensional fractal numbers DF1, DF2 and DF3, respectively. The number of individual particles

(N) composing a fractal aggregate increases non-linearly with its size and can be described by

the power relationship (Logan and Wilkinson, 1990):

N ∼ lDFn (3.7)

where DFn is the fractal dimension determined for the object in n dimensions, and l is the

maximum length of the aggregate. Since phytoplankton aggregates and their constitutive par-
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ticles have finite sizes, they are not strictly self-similar at all scales and their fractal dimensions

are approximations to real fractal dimensions obtained only for infinite size objects. The fractal

dimension describes intuitively how much the individual particles fill the available space when

they aggregate (e.g. Logan and Wilkinson,1990, Kilps et al., 1994, Jackson, 1998, Burd and

Jackson, 2009) and is an indicator of particle compactness.

The maxima of DF1 =1, DF2 = 2 and DF3 = 3 are reached for Euclidean objects. For

instance, DF3 = 3 describes a solid compact sphere having no porosity where all individual

particles filled the total volume available when they assembled. Unlike Euclidean objects, ag-

gregates formed in marine systems, such as marine snow, have lower fractal dimension than their

maximum values (Logan and Wilkinson, 1990). It implies that the number of particles filling

the space during aggregation increases at a lower rate than aggregate maximum length does. It

results in the important property that marine snow has a porosity increasing with size (Logan

and Wilkinson, 1990), consequently reducing its excess density.

Following Kilps et al. (1994), the 1- and 2-dimensional fractal numbers (DF1 and DF2) were

calculated from the slopes of log–log relationships of perimeter and area respectively, against

the Feret’s diameter taken as the largest dimension (e.g. Engel et al., 2009). The 3-dimensional

fractal number (DF3) can be calculated from the slope of a log–log relationship between solid

content (1 - Porosity) and the largest diameter l, according to the formula proposed by Logan

and Wilkinson (1990):

(1− P ) = a× lDF3−3 (3.8)

where a is an empirical constant. Due to large uncertainties on solid content estimates,

especially for TEP (see ‘Chemical measurements’ below), DF3 values for the experimental ag-

gregates could not be reliably obtained, and only DF1 and DF2 results, based on image analysis,

are presented. To avoid any bias due to small scale heterogeneity between images, no conversion

from pixels to size unit was made for DF1 and DF2 determination.

96



Ecosystem controls on carbon export efficiency over the Kerguelen Plateau

3.2.4 Sinking velocity measurements

A non–destructive method was required to measure the sinking velocity and still be able to

conduct other analyses on single aggregates. A method based on video recording the rotating

tanks (Ploug et al., 2010) was not applicable onboard because of the ship motion altering the

trajectories of particles. Instead, all the settling rates were measured directly inside the tanks

using a 13.5 mm diameter and 23 cm long pipette acting as a static column. Right after the

morphological measurements, the pipette was inserted and filled with water sampled at the

surface of the tank. An aggregate was then selected at the bottom and gently sucked up into

the pipette to the height of the water in the tank. The aggregate then sank freely in the column

for several centimeters, and the average sinking velocity was measured over a distance of 7 cm

at its apparent terminal velocity. Working directly inside the tanks avoided any transfer of the

aggregates likely to alter their structure. Only 1 measurement was done on each aggregate due

to their extremely fragile nature and the high probability of breaking, matter loss or structural

alteration occurring during repeated manipulations, which would have flawed the study.

The length and diameter of the pipette limited the influence of turbulence induced by ship

motion, which otherwise could be responsible for a bias in sinking velocity measurements. Nev-

ertheless, our column dimensions presented possible issues worthy of evaluation. Specifically, the

method would be in error if (1) wall effects affected aggregate sinking velocity without a clear

correlation with size, thus precluding a reliable correction, or (2) aggregates did not reach their

terminal velocity during settling. We determined the wall factor (f; Chhabra, 1995) defined as

the ratio between the assumed terminal velocity of a particle in our pipette to that in a 50 cm

high and 20 cm wide cylinder considered as an unbounded medium. Following the protocol of

Ploug et al. (2010), we made agar spheres of 0.4 to 1 cm, used as model particles and covering

most of the size range of our roller tank aggregates. The deviation to the Stokes’ law expecta-

tions for our pipette and large cylinder was assessed by the use of 1 mm polystyrene beads (Duke

Scientific, 4400A, 1004 ± 20 µm, ρ = 1.05 g cm−3) sinking in filtered seawater (temperature T

= 21◦C; salinity S = 34.57; dynamic viscosity µ = 105× 10−5 kg m−1s−1; ρsw = 1.0243 g cm−3).

Over more than 70 measurements, polystyrene beads sank at very similar velocities in the large

cylinder and pipette (mean ± SD: 941 ± 37 and 911 ± 51 m d−1, respectively) suggesting that

the pipette induced a negligible wall effect and permitted the particles to sink close to their ter-

minal velocity. At this water temperature and salinity, theoretical expectations from Stokes’ law
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for the minimum and maximum bead sizes possibly encountered in our batch (984 and 1024 µm)

led to sinking velocities of 862 and 933 m d−1, respectively, very close to our experimental values.

For larger particles, modeled by agar spheres, the pipette induced a wall effect well correlated

with size: f = −0.084 × ESD(mm) + 1.1 (n = 28, r2 = 0.98, p < 0.005). A correction based on

this correlation was applied on our aggregate sinking velocities. In addition, as a precaution, all

sinking velocity measurements of aggregates > 8 mm ESD (where the largest correction applies)

were excluded from the study. The correction augmented the measured values by 50 ± 30% on

average. It corresponded to an increase of 30 ± 29 m d−1 and represented a limited alteration

of the raw data, which extended over 2 orders of magnitude.

3.2.5 Chemical measurements

Each individual aggregate was collected in 10 ml of tank water and directly processed or stored

< 1 d at 2◦C in 15 ml Falcon tubes. These 10 ml were homogenized and then divided into

thirds for particulate organic carbon (POC), BSi and TEP measurements. Since each aggregate

was sampled along with 10 ml of tank water, these 3 components were also measured in the

tank water, and that amount was subtracted to yield the amount contained only within the

aggregate.

BSi was measured following the alkaline extraction and colorimetric analysis procedure of

Ragueneau et al. (2005). Subsamples were filtered onto 25 mm polycarbonate 0.4 µm pore filters,

dried at 60◦C in Eppendorf vials, sealed and stored at room temperature until analysis.

TEP were measured using a spectrophotometric method in accordance with Passow and

Alldredge (1995). Subsamples were filtered onto 25 mm polycarbonate 0.4 µm pore filters and

stained with 500 µl of a 0.02% aquaeous solution of Alcian blue in 0.06% acetic acid. The filters

were stored in Eppendorf vials and immediately frozen at -20◦C. Prior to analysis, all samples

were soaked onboard for 2 h in 6 ml of 80% H2SO4 to redissolve the stain. The absorbance

of the solution was measured at 787 nm with a spectrophotometer to quantify the TEP. The

calibration curve relating the absorbance to the amount of TEP was established in the laboratory

after the voyage with the remaining Alcian blue stock, using a protocol modified from Passow

and Alldredge (1995).

TEP determination is semi–quantitative, as the chemical composition varies and is mostly

unknown (Passow, 2012). The accuracy of measured TEP content depends on the ability of
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the batch of xanthan gum (XG) to behave like TEP during the calibration, and on variations

in Alcian blue staining properties between measurements done onboard and calibration done

in the laboratory. The use of different batches of XG or Alcian blue leads therefore to a high

variability and renders difficult quantitative comparisons between distinct works. Alcian blue is

a hydrophilic cationic dye that complexes with anionic carboxyl or halfester–sulfate groups of

acidic polysaccharides, and the selectivity of the stain depends on the pH and salt content of

the dye solution (Passow and Alldredge, 1995). These properties are of course altered during

the staining process, further influencing the possibility of variable or non–specific staining. In

addition, the ratio of non–TEP material potentially stainable by Alcian blue to strict TEP may

be higher in small or low TEP content samples.

POC content was determined by CHN elemental analysis using a Thermo Finnigan EA1112

Flash Elemental Analyser and acetanilide standards. Each subsample was filtered through a

Sartorius T293 13 mm quartz filter (polycarbonate filter holder) with a nominal pore size of 0.8

µm (precombusted at 450◦C for 4 h in clean foil to remove carbon contamination). The filters

were blown dry using filtered air and then transferred to a clean, gravity circulation oven and

dried at 50◦C for more than 48 h. On completion of the sample set, the dry filters were loaded

into silver 5 × 9 mm capsules (Sercon SC0037), acidified with 40 µl of 2 N HCl, dried for at

least 48 h at 60◦C, encapsulated and then stored over silica gel. Aggregate content in POM was

estimated from POC values assuming a POM:POC mass ratio of 1.87 (Anderson, 1995).

Particulate inorganic carbon (PIC), a potentially important ballast mineral, was not mea-

sured because analyses of particles collected by large volume filtration revealed PIC to be very

low, at levels that would have been below detection in the individual aggregates.

3.2.6 Microscope observations

Each aggregate reserved for microscopic observation was collected in Eppendorf vials in 1.5 ml

of tank water and preserved with 1 drop of Lugol’s solution. In the laboratory, the samples

were resuspended in 3 ml of artificial seawater and transfered to a microscopy chamber for

observation with a Zeiss Axio Observer A1 high–magnification inverted microscope. An average

of 60 pictures per sample was taken at several magnifications (×160, 320 and 640) to cover the

entire observable field. Pictures were used to identify numbers, sizes and genera (or species when

possible) of phytoplankton and other organisms. An average cell diameter (or maximum length
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for non–circular species) excluding the length of setae (spines) when present, was calculated by

sizing a few to > 10 specimens of the organism, depending on its abundance in the aggregate.

In order to investigate the potential influence of various phytoplankton morphological types on

the sinking velocity, proportions of chain diatoms without setae (e.g. Fragilariopsis spp. and

Eucampia antarctica) and small setae–forming diatoms (e.g. Chaetoceros spp.) were calculated.

For simplicity, we refer to chain diatoms without setae as ‘type 1’ and to small setae–forming

diatoms as ‘type 2’ in the rest of the text.

3.2.7 Multivariate analyses

Multiple regression analyses were conducted to quantify the relative contribution of size, as

opposed to the other factors measured, in the prediction of sinking velocity variations. All

analyses were performed using the statistical computing language and environment R. Since

chemical composition and phytoplankton type contents were analysed on 2 different sets of

aggregates, 2 distinct multiple regressions were carried out. The first model, fitted to the

chemical composition data (fit 1), regressed sinking velocity against projected area, volume,

ESD, Corey shape factor (CSF), aspect ratio (AR), and average mass fractions of BSi, POM

and TEP in aggregate solid contents; the second model, fitted to the phytoplankton data (fit

2), regressed sinking velocity against projected area, volume, ESD, CSF, AR, and average type

1 and type 2 phytoplankton cell fractions in aggregates.

Linear regressions were applied, and the relative contribution of the parameters to the corre-

lation was assessed by estimating the variation on the coefficient of determination (r2) induced

by removals of terms from the fit. To limit biases due to collinearity, parameters indicating the

same aggregate property (size, shape, chemical or phytoplankton composition) were grouped

and removed together. To identify aggregate properties playing the most important controls on

the sinking velocity, ANOVAs were performed; the 2 models containing all terms (fits 1 and 2)

were compared to the reduced models by a reduced sums of square F–test; with p < 0.05 used

as indicator of a significant change.
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3.3 Results

All morphological properties and compositions of the aggregates are reported in Table 3.1.

Comparisons of sinking velocity and several aggregate properties from morphology (AR and

CSF) to composition (BSi, TEP, POM and plankton content) were conducted to assess the

possible effect of sampling depth on aggregate properties. No significant statistical difference

was found between aggregates made from water sampled in surface layers and deeper layers

(1 > p > 0.45) for a selected sample of the measured properties (sinking velocity, shape, chemical

composition, phytoplankton content) and thus no distinction is made between these 2 aggregate

groups in the rest of the study.

3.3.1 Sinking velocity

Sinking velocity data, corrected for wall effects, ranged from 13 to 260 m d−1 (1 aggregate sank

at 569 m d−1 but this extreme value was excluded, along with all sinking velocity measurements

for aggregates > 8 mm ESD, as explained in ‘Materials and methods: Sinking velocity measure-

ments’). In Fig. 3.3, data from each site are compared to expectations from the Stokes’ law and

general sinking velocity models for porous fractal particles. For these expectations, theoretical

excess densities were calculated assuming 3 major solid components in fixed volume fractions

(TEP:0.3, BSi:0.2, POM:0.5). These proportions are based on measured values of BSi and POC

presenting the best scaling with size (see Fig. 3.6) and using a TEP:POC mass ratio of 0.7

(Alldredge, 1998; Martin et al., 2011). The theoretical porosity was scaled with size according

to a fractal relationship (Eq. 3.8).

TEP, BSi, POM and seawater densities were fixed at 800, 2000, 1060 and 1026 Kg m−3

respectively, according to documented values (Azetsu-Scott and Passow, 2004; Klaas and Archer,

2002). All calculations assumed a dynamic viscosity of 0.00135 kg m−1 s−1 chosen according to

the conditions existing in the tanks (T = ∼ 10◦C and S = 34).

Using the drag coefficient calculated at an observed data point from its sinking velocity

and size (called here ‘specific conditions’), the apparent Reynolds number for this particle was

determined by solving numerically the empirical relationship from White (1974), valid for a large

range of Re (0.5 < Re < 2× 105):
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CD =
24

Re
+

6

1 + Re0.5 + 0.4 (3.9)

The general model curves for other particle sizes were then calculated from this chosen

observed value and the linear proportionality between Re and size, i.e. as embedded in the

definition of the Reynolds number (Eq. 3.2).

The variation in the relationship between sinking velocity and size was explored for different

fractal dimension DF3, empirical constant a (Eq. 3.8), and specific conditions determining

distinct initial drag coefficients. Fig. 3.3A shows that the steepest slope is obtained for the

solid spheres (DF3 = 3) of the Stokes’ law model assuming a constant particle excess density.

The different general sinking velocity models display decreasing slopes for DF3 values from

1.8 to 1.2, leading to a possible decrease of the sinking velocity with increasing size for low

fractal numbers. This result suggests that for high fractal dimensions (compact aggregates) the

size exerts a stronger control on the sinking velocity than for lower fractal dimensions (loose

aggregates) and highlights the possible dominance of structure over size. For distinct specific

conditions (distinct initial drag coefficients; 1 and 2 on Fig. 3.3A) the solutions converge when

size increases, consistent with a decreasing influence of the drag coefficient in comparison to size.

Fig. 3.3B illustrates the sensitivity of the model curves to the empirical constant a, for 2

distinct fractal dimensions. The large variations of the curve slopes for a varying over several

orders of magnitude (0.001 to 100) and particularly for small values of a, suggests that an

accurate characterization of aggregate structure requires the fractal dimension to be used in

combination with the constant a.

Fig. 3.3C shows tight correlations between sinking velocity and ESD when considering each

site separately, suggesting the existence of site–specific parameters which alter the size–sinking

velocity relationship. The general sinking velocity models are compared to data from each

experiment with specific conditions of sinking velocity and ESD of each model corresponding to

an average of all data of the experiment considered, assumed to reflect its drag characteristics.

The best model fits to the data, agreeing with realistic values expected for marine snow, were

obtained by decreasing DF3 from 1.8 in experiments with the highest sinking velocities, to 1.2 in

experiments with the lowest sinking velocities. Data slopes were reproduced by the model curves
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Table 3.1: Composition and morphological parameters of aggregates (Agg.) made in roller tank ex-
periments conducted at 6 stations (Stn; see Fig. 3.2 for locations and sampling dates). Incub.: days of
incubation in each tank; l: length (max/min) of Agg.; ESD: equivalent spherical diameter; SV: sinking
velocity; BSi: biogenic silica; POC: particulate organic carbon; TEP: transparent exopolymeric particles;
XG: xanthan gum (table continued on next page)

Agg. Stn Depth Tank Incub. lmax lmin ESD SV BSi POC TEP Mean % chain % small
(m) # (d) (mm) (mm) (mm) (m d−1) (µmol) (µmol) (µg XG) cell diatom setae–

equi– diameter without forming
valent) (µm) setae diatom

1 E–3 30 1 3 12 9 9.2 569 3.6 10.6 488 – – –
2 | | 1 | 3 2 2.7 143 0.1 2.7 210 – – –
3 | | 1 | 4 2 2.6 149 0.1 0.9 199 – – –
4 | | 1 | 3 2 1.9 98 0.2 0.6 232 – – –
5 | | 1 | 5 1 2.2 114 0.1 1.0 199 – – –
6 | | 2 3.3 4 2 3.5 161 – – – 52 43 12
7 | | 2 | 6 3 4.3 220 – – – 54 65 5
8 | | 2 | 3 2 2.1 105 – – – 54 69 3
9 | 150 3 3.3 6 4 4.4 258 0.4 1.1 283 – – –
10 | | 3 | 10 3 4.6 168 0.9 4.5 150 – – –
11 | | 4 3.5 20 5 2.2 113 – – – 58 65 4
12 | | 4 | 10 1 4.6 109 – – – 69 55 0
13 F–L 20 1 1 7 4 5.2 135 0.6 1.6 272 – – –
14 | | 1 | 6 3 4.1 89 0.4 3.9 272 – – –
15 | | 1 | 10 6 5.6 127 1.9 4.7 439 – – –
16 | | 2 1 10 7 7.0 158 – – – 41 30 4
17 | | 2 | 4 1 1.6 58 – – – 48 23 12
18 | | 2 | 8 4 4.9 145 – – – 29 25 13
19 | 65 3 1 7 5 5.7 254 1.4 4.4 286 – – –
20 | | 3 | 5 3 3.7 96 0.2 1.1 209 – – –
21 | | 3 | 3 1 1.3 87 0.1 0.4 242 – – –
22 | | 4 1 12 6 7.4 203 – – – 32 13 32
23 | | 4 | 7 4 4.8 167 – – – 35 7 40
24 | | 4 | 4 2 2.1 79 – – – 41 5 36
25 E–4W 30 1 1.2 15 7 8.7 46 0.7 0.3 377 – – –
26 | | 1 | 15 12 10.3 66 1.0 0.8 377 – – –
27 | | 1 | 15 12 12.3 172 1.0 1.7 333 – – –
28 | | 2 1.3 10 7 7.0 17 – – – 34 14 56
29 | | 2 | 10 5 5.6 23 – – – 37 11 56
30 | | 2 | 8 6 5.6 23 – – – 36 18 37
31 | 80 3 1.3 8 4 4.6 23 0.5 0.5 109 – – –
32 | | 3 | 10 7 6.9 30 0.4 13.0 298 – – –
33 | | 3 | 10 7 7.1 13 1.0 1.8 287 – – –
34 | | 4 1.4 10 6 6.6 17 – – – 25 2 68
35 | | 4 | 13 8 9.1 60 – – – 38 10 44
36 | | 4 | 10 8 7.3 24 – – – 29 15 47
37 E–4E 30 1 1.1 11 6 7.8 240 1.1 2.0 166 – – –
38 | | 1 | 12 6 7.4 217 1.2 2.1 300 – – –
39 | | 1 | 5 3 4.1 145 0.5 2.4 133 – – –
40 | | 2 1.2 6 4 4.6 184 – – – 44 26 56
41 | | 2 | 7 5 5.5 173 – – – 58 40 17
42 | | 2 | 7 5 5.2 198 – – – 56 33 30
43 A3–2 30 1 1.2 7 5 5.7 74 0.5 2.1 60 – – –
44 | | 1 | 7 5 4.8 64 0.4 2.6 160 – – –
45 | | 1 | 8 3 4.2 20 0.2 1.2 160 – – –
46 | | 2 1.3 7 5 5.3 60 – – – 22 4 77
47 | | 2 | 6 4 4.0 46 – – – 22 8 48
48 | | 2 | 7 4 4.6 60 – – – 17 0 67
49 | 80 3 1.3 7 6 5.4 73 0.6 2.8 156 – – –
50 | | 3 | 7 3 3.6 49 0.6 1.8 289 – – –
51 | | 3 | 7 6 5.7 52 0.3 1.2 78 – – –
52 | | 4 1.4 8 7 6.7 59 – – – 14 2 81
53 | | 4 | 7 5 4.6 52 – – – 26 11 53
54 | | 4 | 7 6 5.8 37 – – – 17 2 85
55 E–5 30 1 2.7 8 6 5.7 80 0.7 4.0 335 – – –
56 | | 1 | 7 6 5.7 67 0.6 2.5 290 – – –
57 | | 1 | 5 3 3.6 46 0.2 4.2 68 – – –
58 | | 2 2.7 9 6 6.4 62 – – – 58 23 77
59 | | 2 | 8 6 5.5 40 – – – 76 9 48
60 | | 2 | 8 5 5.1 43 – – – 59 25 67
61 | 80 3 2.7 8 6 6.6 91 1.3 2.7 405 – – –
62 | | 3 | 5 3 3.7 72 0.3 3.1 138 – – –
63 | | 3 | 6 4 3.1 50 0.3 2.5 138 – – –
64 | | 4 2.8 5 3 3.8 75 – – – 92 40 14
65 | | 4 | 5 3 3.7 74 – – – 89 52 7
66 | | 4 | 7 3 4.6 60 – – – 80 25 25
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Figure 3.3: Sinking velocities (SV) of aggregates versus their equivalent spherical diameter (ESD) recorded at 6 stations,
and theoretical expectations. (A) Stokes’ law assuming a solid body with constant excess density (thick line: ∆ρ = 0.0014
g cm−3, DF3 = 3) and general sinking velocity models (thin and dashed lines) for porous fractal particles with porosity
scaled on size for fractal numbers of 1.2, 1.4 and 1.8 and 2 different specific conditions; 1: ESD0 = 1.5 mm, SV0 = 100
m d−1; 2: ESD0 = 2 mm, SV0 = 50 m d−1. (B) Sensitivity of the general sinking velocity model to different values of
coefficient a varying over 5 orders of magnitude from 0.001 to 100, for 2 fractal dimensions (dashed lines: DF3 = 1.8;
solid lines: DF3 = 1.2) and one set of specific conditions: ESD0 = 1.5 mm, SV0 = 100 m d−1. (C) Data for each station
(symbols) compared to general sinking velocity models (solid lines) with coefficient a fixed at 0.01 and different DF3 values
(E–3, F–L, E–4E: DF3 = 1.8; A3–2, E–5: DF3 = 1.4; E–4W: DF3 = 1.2). Filled circles: specific conditions for each model;
dashed lines: best fits to data (1 outlier excluded from A3–2 fit). E–3: y = 71 × 0.63 (n = 11, r2 = 0.49, p < 0.05); F–L:
y = 53× 0.61 (n = 13, r2 = 0.67, p < 0.005); E–4W: y = 53×−0.52 (n = 8, r2 = 0.1, p = 0.46);E−−4E : y = 66× 0.62(n =
6, r2 = 0.8, p < 0.05); A3–2: y = 36× 0.26(n = 11, r2 = 0.5, p = 0.5); E–5: y = 45× 0.2(n = 12, r2 = 0.4, p = 0.55)
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with variable accuracy, suggesting that fractal structure may have varied from one experiment

to another.

3.3.2 Morphology and fractal numbers DF1 and DF2
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Figure 3.4: Shape descriptors versus equivalent spherical diameter (ESD) for roller tank aggregates
(one very long ‘comet–shaped’ aggregate excluded) and natural aggregates collected in polyacrylamide
gel sediment traps deployed during KEOPS2. (A) Aspect ratio (AR) and (B) Corey shape factor (CSF)
are in the same range of values for the 2 categories of aggregates

Aggregates formed in roller tanks had similar shapes to aggregates collected in polyacry-

lamide gel–filled sediment traps at similar times and locations (Fig. 3.4). Maximum lengths

ranged from 3 to 20 mm, and projected areas from 1.3 to 118 mm2, leading to ESD of 1.3 to

12.3 mm (Table 3.1) and volumes of 1.1 to 965 µl. Their aspect ratios extended from 1.03 to

4.15, except one very long ‘comet–shaped’ aggregate with an extreme value of 13. The Corey

shape factors ranged from 0.26 to 0.95. Overall, aggregates produced in roller tank experiments

were bigger than natural aggregates (ESD: ∼0.1 to 1.4 mm). This is the result of our choice to

maintain incubations over a duration long enough to provide sufficient material for the chemical

measurements.

Fractal numbers DF1 and DF2 of aggregates produced in roller tanks were 1.49 ± 0.16 and

1.82 ± 0.18 respectively (Fig. 3.5) and also close to those of natural aggregates calculated with

the same method (DF1 = 1.25 ± 0.006 and DF2 = 1.86 ± 0.015) suggesting similar fractal

structure.
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Figure 3.5: Fractal numbers of (A,B) roller tank aggregates (one very long ‘comet–shaped’ aggregate
excluded) and (C,D) natural aggregates collected in polyacrylamide gel sediment traps deployed during
KEOPS2 at the same sites. 1– and 2–dimensional fractal numbers (DF1 and DF2): calculated from the
slope of the relationships between perimeter (A,C) and area (B,D) versus their Feret’s diameter. On each
panel: best fit lines, fractal numbers (±95% CI) and regression statistics. An area cut–off at 20 pixels2

was applied on gel trap data (visible in panel D) to exclude from the regression potential ‘fake particles’
deriving from small gel imperfections

3.3.3 Solid components (BSi, POC, TEP)

The amount of BSi in aggregates increased with size with values ranging from 0.09 to 3.6 µmol

(Fig. 3.6). Values of POC and TEP in aggregates ranged from 0.28 to 13 µmol and 60.5 to

488 µg XG equivalent, respectively. POC content in aggregates from the Stn E–4W experiment

presented a high variability compared to all other experiments. TEP content did not scale

with aggregate volume, possibly suggesting that only one–third of the volume of an aggregate

(subsampling in 3.3 ml; see ‘Materials and methods: Chemical measurements’) represented a

too small amount of matter to be detectable by the method used, especially for the smallest

aggregates. This study aimed to obtain a complete set of chemical analyses conducted on single

aggregates, which unfortunately constrained the analyses to single measurements on amounts

well under the usual limits. Replicate measurements and on larger particles would have probably

increased the accuracy of TEP measurements, but limited the applicability of our results to

natural conditions where smaller particles dominate.
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Figure 3.6: Chemical component abundances in aggregates vs. volume. (A) Biogenic silica (BSi);
(B) particulate organic carbon (POC); (C) transparent exopolymer particles (TEP; µg xanthan gum
equivalent). Best fit lines: BSi, y = 0.07× 0.49;n = 34; r2 = 0.65; p < 0.0001; POC, y = 0.58× 0.35;n =
28; r2 = 0.44; p < 0.0005. (∗): scattered Stn E–4W values excluded from the fit. (◦): all other data.
Error bars: 10% uncertainty

3.3.4 High–resolution pictures and phytoplankton content

Aggregates from different sites displayed diverse aspects, colors and apparent compositions as

shown in high–resolution pictures (Fig. 3.7). Similar observations were done on natural particles

collected in polyacrylamide gel traps at the same sites. Aspects ranged from compact yellow

aggregates (e.g. Fig. 3.7A,B & G) to very fluffy, green and fragile aggregates (e.g. Fig. 3.7C,E

& H). Microscopic observations revealed distinct phytoplankton species assemblages composing

the roller tank aggregates (Fig. 3.7J–L). The proportion and average sizes of phytoplankton

cells for the main species or genera identified in the aggregates are reported in Table 3.2. The

largest average proportions of the total organisms counted in all aggregates in descending order

were Chaetoceros subgenus Hyalochaete spp. (mean ± SD: 27 ± 24%); Fragilariopsis spp. (19
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± 20%) including the species kerguelensis and rhombica; small centrics represented mainly by

Thalassiosira spp. (13 ± 15%); Pseudo–nitzschia spp. (11 ± 7%); and Eucampia antarctica

(7 ± 8%). The average cell diameter measured over each species ranged from 13.6 ± 1.94 to

91.8 ± 23.3 µm. Phytoplankton classified as type 1 (see ‘Materials and methods: Microscopic

observations’) ranged from 0.24 (Stn A3–2) to 70% (Stn E–3) of total organisms counted in

aggregates. Type 2 represented 0 (Stn E–3) to 84.8% (Stn A3–2).

3.3.5 Sinking velocity controls

Results of the multiple regression analyses (Table 3.3) suggest that chemical composition and

phytoplankton cell length and type predict the largest part of sinking velocity variations, over-

coming the effect of aggregate size or shape. A decrease in the coefficient of determination (r2)

of 0.26 and 0.32 was induced by the removal of chemical composition and phytoplankton type

terms, respectively. ANOVA F–tests revealed that models reduced from chemical composition

and phytoplankton types were significantly different from the initial models (p < 0.05). Con-

versely, the removal of aggregate size terms from fits 1 and 2 led to decreases in r2 of 0.17 and

0.12 respectively. The removal of aggregate shape terms from fits 1 and 2 induced decreases

of r2 of 0.09 and 0.03 respectively. None of the models reduced from size or shape terms were

significantly different from the complete models.

Two additional multiple regressions were performed to identify which of chemical composi-

tion or phytoplankton types presented the best correlation to sinking velocity. This was done by

removing aggregate size and shape parameters at the same time from the initial fits (Table 3.3

bottom row), leaving chemical composition and phytoplankton type as unique aggregate proper-

ties in fit 1 and fit 2, respectively. A better fit was obtained when sinking velocity was regressed

against phytoplankton types than against chemical composition (n = 30; r2 = 0.36; p < 0.05,

and n = 31; r2 = 0.21; p < 0.5, respectively).

In addition, data of shape (Corey shape factor and aspect ratio) and solid content (BSi,

TEP, POM) were explored separately by site (Fig. 3.8A–E). Results suggest that shape and

chemical composition are not site–dependent and exert no clear influence on the sinking velocity.

According to our main hypothesis, dominant phytoplankton cell size and morphological types

were further investigated as indirect controls of the sinking velocity (Fig. 3.8F–H). The clustering

of data from each site suggested that dominant phytoplankton type was a site–dependent factor
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Figure 3.7: Pictures of (A–F) roller tank aggregates formed at each station and (G–I) natural marine
snow collected in polyacrylamide gel traps at the same locations (note the similarities in aspect, shape
and compactness between natural particles and those formed in roller tanks at the same sites). (J–L)
Pictures showing distinct phytoplankton assemblages in roller tank aggregates from Stns E–3 (Fragilar-
iopsis spp., Corethron pennatum and centric diatoms), A3–2 (Chaetoceros subgenus Hyalochaete spp.,
small centric diatoms and Pseudo–nitzschia spp.), and E–4W (Pseudo–nitzschia spp. and Chaetoceros
subgenus Hyalochaete spp.) respectively
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possibly influencing the sinking velocity. The cell length appeared to apply a moderate influence

since aggregates where the largest cells were observed had intermediate sinking velocity (Stn E5)

and aggregates sinking faster and slower than 100 m d−1 contained in average cells having similar

length (mean ± SD: 48 ± 12 and 43 ± 25 µm, respectively). However, aggregates sinking faster

than 100 m d−1 had high proportions of Eucampia antarctica and Fragilariopsis spp. (type

1; mean ± SD: 39 ± 21%) and low proportions of Chaetoceros spp. (type 2; 18 ± 18%). In

contrast, aggregates sinking slower than 100 m d−1 had low proportions of type 1 (15 ± 13%)

and high proportions of type 2 (44 ± 24%).
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Figure 3.8: Influence of shape, chemical composition and phytoplankton morphology on sinking velocity
(SV). (A–E) Aspect ratio (AR), Corey shape factor (CSF), transparent exopolymer particles (TEP),
biogenic silica (BSi), and particulate organic matter (POM) mass proportion in solid content, respectively.
(F) Average cell length in aggregates; (G,H) proportion in aggregates of chain diatoms without setae (type
1; Fragilariopsis spp. and Eucampia antarctica) and small setae–forming diatoms (type 2; Chaetoceros
spp.) respectively. There is no clear influence of shape or chemical composition. Data clustering of
morphological properties of phytoplankton at each station suggests a control by phytoplankton cell type.
High proportions of type 1 (39 ± 21%) and low proportions of type 2 (18 ± 18%) diatoms are observed
in aggregates sinking faster than 100 m d−1. The opposite is found for aggregates sinking slower than
100 m d−1 (type 1: 15 ± 13%; type 2: 44 ± 24%)

3.4 Discussion

Our image analyses suggested that the structure of aggregates produced in roller tanks were

similar to those of natural aggregates collected in gel traps during KEOPS2. The fractal numbers
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3.4. DISCUSSION

Table 3.3: Multiple regression analyses statistics: relative contribution of aggregate properties to sinking
velocity (SV) variations. Parameters investigated: aggregate size, shape, chemical composition (BSi,
POM and TEP average mass fraction in solid content) and average phytoplankton type in aggregates.
New r2 and p–values (variations in parentheses) after removal of terms from the initial complete fits (1
and 2) are given. Initial and reduced models are compared by performing ANOVA F–tests. Significant
modification of the initial model are in bold (p < 0.05) and show the importance of the terms removed in
sinking velocity variations. Type 1 and 2: average proportion (%) of (1) chain diatom cells without setae
and (2) small setae–forming diatom cells in aggregates, respectively. ESD: equivalent spherical diameter;
CSF: Corey shape factor; AR: aspect ratio; BSi: biogenic silica; POM: particulate organic matter; TEP:
transparent exopolymeric particles

Terms removed from the fit Fit 1 Fit2
New r2 New F–test New r2 New F–test

p–value p–value p–value p–value
Size (projected area, volume, ESD) 0.25 (-0.17) 0.13 (+0.03) 0.17 0.38 (-0.12) 0.03 (-0.01) 0.22
Shape (CSF, AR) 0.33 (-0.09) 0.1 0.25 0.47 (-0.03) 0.02 (-0.02) 0.51
Chemical composition (BSi, POM, TEP) 0.16 (-0.26) 0.54 (+0.44) 0.03 – – –
Phytoplankton (cell length, type 1, type 2) – – – 0.18 (-0.32) 0.4 (+0.36) 0.01
Size + shape 0.21 (-0.21) 0.15 (+0.05) 0.27 0.36 (-0.14) 0.01 (-0.03) 0.5

Fit1: SV = f(projected area+volume+ESD+CSF+AR+BSi+POM+TEP); n = 30; r2 = 0.42; p = 0.1
Fit2: SV = f(projected area+volume+ESD+CSF+AR+cell length+type1+type2); n = 31; r2 = 0.5; p = 0.04

DF1 and DF2 were close to those of natural particles, suggesting that aggregation processes in the

roller tanks were somewhat similar to those acting in the water column. This is an encouraging

result toward the applicability of this experiment to natural conditions, but needs considerable

caution, especially since roller tank experiments have been previously shown to poorly simulate

natural aggregation processes and should not be used for quantitative studies (Jackson, 1994).

Aggregates formed in the roller tanks were consistently bigger than natural aggregates collected

in gel traps. One major feature of roller tank experiments which differs from natural conditions

is that fast–sinking particles cannot escape from the tank and tend to form continuously larger

particles until complete clearing of the water. Thus, the size of aggregates formed in roller

tank experiments depends mainly on the duration of incubation. However, the main objective

here was to form marine snow aggregates from a natural mixture of phytoplankton and test if

variations in their composition and structure was related to sinking velocity variations. Even if

aggregates formed in this experiment were far from natural particles encountered at the same

sites (which does not seem to be the case according to our observations) they still can serve as

model aggregates to identify factors altering the size–sinking velocity relationship.

While the overall correlation between sinking velocity and particle size is quite weak in our

results, several sites exhibited reasonably tight correlations (Fig. 3.3C) and with slopes reason-

ably close to those expected from general sinking velocity models. This suggests that differences

in the initial compositions might be responsible for the overall weak correlation observed when

combining all aggregates from distinct sites. A match between size–sinking velocity model curves
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and experimental data from each site was obtained by varying the fractal dimension, indicator

of particle compactness. In combination, these 2 results suggest that distinct particle sources

sampled at different sites formed aggregates having different composition, structure and sinking

velocity. Also, the size–sinking velocity relationship appears to be preserved for the most com-

pact aggregates, suggesting that a reduction of the porosity could restore size as a controlling

factor. Iversen and Ploug (2010) compared size–sinking velocity relationships for different types

of aggregates formed from different primary particles. They also noted a correlation of sinking

velocity with size only within homogeneous sources of aggregates, but when compared across

different aggregate composition, the sinking velocity appeared size–independent.

Overall, our results suggested a poor contribution from size, shape or chemical composition

in aggregate sinking velocity variation among sites. The multiple regression analyses performed

(Table 3.3) showed that among all the aggregate properties tested in our experiment, phyto-

plankton cell type seemed the best property to explain sinking velocity variation. The 2 distinct

morphological categories that we selected (type 1: Eucampia antarctica and Fragilariopsis spp.;

and type 2: Chaetoceros spp.) could have influenced the sinking velocity either by ballast effect

(Iversen and Ploug, 2010; Miklasz and Denny, 2010; Ploug et al., 2008; Waite et al., 1997a),

or by influencing aggregate structure through distinct aggregation processes. The absence of

correlation between BSi mass fraction in aggregate solid content (Fig. 3.8D) suggests that a

ballast effect did not explain a large part of sinking velocity variation; the observed increase

in BSi with aggregate volume (Fig. 3.6) as expected for diatom aggregates, suggesting reliable

measurements for this component.

Setae are known to promote phytoplankton coagulation by increasing the efficiency of ‘me-

chanical’ sticking upon contact (Alldredge and Gotschalk, 1989; Kiorboe et al., 1990). Stickiness

(i.e. the probability that 2 particles become attached upon collision) has been demonstrated to

be species–specific (Alldredge et al., 1995; Crocker and Passow, 1995; Kiorboe et al., 1990), and

Waite et al. (1997b) noted that spine formation, cell surface bound sugars, and TEP controlled

phytoplankton cell stickiness and played a role in determining aggregate structure via coagu-

lation processes. High sticking efficiency is not subject only to cell morphology and depends

on various other factors including TEP production, which plays a central role in coagulation

(Dam and Drapeau, 1995; Jackson, 1995; Kiorboe and Hansen, 1993; Thornton, 2002). Cell

concentration and size have also been demonstrated to be critical parameters for coagulation
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processes during algal blooms (Jackson, 1990); high algal concentration increases the probability

of encounter, and thus a high coagulation efficiency, provided that cell stickiness is sufficiently

high and the cells are sufficiently large.

Logan and Wilkinson (1990) used fractal geometry to test if colloidal aggregation mecha-

nisms, well described for inorganic particles, were applicable to marine snow aggregates. They

suggested that different types of aggregates form as a function of different particle stickiness and

thus collision efficiencies. If the probability of sticking upon collision is high, cells will efficiently

stick when they encounter and form highly porous and tenuous structures (diffusion–limited

aggregation or DLA). In contrast, if several collisions are required, then more solid and com-

pact aggregates are formed (reaction–limited aggregation or RLA). Meakin (1991) suggested

that the processes forming marine aggregates are likely to correspond closely to the diffusion-

and reaction–limited cluster–cluster aggregation mechanisms described for colloids. Aggregates

formed through these 2 mechanisms may thus have distinct compactness affecting their sinking

velocity.

To explore further the hypothesis that species–specific coagulation efficiencies were respon-

sible for different aggregate compactness influencing the sinking velocity, we widened our mor-

phological classification (type 1 and 2) to include the most and second most abundant phyto-

plankton genera in our samples (Table 3.2). Overall, 6 species dominated aggregate composi-

tion: Chaetoceros (Hyalochaete) spp., Pseudo–nitzschia spp., Fragilariopsis spp., E. antarctica,

Thalassionema nitzschioides and small centrics. Chaetoceros (Hyalochaete) spp. was classified

as type 2, along with Pseudo–nitzschia spp., (even though not producing setae) due to their

morphology facilitating attachment upon collision; Fragilariopsis spp., E. antarctica, T. nitzs-

chioides and small centric diatoms were classified as type 1. A strong linear relationship was

found between the average proportion of phytoplankton cells of type 2 and the average sinking

velocity recorded at each station (Fig. 3.9; Stn E–4E was considered an outlier, rejected at

95% confidence and excluded from the fit). In contrast to other aggregates, Stn E–4E particles

contained a relatively large abundance of fecal pellets (Fig. 3.7D). Because fecal pellets are

tightly packaged material formed by biological aggregation, this may have increased aggregate

density and compactness and thus altered the relation between dominant phytoplankton types

and aggregate sinking velocity. Certainly fecal pellets on their own are known to have high

densities and sinking velocities (Fowler and Small, 1972; Small et al., 1979; Yoon et al., 2001).

114



Ecosystem controls on carbon export efficiency over the Kerguelen Plateau

This result emphasizes the complexity of controls on the sinking velocities of marine snow and

the importance of ecological considerations, suggesting that controlling factors may vary at very

small spatio–temporal scales.
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Figure 3.9: Relationship between the average sinking velocity (SV) of aggregates from each station and
the average proportion of phytoplankton (phyto.) cells in aggregates that had a morphology facilitating
attachment upon collision (type 2; see ‘Discussion’). Stn E–4E was excluded from best fit line calculation.
Error bars: 1 SD

The variations in the dominance of the 2 phytoplankton types appears to have some relation-

ship to biomass levels at the different stations, and perhaps to the intensity of iron fertilization.

For instance, Stns A3–2 and E–4W, where the genus Chaetoceros subgenus Hyalochaete was

dominant, displayed high biomass — characteristic of bloom conditions — and are known to be

under the influence of natural iron fertilization (Bowie et al., 2014; Quéroué et al., 2015; van der

Merwe et al., 2014). Conversely, Stn E–3 was largely dominated by the ribbon–chain diatom

Fragilariopsis spp. and was in a central region of moderate biomass with less iron enrichment.

Evaluating the generality of our results will require observations on aggregates across vary-

ing levels of total biomass and ecological community structure. When comparing these environ-
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ments, it is important to note that phytoplankton community composition and total biomass can

have somewhat independent effects on aggregate sinking velocities; i.e. even for setae–forming

species, if biomass is sufficient for aggregation to continue until very large particles are formed,

then high sinking velocities can still be obtained. This could explain the EIFEX iron fertilization

experiment results, during which the setae–forming diatom C. dichaeta was abundant, and for

which transmissometry profiles were interpreted as representing cm–sized aggregates sinking at

rates >500 m d−1 (Smetacek et al., 2012). These results are compatible with the perspectives

developed here, to the extent that the very large size of the aggregates could have outweighed the

expectation of low sinking velocities for aggregates formed from this species. Without any direct

observations on either the aggregates or their sinking velocities during EIFEX, it is of course

possible that other factors were at play, such as the myriad of influences on sinking velocities as

summarized in the introduction, and the diverse nature of deep ocean particles, including living

organisms (Silver and Gowing, 1991).

From a cautionary perspective, this study emphasizes that predictions of marine snow sinking

velocity should not be based only on size parameterizations, and certainly should not assume

that sinking velocities will always increase with size. Further studies may eventually identify

those phytoplankton types which are most readily assembled into rapid sinking aggregates, by

either physical or biological aggregation, as a path towards greater predictability of carbon

export and biological pump efficiencies.
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4.1. INTRODUCTION

4.1 Introduction

The fifth assessment report from the Intergovernmental Panel on Climate Change (IPCC) linked

with an unprecedented level of confidence the accelerated increase of atmospheric pCO2 to

anthropogenic activities since the pre–industrial era (IPCC, 2014). The report qualified this

increase as extremely likely (95–100% likelihood) to be responsible for more than half of the ob-

served increase in global mean surface temperature from 1951 to 2010 (Bindoff et al., 2013). The

global ocean moderates this dangerous increase by absorbing about 2.0± 1.0 Gt of atmospheric

carbon dioxide each year (Takahashi et al., 2009). Estimates suggest that this oceanic carbon

pump stores approximately one–third of the total annual anthropogenic emissions (Sabine et al.,

2004), with about half of it taken up by the Southern Ocean alone, south of 30°S (Takahashi

et al., 2012).

The total oceanic carbon pump includes physically- (termed ‘solubility pump’) and biologically–

mediated processes. The Biological Carbon Pump (BCP) represents the biologically–mediated

processes responsible for the downward transfer of organic carbon produced in the well–lit sur-

face ocean to the deep layers via the sinking of organic particles, and its eventual sequestration

for geological time scales (Lam et al., 2011; Volk and Hoffert, 1985). Estimations suggest that

the BCP could be responsible for approximately two–thirds of the global oceanic carbon pump

but large uncertainties remain on the relative contributions of the physical and biological compo-

nents of the pump (Gruber and Sarmiento, 2002; Passow and Carlson, 2012; Reid et al., 2009).

Climate change is expected to alter the efficiency of the BCP (Bopp et al., 2013; Le Quéré

et al., 2009; Passow and Carlson, 2012; Turner, 2015) and the largely unknown modes and con-

sequences of this alteration, possibly exacerbating the rate of climate change, are crucial issues

that need to be addressed urgently. For these reasons, major research efforts have been placed

on understanding its controlling factors, and especially in the Southern Ocean.

The efficiency of the BCP can be expressed as the fraction of the total carbon fixed by

photosynthesis in the surface ocean that is exported out of the euphotic zone (EZ). It has also

been defined as the amplitude of the nutrient depletion that the BCP creates in the surface

ocean (Sarmiento and Gruber, 2006). Wide variations in carbon export efficiency (over approx-

imately one order of magnitude) occur at large and short spatio–temporal scales (Buesseler,

1998; De La Rocha and Passow, 2007; Henson et al., 2015; Honjo et al., 2008; Neuer et al.,
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2002), and no clear consensus has been found to explain such variations. The efficiency of the

BCP is expected to be related to surface productivity, but relevant studies conducted in varying

ecological conditions (framed by the spatio–temporal context), reported discrepancies between

surface production and related carbon export flux, leading to either positive, negative or lack

of correlations between surface production and associated export efficiency (Betzer et al., 1984;

Buesseler, 1998; Cavan et al., 2015; Dunne et al., 2005; Laws et al., 2000; Maiti et al., 2013; Pace

et al., 1987; Suess, 1980; Wassmann, 1990). Many possible explanations have been suggested

in these studies and others, including variations in planktonic communities, food web structure,

grazing intensity, bacterial activity and potential importance of phytoplankton resting stages as

vectors of carbon to depth (Buesseler and Boyd, 2009; Giering et al., 2014; Salter et al., 2012;

Wassmann, 1998). The important role of planktonic communities in export processes has been

suspected since the 1990’s, and extensively studied since then (Boyd and Newton, 1995; Boyd

et al., 1999; Guidi et al., 2009; Richardson and Jackson, 2007). However, the exact modes of

the leverage that planktonic community structure exerts on export efficiency still remain unclear.

More recently, observed variations of exported particle types have been related to variations

of planktonic community structure and trophic relationships. The suspected influence of plank-

ton communities on carbon export efficiency has been explained through the control that trophic

structure could exert on the relative fractions of sinking particle and their varying properties

leading to differing abilities to export carbon (Ebersbach and Trull, 2008; Ebersbach et al., 2011;

Laurenceau-Cornec et al., 2015b; Wiedmann et al., 2014) (Chapter 2). The two main modes of

carbon export are: (i) direct, through the physical aggregation of phytoplankton cells and their

subsequent sinking in the form of large phytodetrital aggregates, and (ii) through biological

aggregation of grazed phytoplankton cells and their sinking in the form of dense zooplankton

fecal pellets (Turner, 2015, and references therein). The efficiency of sinking particles to export

carbon rely mainly on their sinking velocities (SV) which control the duration of exposure to

remineralisation processes (Boyd et al., 1999; Karl et al., 1988; Martin et al., 1987). Param-

eterisation of sinking velocity used to estimate carbon fluxes in most biogeochemical models,

assumes either constant values or scaled on size, excess density and/or depth based on empirical

relationships (Baird and Emsley, 1999; Boyd and Stevens, 2002; Gehlen et al., 2006; Kriest and

Evans, 1999; Kriest and Oschlies, 2008, 2013; Losch et al., 2014; Pasquer et al., 2005). However,
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recent work has shown that size is not always the main controlling factor of the sinking velocity.

For instance, phytoplankton morphological types (e.g. with or without spines), through their

influence on particle formation and structure may indirectly control large phytodetrital aggre-

gate sinking velocities (Iversen and Ploug, 2010; Laurenceau-Cornec et al., 2015a) (Chapter 3).

Based on this, the observed variations between net primary productivity (NPP) and associated

carbon export flux could be related to phytoplanktonic community composition via their influ-

ence on the nature of the detrital particles produced by the ecosystem. Here we explore the

degree of coupling between ecosystem structure and carbon export by focusing on the composi-

tion of the detritus produced by plankton communities. More specifically we test the hypothesis

that changes in the composition of detritus, closely related to seasonal shifts of surface plank-

ton communities, leads to significant modification of detritus sinking velocities and subsequent

alteration of the efficiency, amplitude and timing of carbon export.

To explore the possible influence of different planktonic community structure on the effi-

ciency of carbon export, a complex three–dimensional (3–D) coupled physical–biogeochemical

(BGC) model was used. Spatio–temporal variations of planktonic community compositions were

obtained by forcing the BGC module with meteorological and physical data from the Southern

Ocean Time Series (SOTS) site where an extensive database is available (see Section ‘Model

Description’). The SOTS site in the Sub–Antarctic Zone (SAZ) has seasonal cycles similar

to the region north of the polar front (PF) over the Kerguelen Plateau. Within this physical

framework, biogeochemical features characteristic to the Kerguelen Plateau area were used in

the initial conditions of the model (e.g. nutrient profiles). The initial model with a constant

detritus sinking velocity was modified to incorporate variable sinking velocities. Specifically,

detritus sinking velocities were calculated from the relative contributions of small and large

phytoplankton and zooplankton fluxes to the detritus pool. The detritus sinking velocity was

then calculated at each time step integrating all spatio–temporal changes of plankton commu-

nities. This resulted in 4–D variations of the detritus sinking velocity with latitude, longitude,

depth and time, which allowed exploration of how small variations of planktonic community

structure affect carbon export efficiency.
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4.2 Model description

The physical and biogeochemical modules are parts of the Ecosystem Modelling Suite (EMS)

developed by the Environmental Modelling group at CSIRO (Commonwealth Scientific and

Industrial Research Organisation, Australia), division of Marine and Atmospheric Research

(CMAR). A short description of the model is made here in the context of our study, but more

details on the different modules of the EMS can be found at:

http://www.emg.cmar.csiro.au/www/en/emg/software/EMS.html.

A 3–D coupled physical–BGC model was needed here to simulate complex variations of

plankton communities over space and time controlled by trophic interactions. The BGC module

is a widely used generic model of plankton ecosystem dynamics. Most of the parameterisation

was done to allow alternative modes of carbon export (direct or through the trophic chain)

depending on planktonic community composition. The introduction of a variable sinking velocity

based on detritus composition was used as a simple tool to closely link planktonic community

variations to carbon export efficiency. The relationship used constrained the detritus dominated

by small phytoplankton, large phytoplankton or zooplankton fecal material, to sink at variable

velocities accounting for the relative contributions of these different components to the detritus

pool.

4.2.1 The physical module: SHOC

The physical module is the Sparse Hydrodynamic Ocean Code (SHOC). It is a finite difference

hydrodynamic model resolving water velocity, temperature, salinity, density, passive tracers,

mixing coefficients and sea level over three dimensions. The model is driven by inputs of winds,

atmospheric pressure gradients, surface heat and water fluxes and has open boundary conditions.

Here, SHOC was run for 9 years (2002 to 2011), at the SOTS area southwest of Tasmania, near

140°E, 47°S (Figure 4.1). In this area an extensive physical dataset at high temporal resolution

is provided by mooring facilities operated through the Integrated Marine Observing System

(IMOS) (Trull et al., 2010). SHOC boundaries were defined by nesting the model in version

3 of the eddy–resolving Bluelink Ocean ReANalysis (BRAN3) model, which resolves three-

dimensional time–varying circulation in the Australian sector of the Southern Ocean (Oke et al.,

2013). SHOC output are structured in latitude × longitude grids of 20 × 20 cells, and over 30
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depths from 1 to 1110 m. It provides horizontal resolution of 0.11° longitude and 0.08° latitude.

Vertical resolution decreases exponentially with depth (19 m between the two shallowest cells

compared to 135 m between the two deepest cells).

Figure 4.1: Location of the Southern Ocean Time Series (SOTS) region on a map of the summer
(Dec. – Mar.) mean Sea Surface Temperature (SST) from the MODIS Aqua satellite (NASA), for the
years 2002 to 2011. Surface geostrophic velocities (arrows) derived from sea surface height (m; light blue
contours) are represented for the period January 2002 to January 2011 [data from the Integrated Marine
Observing System (IMOS)]. Main Southern Ocean fronts based on Orsi et al. (1995), are also indicated.
STF: Sub–tropical front (black line); SAF: Sub–Antarctic front (red line); PF: Polar front (green line).

4.2.2 The biogeochemical model

The BGC model is a Nutrient Phytoplankton Zooplankton Detritus (NNPPZZDD) model (Fig.

4.2), in which dissolved and particulate biogeochemical tracers are advected and diffused through-

out the model grid in the same manner as temperature and salinity.

Biogeochemical processes are organised into phytoplankton and zooplankton growth and

mortality, detritus remineralisation, and fluxes of dissolved tracers. Primary production is de-

termined by the availability of dissolved nutrient and Photosynthetically Available Radiation

(PAR). The food web includes primary producers and herbivores with simple trophic interactions
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Figure 4.2: Conceptual diagram of the coupled physical–biogeochemical model showing the forcing
of the BGC module by the physical module. The nutrient compartment (N) is composed of dissolved
inorganic (DI) and organic (DO) matter [C: Carbon; N: Nitrogen as the sum of nitrates (NO3) and
ammonia (NH4)]. The phytoplankton (P) and zooplankton (Z) compartments are composed of two size
classes (small and large). Detritus is partitioned into labile and refractory detritus. Arrows represent
the different fluxes between compartments and the processes involved. µ: growth; g: grazing; ml:
phytoplankton natural linear mortality; mq: zooplankton natural quadratic mortality; γZ : fraction of
zooplankton growth efficiency lost to the detritus; nitr.: nitrification; remin.: remineralisation. Fluxes
and compartments used in the calculation of the variable detritus sinking velocity (SVDet) are indicated
in red: fPS/PL

: fractions of small and large phytoplankton (PS and PL) mortality fluxes to the detritus;
fP/Z : fractions of total phytoplankton and zooplankton mortality fluxes to the detritus.

based on small and large zooplankton (ZS and ZL) grazing respectively on small and large phy-

toplankton (PS and PL). Grazing rates are determined by the encounter rates between predator

and prey, and maximum ingestion rates. Half of the fraction of grazed phytoplankton not used

for growth (1 - growth efficiency), is lost to labile detritus, while the other half is released as

dissolved inorganic carbon (DIC) and ammonia (NH4). Other fluxes adding to the labile detritus

compartment include a proportion of biomass associated with phytoplankton and zooplankton

mortality. A fraction of labile detritus is converted to refractory detritus and fractions of labile

and refractory detritus break–down to dissolved organic matter (DOM) at different rates (faster

for labile and slower for refractory). Dissolved organic matter is finally remineralised at the

slowest rate. Parameters and constants used in the biogeochemical processes are reported in

Table 4.1. State and derived variables are reported in Table 4.2. Rate equations relevant to this

study are detailed in the following sections. NH4 and NO3 concentrations, phytoplankton (P )
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and zooplankton (Z) biomass, and detritus (Det) are updated at each time step (∂t) by the fol-

lowing processes: phytoplankton growth and mortality (Pgrow. and Pmort.), zooplankton growth

and mortality (Zgrow. and Zmort.), detritus remineralisation (remin.) and sinking (sink.), and

nitrification (nitr., not shown here). A brief description of the biogeochemical processes updat-

ing each state variables is given for the phytoplankton and zooplankton growth and mortality,

putting the emphasis on the fluxes between the NPZD compartments (Fig. 4.2).

∂[NH4]

∂t
= −∂[NH4]

∂t Pgrow.

+
∂[NH4]

∂t Pmort.

+
∂[NH4]

∂t Zgrow.

+
∂[NH4]

∂t Zmort.

− ∂[NH4]

∂t nitr.
(4.1)

∂[NO3]

∂t
=
∂N

∂t
− ∂[NH4]

∂t
(4.2)

∂P

∂t
= +

∂P

∂t Pgrow.

− ∂P

∂t Pmort.

− ∂P

∂t Zgrow.

(4.3)

∂Z

∂t
= +

∂Z

∂t Zgrow.

− ∂Z

∂t Zmort.

(4.4)

∂Det

∂t
= +

∂Det

∂t Pmort.

+
∂Det

∂t Zmort.

+
∂Det

∂t Zgrow.

− ∂Det

∂t remin.
− ∂Det

∂t sink.
(4.5)

Phytoplankton growth and mortality

In the model, plankton physiological processes depend upon temperature and are scaled on

allometric relationships. The phytoplankton growth and mortality model equations are given

below. Equations where the phytoplankton structural biomass (P ) is used are valid for both

small and large phytoplankton.

∂N

∂t
= −ψDNN(1−R∗N )(P/mN ) (4.6)

∂P

∂t Pgrow.

= µmaxP R∗NR
∗
IP (4.7)

∂P

∂t Pmort.

= mlPP (4.8)

∂Det

∂t Pmort.

= mlPP (4.9)

Phytoplankton nitrogen uptake (Eq. 4.6) is a function of phytoplankton cell biomass (P )

and their normalised nitrogen reserves (R∗N ). The diffusion shape factor (ψ) and nitrogen molec-

ular diffusivity (DN ) determine the rate at which the nitrogen is absorbed (Table 4.2). The rate

132



Ecosystem controls on carbon export efficiency over the Kerguelen Plateau

of phytoplankton biomass increase (Eq. 4.7) depends upon the phytoplankton stock (P ), the

maximum growth rate (µmaxP ) and normalised reserves of nitrogen (R∗N ) and energy (R∗I). Phy-

toplankton linear mortality decreases phytoplankton biomass and increases the detritus pool

(Eqs. 4.8 & 4.9) at the mortality rate (mlP ).

Zooplankton growth and mortality

State equations for the zooplankton growth and mortality models are given below. Equations

where the zooplankton biomass (Z) is used are valid for both small and large zooplankton.

g = min
[
µmaxZ Z/EZ ,

Z

mZ
(φdiff + φrel + φshear)P

]
(4.10)

∂[NH4]

∂t Zgrow.

= g(1− EZ)(1− γZ) + gR∗N (4.11)

∂[NH4]

∂t Zmort.

= (1− fmqZdet)(mqZS
Z2
S +mqZL

Z2
L) (4.12)

∂P

∂t Zgrow.

= g (4.13)

∂Z

∂t Zgrow.

= EZg (4.14)

∂ZS
∂t Zmort.

= mqZS
Z2
S (4.15)

∂ZL
∂t Zmort.

= mqZL
Z2
L (4.16)

∂Det

∂t Zgrow.

= g(1− EZ)γZ (4.17)

∂Det

∂t Zmort.

= fmqZdet(mqZS
Z2
S +mqZL

Z2
L) (4.18)

The grazing rate (g; Eq. 4.10) is a function of the encounter rate of the predator and all its

prey (φdiff , φrel, φshear: encounter rates due to diffusion, relative motion and shear respectively)

up until the point at which it saturates the growth of the zooplankton and then remains at a

constant level even if the phytoplankton produces increased levels of biomass (Hollings type I

grazing; Gentleman 2002). Increase of zooplankton biomass (Eq. 4.14) is function of g and

the growth efficiency (EZ). Zooplankton grazing decreases the phytoplankton biomass (P ) at

the grazing rate (Eq. 4.13). Half of the fraction of zooplankton growth efficiency lost to the

detritus (γZ) related to zooplankton grazing can be attributed to ‘sloppy feeding’ (Corner et al.,

1972; Møller, 2005). Sloppy feeding releases dissolved matter directly in the water column at the
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grazing rate (Eq. 4.11). The other half of γZ is directed into the detritus pool and represents

the fecal material (Eq. 4.17). Half of the zooplankton mortality (fmqZdet) is directed toward

the detritus compartment (Eq. 4.18) and the other half (1−fmqZdet) is remineralised (Eq. 4.12).

Table 4.1: Parameters and constants used in the biogeochemical processes. PS , PL: phytoplankton
small and large; ZS , ZL: zooplankton small and large. In the calculation of the carbon content of
phytoplankton, V is the cell volume. The sinking velocity of total detritus (SVDet) is the constant
velocity used in the initial model version. Most of the parameter values (see Table notes for available
references) are from the CSIRO parameter library.

Characteristic Unit Symbol Value

Cell radius PS µm rPS
1

Cell radius PL µm rPL
4

Cell radius ZS µm rZS
5

Cell radius ZL µm rZL
320

Reference temperature °C Tref 20
Maximum growth rate at Tref PS d−1 µmaxPS

1.0
Maximum growth rate at Tref PL d−1 µmaxPL

0.65
Maximum growth rate at Tref ZS d−1 µmaxZS

3.0
Maximum growth rate at Tref ZL d−1 µmaxZL

1.5
Growth efficiency ZS - EZS

0.341a

Growth efficiency ZL - EZL
0.308a

Natural linear mortality rate PS d−1 mlPS
0.17

Natural linear mortality rate PL d−1 mlPL
0.11

Natural quadratic mortality rate ZS d−1 (mg N m−3)−1 mqZS
0.02

Natural quadratic mortality rate ZL d−1 (mg N m−3)−1 mqZL
0.001

Sinking velocity PS m d−1 SVPS
0.0

Sinking velocity PL m d−1 SVPL
15b

Sinking velocity ZS m d−1 SVZS
0.0

Sinking velocity ZL m d−1 SVZL
0.0

Swimming velocity ZS m s−1 swimZS
0.0002

Swimming velocity ZL m s−1 swimZL
0.003

Fraction of ZS growth efficiency lost to detritus - fγZS
det 0.5

Fraction of ZL growth efficiency lost to detritus - fγZL
det 0.5

Fraction of mortality lost to detritus Z - fmqZdet 0.5
Breakdown rate of labile detritus d−1 reminLdet 0.2
Breakdown rate of refractory detritus d−1 reminRdet 0.018
Breakdown rate of dissolved organic matter d−1 reminDOM 0.00176
Sinking velocity of total zoo–detritus (constant) m d−1 SVZdet 320
Sinking velocity of total detritus (constant) m d−1 SVDet 100
Molecular diffusivity of NO3 m2 s−1 DN f(T, S)
Carbon content of phytoplankton mg C cell−1 mC 12010× 9.14× 103V c

Nitrogen content of phytoplankton mg N cell−1 mN
14
12

16
106
mC

a Values from Hansen et al. (1997)
b The high sinking velocity of 15 m d−1, at the higher limit of the range reported for marine diatom cells

(Passow, 1991; Waite et al., 1997), accounts for the possible direct export of live large phytoplankton either
via single cells or aggregated.

c Relationship from Straile (1997)
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Table 4.2: State and derived variables used in the biogeochemical processes. DIN is given by the sum
of nitrate and ammonia concentrations, [NO3]+[NH4]. Zooplankton body mass: mZ = 16000 × 14.01 ×
10.5VZ mg N cell−1, where VZ is the volume of zooplankton (Hansen et al., 1997). The sinking velocity
of total detritus (SVDet) is the variable sinking velocity calculated from detritus composition (modified
model version). S: small; L: large.

Variable Unit Symbol

Dissolved inorganic nitrogen (DIN) mg N m−3 N
Ammonia mg N m−3 NH4

Nitrates mg N m−3 NO3

Phytoplankton nitrogen reserves mg N cell−1 RN

Phytoplankton structural biomass mg N m−3 P
Zooplankton biomass mg N m−3 Z
Maximum P reserves of nitrogen mg N cell−1 Rmax

N

P reserves of nitrogen normalised to the max. - R∗N ≡ RN/R
max
N

P reserves of energy normalised to the max. - R∗I ≡ RI/R
max
I

Phytoplankton cell mass mg N cell−1 mP

Zooplankton body mass mg N cell−1 mZ

Detritus pool mg N m−3 Det
Zooplankton grazing rate mg N m−3 s−1 g
Encounter rate coefficient due to molecular diffusion m3 s−1 cell Z−1 φdiff
Encounter rate coefficient due to relative motion m3 s−1 cell Z−1 φrel
Encounter rate coefficient due to turbulent shear m3 s−1 cell Z−1 φshear
Phytoplankton diffusion shape factor m cell−1 ψ
Fluxes of P(S,L) mortalities to detritus mg N m−3 d−1 ϕP (S,L)det

Flux of Z quadratic mortality and fraction of growth efficiency lost to detritus mg N m−3 d−1 ϕZdet
Fraction of small phytodetritus in the total phytodetritus flux - fPdetPSdet

Fraction of phytodetritus in the total detritus flux - fDetPdet

Fraction of zoo–detritus in the total detritus flux - fDetZdet

Sinking velocity of phytodetritus m d−1 SVPdet
Sinking velocity of total detritus (variable) m d−1 SVDet

Detritus composition and sinking velocity

Model equations used to calculate the variable SV of detritus (SVDet) are reported hereafter.

The modification of the model baseline version was done by creating new tracers to fluxes of

plankton to the detritus compartment (ϕP (S,L)det and ϕZdet; Eqs. 4.19, 4.20 & 4.24 respec-

tively) i.e. phytoplankton and zooplankton mortalities and half of the fraction of zooplankton

growth efficiency lost to the detritus (γZ). We used the relationship between the SV of phyto-

plankton aggregates and their relative content of small phytoplankton found experimentally by

Laurenceau-Cornec et al. (2015a) (Chapter 3) to calculate the sinking velocity of all phytodetri-

tus (SVPdet; Eq. 4.22) based on the fraction of the flux of small phytoplankton to the detritus

(fDetPSdet
). The SV of total detritus (SVDet; Eq. 4.27) was then calculated by assigning SVPdet to

the fraction of phytodetritus in total detritus (fDetPdet; Eq. 4.25) and SVZdet, a constant velocity

of 320 m d−1, to the zoo–detritus fraction in total detritus (fDetZdet; Eq. 4.26) without distinction

between small and large zoo–detritus. This value is an average for fecal pellets in the size range
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4×105 to 10×105µm3 produced by copepods fed on the diatom Thalassiosira weissflogii (Ploug

et al., 2008).

All labile and refractory detritus sank at this variable sinking velocity in the modified model

version (called ‘var–SV’ hereafter) whereas they sank at the constant sinking velocity of 100

m d−1 in the non–modified model version (‘cst–SV’).

ϕPSdet = mlPS
PS (4.19)

ϕPLdet = mlPL
PL (4.20)

fPdetPSdet
= ϕPSdet/(ϕPSdet + ϕPLdet) (4.21)

SVPdet = 168− 1.48× fPdetPSdet
× 100/86400 (4.22)

ϕPdet = ϕPSdet + ϕPLdet (4.23)

ϕZdet = g(1− EZ)γ + fDetZdet(mqZS
Z2
S +mqZL

Z2
L) (4.24)

fDetPdet = ϕPdet/(ϕPdet + ϕZdet) (4.25)

fDetZdet = ϕZdet/(ϕPdet + ϕZdet) (4.26)

SVDet = fDetZdet × 320/86400 + fDetPdet × SVPdet (4.27)

4.2.3 Initial conditions, model run and post-run calculations

Two sites (S1 and S2) were selected over the model spatial domain by privileging areas of maxi-

mum plankton biomass variability over the duration of the simulations. Figure 4.3 presents the

location of S1 and S2 on sea surface temperature (SST) maps, showing the mesoscale structures

produced by SHOC. The two versions of the BGC model were run for the first three years of

the SHOC outputs (from the 1st of August 2002 to the 1st of August 2005). Recalculation of

tracer concentrations at the centre of each grid cell was made every 12 hours. Only the two last

years were explored at S2, to exclude from the study a large PL biomass increase occurring at

this station the first year, and presenting unrealistic levels of surface chlorophyll a (Chl. a =

∼ 5 µg Chl a L−1). For simplicity, the simulations from the different model versions (with a

constant or variable detritus sinking velocity) and at the sites S1 or S2 are designated in the

rest of the text by: S1-cst–SV, S1-var–SV, S2-cst–SV, and S2-var–SV respectively.

Initial average concentration of nitrate over the euphotic zone (EZ) was set at a high value
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Figure 4.3: Location of the stations on maps of sea surface temperature (SST) from model outputs.
Values are monthly averaged (September, December, and March) for the years 2002–03 (A) , 2003–04
(B), and 2004–05 (C). The location of the two stations was selected based on the large range of ecosystem
structure variations encountered over the three years. Approximate distances on the model spatial domain
(entire and for one cell) are indicated in kilometres. Note the mesoscale structures produced by the
physical forcing from SHOC (See section ‘Model description’).

(434 ± 6 mg m−3) to avoid any limitation of phytoplankton growth by nutrient availability over

the three years of simulation. Residual concentrations at the end of the third year were 92 and

90 mg m−3 at S1 and S2 respectively (cst–SV), and 88 and 83 mg m−3 at S1 and S2 respectively

(var–SV).

Initial concentrations of phyto- and zooplankton and their relative fractions were set, based

on concentrations measured during the second KErguelen Ocean and Plateau compared Study

(KEOPS2). The total Chl. a measured from fluorescence CTD profiles during KEOPS2 (Las-

bleiz et al., 2014), and used here as initial concentrations, was assumed to be equally par-

titioned between small and large phytoplankton having each an average EZ concentration of

0.1µg Chl a L−1. Initial levels of zooplankton biomass over the whole water column were based
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on abundances observed during the KEOPS2 cruise (Zooscan data from Carlotti et al., 2015,

station A3-1 at 250 m: ∼0.88 and 8.9 mg C m−3 for small and large zooplankton respectively).

Final adjustments based on preliminary model results led to values of 1 and 2 mg C m−3 for

the small and large zooplankton respectively.

The base of the EZ was defined as 1% of the PAR. The mixed layer depth (MLD) was cal-

culated using the density difference criterion of 0.02 σθ (potential density at MLD = potential

density at 10 m depth + 0.02 kg m−3; Park et al., 1998). EZ and MLD averaged over the

entire domain where used in all post-run model calculations. Results are presented in term

of plankton biomass, detritus concentration, sinking velocity, carbon flux and export efficiency

variations during the three years of simulation at S1 and the two years at S2 for the modified and

non–modified model versions. Chl. a concentration was used as an indicator of phytoplankton

biomass and is expressed in µg Chl a L−1. Average (Avg.) zooplankton biomass and detritus

concentrations over the euphotic zone were expressed in mg C m−3. Integrations over the eu-

photic zone (noted
∑

EZ
for simplicity) of Chl. a, zooplankton biomass, and detritus are also

shown and expressed in mg Chl a m−2, g C m−2 and mg C m−2 respectively. Net primary pro-

ductivity (NPP) was also integrated over the euphotic zone and is expressed in mg C m−2 d−1.

The carbon flux was calculated at the base of the euphotic zone (C flux EZ), at 100 m below

the euphotic zone (C flux EZ+100m), at 100 m depth (C flux 100 m), and at 200 m depth

(C flux 200 m). In each grid cell, the flux was computed as the difference in detrital carbon

concentration between the cell considered and the cell directly above (thus neglecting horizontal

advection) using the formula:

Cflux (x, y, z, t) = [CDet (x, y, z, t)− CDet (x, y, z − 1, t)]× SVDet (x, y, z − 1, t) (4.28)

where x, y, z, t are the cell coordinates in latitude (x), longitude (y), depth (z) and time(t),

CDet is the total detritus concentration in the cell (labile + refractory) converted to carbon, and

SVDet is the detritus sinking velocity. For simplicity, the carbon concentration is taken at the

same time t in the two cells (not at t − 1 in the upper cell) due to the continuous sinking and

advection of tracers adding and removing matter from each cell at each time step. SVDet is con-

stant over time and over the whole model domain for cst–SV and variable at every location and
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time for var–SV. Using output data of detritus composition from the cst–SV simulation, a vari-

able sinking velocity was recalculated using equations 4.22 and 4.27 (called hereafter ‘SVrecalc.’).

SVrecalc. was used to re–compute the carbon flux, in order to assess the direct effects of the

model modification on sinking velocity values and subsequent carbon flux estimations. This

assessment was only possible by this mean because the assignment of a variable sinking velocity

to the detritus in var–SV modified their flux inducing additional feedback effects on plankton

biomass and thus masking the direct effect of a variable sinking velocity on the carbon flux.

The e–ratio (ratio between carbon export flux and NPP; Downs, 1989) was used as a measure

of carbon export efficiency and was calculated as the ratio between the C flux estimated at various

depths (see above) and the
∑

EZ
NPP.

4.3 Results

4.3.1 Physical context

The seasonal variations of the MLD and EZ averaged over the model spatial domain are shown

on Figure 4.4. Shallowing of the MLD started in October the two first years and in November

the third year when the deepest MLD was recorded (595 m), followed by a sharp shallowing.

During the first, second and third year, the base of the MLD was shallower or equal to the EZ

during 38, 92 and 87 days respectively, with average EZ of 62.5±23, 62.3±7 and 53.2±6 m.

Seasonal evolution of the PAR is also indicated.
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of 0.02σθ [potential density at MLD = potential density at 10 m + 0.02 kg m−3 (Park et al., 1998). Grey
line: Photosynthetic Available Radiation (PAR).

139



4.3. RESULTS

4.3.2 Variations of phytoplanktonic community structure

Significant increases of phytoplankton biomass (hereafter called ‘blooms’) were numbered from

1 to 15 (Figs. 4.5 and 4.6) and individually studied for both the cst–SV and var–SV model

versions. The main features of each bloom (e.g. initiation date, duration, biomass levels) are

reported on Table 4.3. Bloom initiation and end times were determined using the maximum

rate of change in increase or decrease of the EZ integrated Chl. a (
∑

EZ
Chl. a) as a criteria.

Figures 4.5 and 4.6 show model outputs from the var–SV and cst–SV simulations respectively,

and include MLD and EZ depths in panels E and K (light and dark grey areas). Because

most of the export occurred when the MLD and EZ were shallower than 100 m, this depth was

selected as a reference for carbon export diagnostic and was used for export efficiency evaluation.

This choice also allowed to focus on planktonic community variation effects on carbon export

efficiency by limiting the influence of remineralisation occurring below this depth.

All blooms were arbitrarily classified into four categories based on similarity of phytoplank-

tonic community structures. Various metrics from plankton biomass to carbon export efficiency

were calculated to explore the links between bloom dynamics and carbon export features. To

account for a potential decoupling between surface and deeper observations depending on tracer

sinking velocity and lateral advection, annual budgets were calculated (Table 4.4). The four

bloom categories distinguished were:

Category A: PS–dominated with a slowly increasing background of PL (blooms 1, 5, 8, 11,

13; Figs. 4.5 and 4.6). All these blooms commenced in August (Table 4.3) and lasted for 4.2

± 1.3 months on average. Their maximum surface Chl. a ranged between 0.77 (bloom 11) and

1.25 µg L−1 (bloom 5), leading to an average of 0.92 ± 0.2 µg L−1. The
∑

EZ ,d
NPP (summed

over the euphotic zone and the bloom duration) ranged between 15 (bloom 11) and 25 g C m−2

(bloom 5) with an average of 17.6 ± 4.1 g C m−2.

Category B: PL–dominated with very low levels of PS (blooms 2, 9, 12, 14). Blooms from

this category started between August (bloom 12) and November (bloom 14) and lasted for 7.5

± 2.5 months on average. Their maximum surface Chl. a ranged between 1.78 (bloom 12) and

2.44 µg L−1 (bloom 2) with an average of 2.2 ± 0.3 µg L−1. The
∑

EZ ,d
NPP extended from 44

(blooms 2, 9 and 12) to 57 g C m−2 (bloom 14) and averaged 47.2 ± 6.5 g C m−2.

Category C: PS–dominated with very low levels of PL (blooms 3, 4 and 10). These blooms

started in July (bloom 10) or August (blooms 3 and 4) and lasted for 5.7 ± 1.2 months on
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average. Their maximum surface Chl. a ranged between 0.81 (bloom 10) and 0.99 µg L−1

(bloom 4) with an average of 0.89 ± 0.09 µg L−1. The
∑

EZ ,d
NPP ranged from 20 (bloom 4) to

30 g C m−2 (bloom 10) leading to an average of 26 ± 5 g C m−2.

Category D: PL–dominated with moderate to low biomass levels but maintained over a

long time (blooms 6, 7, and 15). These blooms started in September (blooms 7 and 15) or

December (bloom 6) and lasted for 9.7 ± 2.3 months on average. Maximum surface Chl. a

ranged between 0.63 µg Chl a L−1 (bloom 15) and 1.74 µg Chl a L−1 (bloom 7) with an overall

average of 1.23 ± 0.56 µg Chl a L−1. The total production ranged from 19 (bloom 15, sum of

small and large phytoplankton) to 66 g C m−2 (bloom 7, sum of small and large phytoplankton)

with an average of 40 ± 24 g C m−2.

Table 4.3: Main features of the phytoplankton blooms generated by the model. Characteristics are
shown only for the dominant phytoplankton in each bloom to remove any influence from increasing or
decreasing biomass associated with the next or previous bloom. PL blooms are indicated in bold.

Simulation and bloom i.d.s
S1–var–SV S2–var–SV S1–cst–SV S2–cst–SV

Main features 1 2 3 4 5 6 7∗ 8 9 10 11 12 13 14 15∗

Year i.d. 1 1 2 3 2 2 3 1 1 2 3 3 2 2 3
Bloom category A B C C A D D A B C A B A B D
Dominant phyto. type PS PL PS PS PS PL PL PS PL PS PS PL PS PL PL

Initiation time Aug. Nov. Sep. Aug. Aug. Dec. Sep. Aug. Nov. Jul. Aug. Sep. Aug. Nov. Sep.
Duration (months) 3 5.5 7 5 5 7 11 3 6 5 6 11 4 7.5 11
Max. Chl. a (µg Chl a L−1) 0.86 2.44 0.87 0.99 1.25 1.32 1.74 0.88 2.39 0.81 0.77 1.78 0.82 2.23 0.63∑

EZ ,d
NPP (g C m−2) 16 44 27 20 25 36 66 16 44 30 15 44 16 57 19

∗ For the blooms 7 and 15 which include an initial PS bloom, the total net primary productivity integrated over the euphotic zone and bloom duration (
∑

EZ ,d

NPP) accounts for the small and large phytoplankton.
Max. Chl. a: maximum chlorophyll a concentration.
PS: small phytoplankton; PL: Large phytoplankton.

4.3.3 Annual budgets of planktonic community biomass and as-

sociated carbon export fluxes

This section presents results from the var–SV simulation (Fig. 4.5) used to test our initial

hypothesis of a link between variability in planktonic community structure and carbon export

efficiency via changes in the detritus sinking velocity (within this model formulation, structure,

and computing environment). The cst–SV simulation (Fig. 4.6) which served as a reference to

assess changes in model behaviour following the introduction of a variable SV of detritus are

presented in the ‘Discussion’ Section.

The model generated a large variety of phytoplankton blooms, in terms of initiation time,

biomass level, productivity, and duration (Fig. 4.5 and Table 4.3). Seasonal variations of Chl.
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Figure 4.5: Time series of phytoplankton (sequential bloom i.d.s indicated) and zooplankton biomasses,
detritus concentration and sinking velocity and associated carbon export flux and e–ratio for the modified
version of the model (var–SV) at the two selected sites S1 (Panels A–F) and S2 (Panels G–L). A, G:
surface chlorophyll a concentration (Chl. a) for the small and large phytoplankton; shaded area: Chl. a
integrated over the euphotic zone (EZ); dashed line: net primary productivity (NPP) integrated over the
EZ . B, H: small and large zooplankton biomass averaged over the EZ ; shaded area: total zooplankton
biomass integrated over the EZ . C, I: detritus concentration averaged over the EZ . Shaded area: total
detritus concentration integrated over the EZ . D, J: detritus sinking velocity (SV). E, K: carbon flux (C
flux); dark and light grey areas represent the mixed layer (ML) and EZ respectively. F, L: e–ratiodepth
= C fluxdepth /

∑
EZ

NPP.
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a concentrations of small and large phytoplankton due to natural mortality and zooplankton

grazing produced various patterns that were reflected in detritus concentrations and subsequent

carbon export. Interestingly, different planktonic community structures were able to induce sim-

ilar annual budgets of NPP, detritus concentration, carbon export and efficiency. A comparison

of the successions from PS to PL blooms observed the first year at S1 (called hereafter ‘S1–year1’)

and the second year at S2 (S2–year2) provides a good example (Fig. 4.5). The succession from

bloom 1 to bloom 2 (Panel A) was characterised by a moderate PS bloom (maximum Chl. a =

0.86 µg L−1, Table 4.4) followed by a large PL bloom (maximum Chl. a = 2.44 µg L−1). An

annual budget (Table 4.4) shows a biomass overall dominated by large phytoplankton with
∑

EZ

Chl. a of 4.36 and 10.82 g m−2 yr−1 for the PS and PL respectively (ratio
∑

EZ
Chl. a PS :PL

= 0.4). Conversely, the succession from bloom 5 to bloom 6 at S2–year2 (Panel G) displayed

similar maxima of Chl. a (1.25 and 1.32 µg L−1 for the PS and PL respectively). However, the

annual biomass was still dominated by the large phytoplankton (
∑

EZ
Chl. a PS :PL = 0.52)

due to a longer PL bloom duration (bloom 6 lasted ∼1.5 months more than bloom 2, Table 4.3).

Zooplankton biomass variations also presented notable differences (Panels B and H). ZL

dominated at S1–year1 and S2–year2 (ratio
∑

EZ
ZS :ZL = 0.66 and 0.86 respectively; Table

4.4) but most of the ZL biomass at S2–year2 (
∑

EZ
ZL = 89.48 g C m−2 yr−1) was decreasing

continuously during the year, and the high initial levels were related to a very high PL biomass

the previous year (not shown, see section ‘Model description’ for explanation).

These large differences in phytoplankton and zooplankton biomass were reflected by the

composition of the detritus with a dominance of PL over PS in the total detritus at S1–year1

(ratio
∑

EZ
PS det:PL det = 0.78) while PS dominated at S2–year2 (ratio

∑
EZ

PS det:PL det =

1.15) and exhibited a high maximum at 2.91 mg C m−3. Despite these differences in planktonic

community structures, simulations at S1–year1 and S2–year2 provided very similar estimates

of NPP (
∑

EZ
NPP = 65 and 68 g C m−2 yr−1), carbon flux (

∑
C flux100m = 3.9 and 3.78

g C m−2 yr−1) and e–ratio (same e–ratio100m = 0.06).

As expected, given the high PL sinking velocity parameterised in the model (Table 4.1),

the carbon export efficiency was always higher when the biomass was dominated by large phy-

toplankton. The highest e–ratio was observed at S2–year3 and associated with bloom 7 (e–

ratio100m = 0.08) dominated by large phytoplankton (
∑

EZ
Chl. a PL = 19.46 µg Chl a L−1
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and fract.
∑

EZ
NPPPL

= 0.85). Although the
∑

EZ
NPP was not the largest observed (max-

imum of 68 g C m−2 yr−1 the second year at S2, against 66 the third year, when bloom 7

occurred), the
∑

C flux100m was the highest recorded (5.38 g C m−2 yr−1) suggesting an effi-

cient sinking of the detritus produced. A comparison of the three years at S1, also illustrates

well the importance of the PL dominance in increasing the efficiency of carbon export. The

annual phytoplankton biomass on S1–year1 was dominated by the PL (cf above) and resulted

in an e–ratio100m of 0.06. Conversely, the second and third year at S1 displayed PS–dominated

biomasses (relative contribution of PS to the total NPP: fract.
∑

EZ
NPPPS

= 0.9 and 1 re-

spectively) and had both smaller e–ratios100m of 0.03, despite comparable amounts of detritus

produced during the three years (
∑

EZ
Detritus = 19, 18 and 14 g C m−2 yr−1 for the first,

second and third year respectively). Zoo–detritus were mainly produced by the small zooplank-

ton. This is confirmed by the similar fractions of zoo–detritus during the first and second year

(0.12 and 0.14) while the fraction of ZL dropped from 0.49 to 0.09. The panel C on Figure 4.5

also clearly shows no significant increase in the zoo–detritus following the peak of ZL visible on

panel B.

Daily variability of the e–ratio appeared decoupled from NPP and carbon flux variations.

For instance, the first four months at S2 (from August to November) displayed increases in both

NPP and carbon flux. The NPP reached a maximum in November of the second year at S2,

and the maximum carbon flux at 100 m was recorded 11 days later, showing that it was still

increasing after the NPP reached its peak (Table 4.4). However, the daily e–ratio presented a

decrease from August to October and then a long increase until June (Panel L) accompanied by

small periods of decrease but did not reflect the seasonal variations of the NPP and associated

carbon flux. Large increases in the e–ratio at the end of the third year at S1 and S2 (Panels F

and L) were also observed and can be related to decreases in the NPP and the carbon flux at the

end of the simulation. Another interesting trend on the relationship between NPP, carbon flux

and e–ratio is given by bloom 3 occurring at S1–year2 (Panel A). In contrast to most other PS

blooms showing a rapid transition between the ascending and descending phase of the NPP, this

bloom exhibited a plateau at its maximum lasting almost two months. The associated plateau

of the e–ratio (Panel F) displayed small oscillations that lasted for more than 5 months.
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4.4. DISCUSSION

Bloom 7 lasted the longest time (11 months) and generated the highest PL biomass accu-

mulation (
∑

EZ
Chl. a PL = 19.46 g m−2 yr−1). Although bloom 7 did not exhibit the highest

maximum Chl. a nor maximum
∑

C flux100m (which belonged to bloom 2), it led to the highest

e–ratio of 0.08.

4.4 Discussion

4.4.1 Effects of a detritus–based variable sinking velocity

This section discusses the effect of a variable detritus sinking velocity on the model behaviour.

More specifically, we evaluate the need to include this type of relationship in future BGC models

to account for the observed complexity of the sinking velocity of large phytodetrital aggregates.

A comparison of the cst–SV and var–SV model versions revealed direct and indirect effects

of the variable sinking velocity. ‘Direct effects’ are defined here as the variations above or

below the initial constant sinking velocity (fixed at 100 m d−1) and their direct consequences

on carbon export. They were explored by comparing the post–model run recalculations of a

variable sinking velocity SVrecalc. (see Section ‘Model description’; dash lines on panels D–F and

J–L of Fig. 4.6) with the cst–SV model version.

Direct effects

Over the whole simulation time (3 years at S1 and 2 years at S2) the recalculated detritus

sinking velocity at the base of the EZ was on average 130±36 m d−1 at S1 (maximum and

minimum of 177 and 54 m d−1) and 153±26 m d−1 at S2 (maximum and minimum of 179 and

86 m d−1). This represents an overall average increase of 39±18 m d−1 above the initial 100

m d−1 set in the baseline model version. This average increase of less than 40 m d−1 had strong

consequences on carbon flux estimations. The maximum C flux100m increased on average by

56±29 %. If considering the entire simulation time, the
∑

C flux100m increased by 45±23 %.

E–ratios increased in the same proportions since the carbon flux was the only parameter in the

ratio affected by the recalculations. This significant carbon flux increase is in the same range

of variations than those observed between High Nutrient–Low Chlorophyll (HNLC) sites and

naturally or artificially iron–fertilised sites in the Southern Ocean (Morris et al., 2007; Planchon
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Figure 4.6: Time series of phytoplankton (sequential bloom i.d.s indicated) and zooplankton biomass,
detritus concentration and sinking velocity and associated carbon export flux and e–ratio for the non–
modified version of the model (cst–SV) at the two selected sites S1 (Panels A–F) and S2 (Panels G–L). A,
G: surface chlorophyll a concentration (Chl. a) for the small and large phytoplankton; shaded area: Chl.
a integrated over the euphotic zone (EZ); dashed line: net primary productivity (NPP) integrated over
the EZ . B, H: small and large zooplankton biomass averaged over the EZ ; shaded area: total zooplankton
biomass integrated over the EZ . C, I: detritus concentration averaged over the EZ . Shaded area: total
detritus concentration integrated over the EZ . D, J: detritus sinking velocity (SV). E, K: carbon flux (C
flux); dark and light grey areas represent the mixed layer (ML) and EZ respectively. F, L: e–ratiodepth
= C fluxdepth /

∑
EZ

NPP.
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et al., 2015; Savoye et al., 2008).

A constant sinking velocity of 100 m d−1 probably led to an underestimation of the car-

bon flux because it could not account for the overall predominance of the PL–blooms over the

PS–blooms generated by the model. The modified model version reproduced the paradigm of a

more efficient export in the case of detritus originated mainly from large phytoplankton (Assmy

et al., 2013; Falkowski et al., 1998; Smetacek, 1999). When large phytoplankton dominated the

productivity in the cst–SV model version (all years except S1–year2, Table 4.4) the e–ratio100m

recalculated with a variable sinking velocity was on average increased by 55±4 %. Conversely,

the e–ratio100m recalculated at S1–year2 was increased by only 5% compared to the cst–SV

model version. This confirms that most of the misestimation of the carbon flux and efficiency

made by the cst–SV model occurred when PL dominated.

This result suggests that our sinking velocity parameterisation based on detritus composition

and not size, reproduced accurately the possible influence of planktonic communities on carbon

export. This is an important result, in particular because of the frequently observed discrepan-

cies between the size of large phytodetritus (e.g. large marine aggregates constituting most of

the export flux) and their sinking velocity (Alldredge and Gotschalk, 1988; Laurenceau-Cornec

et al., 2015a) (Chapter 3), which potentially induce large misestimations of carbon export fluxes

calculated from BGC models using a constant sinking velocity.

Additionally to the direct effects, the introduction of a variable sinking velocity changed

the model behaviour over time by altering the conditions existing in the water column (e.g.

phytoplankton concentration in the EZ). These ‘Indirect (or feedback) effects’ are defined here as

changes in planktonic community structure caused by the spatio–temporal variations of detritus

sinking velocity. These effects are investigated by comparing the results from the cst–SV and

var–SV model versions (Figs. 4.5 & 4.6).

Feedback effects

Two differences in model outputs are obvious when comparing Figures 4.5 and 4.6: the large

bloom 12 occurring in the cst–SV model version (S1–year3) did not take place in the var–SV

version. Conversely, the bloom 7 at S2–year3 occurred in the var–SV but not in the cst–SV
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versions. It suggests that variations of the detritus sinking velocity induce variations of the con-

ditions for the following productive season. This is clearly shown by the similarity of the initial

successions from bloom 1 to bloom 2 and from bloom 8 to bloom 9 on the first year at S1, for

which the modification of the sinking velocity affected only the export component of the model

run and not the plankton community itself. By examining the two columns S1–var–SV–year1

and S1–cst–SV–year1 on Table 4.4 from phytoplankton to carbon export, it is noticeable that

the earliest significant impact of the variable detritus sinking velocity concerns detritus compo-

sition and concentrations (also by comparing Panels C of Figures 4.5 and 4.6). The contribution

of the PL to the detritus decreased from 0.64 (cst–SV) to 0.49 (var–SV) (Table 4.4), while the

fraction of PS in the detritus increased from 0.25 (cst–SV) to 0.39 (var–SV). Interestingly it

suggests that the modified model version simulates the retention of the PS–detritus in the eu-

photic zone (until rapid export showed by the marked peaks in panel C of Fig. 4.5) and the

export of the PL–detritus. This is consistent with recent observations made during KEOPS2,

where the lowest e–ratios were recorded at the sites where small setae–forming species dominated

(i.e. Chaetoceros Hyalochaete spp., Laurenceau–Cornec et al., 2015b, Chapter 2). However, the

var–SV version simulated unexpectedly a higher e–ratio (up to 0.05) associated with bloom 1.

This is very likely due to the increase of the detritus sinking velocity due to the production of

zoo–detritus following ZS grazing on PS .

These slight differences in model results during the first year set different conditions for

the next productive season and resulted in large variations of planktonic community structure

the following years. A notable alteration of the planktonic community by feedback effect is

the disappearance of bloom 12 in the var–SV version. Two possible causes were explored: the

limitation of PL production by nutrient limitation (‘bottom–up’) and the control of PL biomass

accumulation by the ZL grazing pressure (‘top–down’). On the first day of the third year, the

average nitrate concentration in the euphotic zone was very similar in the var–SV and cst–SV

model version (179.1±0.0 and 185.8±0.0 mg m−3 respectively). It is very unlikely that nutrient

limitation was the factor precluding the bloom 12 to occur, knowing that the largest PL bloom

recorded over all simulations (bloom 7;
∑

EZ
Chl. a PL = 19.46 g m−2 yr−1) occurred with

lower initial average nitrate concentrations in the euphotic zone of 170.4±0.0 mg m−3.
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The ideas developed by Riley (1946) and Cushing (1959) giving a large importance to the

predator–prey interactions in controlling bloom occurrence, have been recently re–emphasized

(Banse, 1992; Behrenfeld, 2010, 2014; Behrenfeld and Boss, 2014; Behrenfeld et al., 2013) in

comparison to the classical Sverdrup’s Critical Depth Hypothesis (CDH) which focuses on the

influence of mixed layer light levels (Sverdrup, 1953). In this ‘top–down’ control of bloom

occurrence subtle imbalances in the predator–prey relations over winter set the conditions for

bloom initiation. At the end of the winter preceding the bloom 3 (Fig. 4.5) ZS displayed a

steady biomass level, and PS initiated a biomass accumulation two months later than in the

cst–SV model version (Table 4.3, bloom 3 initiated in September, bloom 10 initiated in July).

Differences in export production during the first year (see above) increased the ratios ZL:PL

of the second year in the var–SV version (
∑

EZ
ratio ZL:PL = 65.2 in the var–SV and 36.8

g Chl a g C1 in the cst–SV) possibly precluding the occurrence of the bloom.

4.4.2 The relationship between NPP and carbon flux

The difficulty of predicting the efficiency of a given ecosystem structure at exporting carbon,

arises in part from the possible decoupling between primary productivity and associated carbon

flux. Most of the studies from which either correlations or discrepancies between NPP and

carbon flux were noted, compared these two parameters on a monthly to annual basis (Betzer

et al., 1984; Brix et al., 2006; Buesseler, 1998; Eppley and Peterson, 1979; Lutz et al., 2007;

Maiti et al., 2013; Pace et al., 1987; Suess, 1980; Wassmann, 1990), relying on integrations of

daily rates, most often measured in the productive part of the seasonal cycle. This is because of

the extreme difficulty of measuring the primary productivity and associated carbon flux at high

temporal resolution in the field and especially in the Southern Ocean. In contrast, models can

simulate the NPP and ‘measure’ the related carbon flux (assuming a time lag between them)

on a high spatio–temporal resolution to study their close interrelated variations.

Figure 4.7 is a representation of the daily NPP and concurrent carbon flux for the three years

at S1 (Panels A and B) and the two years at S2 (Panels C and D). NPP vs C flux relationships

for the cst–SV version are also shown for information. The paths followed by the NPP vs C

flux relationship (hereafter called ‘loops’) illustrate how the carbon flux varies in relation to

net primary productivity during several complete seasonal cycles. These loops have been poorly

documented in the literature using in situ data, and most often have been described in conceptual
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or modelling studies (Brix et al., 2006; Henson et al., 2015; Wassmann, 1993, 1998).
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represent the same relationship from the cst–SV model version without re–calculation.

Each loop is composed of three main phases during which the production and carbon flux

increase (phase 1), and then decrease (phase 3) after a transition phase (phase 2). Wassmann

(1998) suggested in a conceptual context that the shape and area of the loops are indicators

of the type of food web. He contrasted ‘retention food webs’ which recycle organic matter

and nutrient in the euphotic zone (low export efficiency) to ‘export food webs’ which tend to

maximise the losses of most of the new production via downward flux (high export efficiency)

(Dugdale and Goering, 1967; Eppley and Peterson, 1979).

An export food web is characterised by a small loop area with a steep slope illustrating that

the export flux is well coupled with the primary productivity. At the opposite a wide loop with

a gentle slope shows that productivity and export are somewhat decoupled and is characteristic
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of a retention food web. Variations aside these general paths present the largest interest since

they characterise how the specificity of the ecosystem influence the relationship between NPP

and C flux.

Figure 4.7 shows a diversity of pathways delineating different loop sizes, slopes and areas.

For instance the blue loop on panel A (S1–var–SV–year1) is narrow, long and symmetric, while

the red loop (S1–var–SV–year3) is much smaller and asymmetric. These two loops are associ-

ated with two years of the simulation when plankton communities were different. The first year

is characterised by the succession PS to PL (from bloom 1 to bloom 2), while only a PS bloom

(bloom 4) took place on the last year. Similarly, Panel C shows the two years at S2. The first

loop (blue) is related to the bloom 5 and is not closed due to the succession to the bloom 6

causing the productivity to increase again (this small inflexion was also visible on the first loop

of the Panel A). This rapid graphical description of a few relationships between NPP and C flux

suggests a high potential to aid in explaining the links between different planktonic community

structures and carbon export modes.

Figure 4.8 shows the same relationship for each individual bloom with a temporal resolution

of 7 days. Each NPP vs C flux relationships are classified according to the bloom category they

belong to (see ‘Results’ Section) to facilitate the link between planktonic community structure

and food web type. All blooms from category A show non–closing loops due to the following

PL–bloom precluding a direct return of the NPP and C flux to low levels (see above). However,

even if the seasonal relationship is not complete for this bloom category, one feature is evident:

the beginning of the cycle is characterised by a gentle slope where the NPP increases much

faster than the carbon flux (phase 1; slope ∼0.02), then a stronger export flux is responsible

for an increase of the slope and thus a widening of the loop (phase 2; slope ∼0.5). During

the last phase, the NPP decreases more rapidly than the carbon flux following again a gentle

slope (phase 3; slope ∼0.01). Blooms from the category B present NPP vs C flux relationships

with broadly similar steep slopes in the ascending and descending phases (∼0.08) and a short

transition phase. It results in a very narrow and elongated loop. In category C, the first phase

is very similar to the one observed in category A (slope ∼0.01). However, the transition phase

presents a very distinctive increase of the carbon flux associated with an almost constant NPP

(or even decreasing) resulting in a vertical slope. The decreasing phase presents a straight return
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to the initial levels of NPP and carbon flux with a moderate slope (∼0.05). The category D

presents singular features with a steep increasing phase (∼0.07) which brings the relationship to

high fluxes of carbon associated with moderate levels of NPP. The transition phase is long and

presents two additional phases: the NPP starts to decrease while the carbon flux still increases,

then the carbon flux is almost constant while the NPP increases. Finally a sharp decrease of

the carbon flux is combined with a decrease of the NPP.
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Figure 4.9: Conceptual diagrams showing possible paths of the primary production (PP) vs export
production (EP) relationship encountered in the four categories of blooms simulated by the model. Three
phases of the relationship (increase, transition, decrease) are indicated in each category. Two successive
black dots are similarly spaced in time for each relationship allowing comparisons of the rates of variations
during the three phases in each case. RL: retention line.

Figure 4.9 synthesises the four types of loops identified in the form of conceptual diagrams

showing the three distinct phases: (1) the increase phase where the NPP and flux of carbon

increase, (2) the transition phase representing the shift between increase and decrease and, (3)

the decrease phase where the NPP and carbon flux both decrease. The grey line, called ‘retention

line’ (Wassmann, 1998), traces the pathway where the system functions as a retention food web

where the production losses are minimised. The processes which moves the relationship out

of this line (by changing the slope) are thus responsible for changes in the efficiency of the
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system to export organic carbon. Based on this conceptual frame, the next section proposes an

explanation of the four main results identified (see ‘Results’ section):

i. Different planktonic communities can lead to similar carbon export features

ii. In the case of PS blooms, carbon export depends upon zooplankton grazing and is driven

by fecal material (low efficiency). The time lag between phytoplankton production and

export (retention time) is increased compared to the direct export of PL blooms (high

efficiency).

iii. The highest e–ratio is associated with the largest and longest PL bloom.

iv. The e–ratio presents complex daily variations not easily related to NPP and carbon flux

variations.

4.4.3 Ecosystem controls on the NPP vs carbon flux relation-

ship

Different phytoplankton communities follow different paths of the relationship NPP vs C flux.

Despite different pathways, an integration of the productivity and carbon export over the whole

year can lead to similar export efficiencies. Combined data showing planktonic community dy-

namics and related carbon export efficiency in the Southern Ocean are rare. Results from the

KEOPS2 study showed similar carbon export efficiencies at different sites where the phytoplank-

ton communities were different. The carbon export efficiencies [e–ratio = particulate organic

carbon (POC) flux at 100 m :
∑

EZ
NPP] measured over and off the Kerguelen Plateau, were

respectively 0.01±0.004 and 0.03±0.02 (so similar within the uncertainties; Laurenceau–Cornec

et al., 2015b, Chapter 2). The bloom at the on–plateau station was dominated by the small

diatom Chaetoceros Hylaochaete spp. At the off–plateau station, the phytoplankton assemblage

was dominated by a mix of Thalassionema nitzschioides, Chaetoceros Hyalochaete spp. and

small centric diatoms. Annual budgets of carbon export efficiency were based on the integra-

tion of the daily productivities and associated carbon flux, and thus depend upon the pathway

followed by the relationship NPP vs C flux during the period of integration. The two bloom

successions compared here (blooms 1 to 2 and 5 to 6) belong to different categories. However

the biomass levels associated with the small and large phytoplankton were different: the fraction
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of PS increased while the PL decreased (see ‘Results’ section). One could have expected this

modification to lead to a decrease of the efficiency, since the efficient exporters (PL) were in

smaller proportion than the less efficient exporters (PS). But the panels ‘Category A’ on Figure

4.8, shows that while the blooms 5 and 1 had somewhat different pathways, bloom 5 reached

higher levels of NPP and C flux. Most importantly, this bloom also had a faster decreasing phase

combining a higher C flux with a lower NPP, so in a domain of high export efficiency. The same

comparison between blooms 2 and 6 shows that both had straight narrow loops with similar

slopes, suggesting that the efficiency was similar for these two blooms despite their different

biomass levels.

Conversely, model results also showed that different types of phytoplankton led to contrasted

efficiencies, reproducing the paradigm that large phytoplankton (e.g. the large heavily–silicified

diatoms in the Southern Ocean) are the most efficient exporters of carbon (Assmy et al., 2013;

Boyd, 2013; Smetacek et al., 2012). Like many others, our model suggested that large phyto-

plankton export their POC preferentially by direct fast sinking and escape zooplankton grazing

(Boyd and Newton, 1999; Laws et al., 2000; Michaels and Silver, 1988). A comparison of the

shapes of the NPP vs C flux for the category A and B (Fig. 4.9) clearly confirms the view that

PL–dominated blooms worked as export food webs with an early ‘take off’ out of the retention

line (i.e. the point where the NPP vs C flux relationship leaves the retention line) and a straight

and narrow loop presenting a steep slope showing a tight coupling between production and ex-

port. On the contrary, the PS–blooms worked as retention food webs with a long period along

the retention line and a late take off. An essential question remains: what process is responsible

for the late take off in the case of the small phytoplankton, or in other term, what mechanism

retains the small phytoplankton in the euphotic zone?

Variations in particle residence time in the mixed layer (or retention time) have been at-

tributed to gas evolution within aggregates affecting particle buoyancy (Karl and Tilbrook, 1994;

Riebesell, 1992), and levels of intracellular carbohydrates content related to algal physiological

stress (Fisher and Harrison, 1996). Zooplankton grazing has also been suggested to either in-

crease organic matter retention in the surface layer or promote its export via fast–sinking fecal

pellets (Wassmann, 1998; Wexels Riser et al., 2007). Recent studies tend to confirm this dual
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view and zooplankton have been shown to work in close coupling with bacteria in the recy-

cling loop (Giering et al., 2014), or to increase the export production in significant proportions

(Berline et al., 2011). This versatile role of zooplankton grazing is probably in a large part

responsible for most of the deviations observed from the retention line and should be regarded

as a key factor in the control of the seasonal NPP vs C flux relationship. Large zooplankton

(e.g. krill) tend to produce large loose fecal pellets prone to rapid degradation and thus are

likely to be poor exporters of carbon (Suzuki et al., 2003). Conversely, smaller zooplankton (e.g.

copepods) produce tight fecal pellets protected by a complete peritrophic membrane (Gauld,

1957; Martens, 1978; Yoon et al., 2001) more likely to carry efficiently the carbon to depth

(assuming limited coprophagy, coprorhexy and coprochaly).

Results from the model confirm that when the biomass is dominated by small phytoplank-

ton, zooplankton grazing is the main process driving the export. For instance, grazing on the

bloom 3 induced the production of zoo–detritus which started around mid–November. This time

coincides with the rapid increase of detritus sinking velocity and carbon flux. When the biomass

was dominated by large phytoplankton, the grazing produced comparatively much less detritus

than for the small zooplankton grazing (Fig. 4.6 and 4.5). In this case zooplankton grazing may

reduce the efficiency of carbon export by inducing respiration losses without benefit of a fecal

pellet–mediated export. Without contradicting it, this view differs slightly from the conceptual

scheme produced by Wassmann (1993, 1998) on the effect of zooplankton grazing pressure on

the NPP vs C flux loop. In those studies the zooplankton grazing flattens the loop forcing it

to stay close to the retention line. Results presented here, however, suggests that zooplankton

grazing on small phytoplankton, widens the loop by promoting the initiation of an export event.

The highest efficiency recorded over all model simulations corresponded to the last year at

S2 (bloom 7). Interestingly, the relationship NPP vs C flux for this bloom does not describe a

straight narrow and steep loop as one would expect in the case of the highest export efficiency.

It suggests that the slope and the shape of the loop may not be the only descriptors of the

export efficiency. The singularity of this bloom compared to others is the additional loop visible

during the transition phase at the extremity of the main path (Fig. 4.8), and corresponding to

a long time (∼3 months) during which the productivity increased at a very slow rate while the
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carbon flux was still at a high value. Every day spent in this high efficiency domain of the NPP

vs C flux diagram participated to the increase of the integrated e–ratio. It suggests the crucial

importance of rates of increase or decrease of the NPP compared to its associated carbon flux

in the control of export efficiency. It also explains why the variations of the e–ratio appears

decoupled from the primary productivity (see ‘Results’ section).

Figure 4.10 shows the variations of the e–ratio for different variation rates (slopes) of NPP

and carbon flux from the model output and for a large range of theoretical situations. Exam-

ples are provided for blooms 2, 3 and 7 (the initial levels of carbon flux and NPP were chosen

arbitrarily at 50 and 300 mg C m−2 d−1 respectively to allow large theoretical decreases). Two

slopes are indicated for each bloom and represent different phases of the seasonal cycle (increas-

ing, transitional or decreasing). The figure indicates for instance that in the increasing phase

of bloom 7 (green line) the e–ratio was steady in spite of NPP and C flux both increasing but

at different rates. Also, in the decreasing phase of bloom 7 (cyan line), the NPP and the C

flux were decreasing but the e–ratio was increasing due to the large difference of slope between

the NPP and C flux decrease. These differences of rate variations originated from decoupling

between NPP and carbon flux. It highlights an aspect essential to the understanding of the

discrepancies reported in the literature between NPP and e–ratio. As reiterated recently by

(Henson et al., 2015), the decoupling between primary production and export can result in large

variations of the e–ratio and extrapolations of the global carbon export from few instantaneous

measurements can result in large errors. Figure 4.11 shows several situations where the time

and frequency of the measurements of NPP and concurrent carbon flux can lead to situations for

which the e–ratio can be wrongly interpreted. Sparse observations made at different moments

of the seasonal cycle will lead to either positive, negative or lack of correlation between the NPP

and C flux, and consequently the e–ratio. The figure also shows that the risk of errors could be

larger in the case of PS blooms because of the largest temporal decoupling between NPP and

carbon flux originated from the long initial path along the retention line. Issues arising from

sparse observations of the NPP and C flux have been known for decades but costs and technical

difficulties of field measurements still preclude a better temporal resolution. It appears that a

single measurement of the NPP and concurrent C flux should be accompanied by a metric of

their decoupling, indicative of the position of the measurement in the NPP vs C flux relationship.
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Figure 4.10: Relative rates of variations of net primary productivity (NPP, Panel A), carbon flux (C
flux, Panel B) and export efficiency (e–ratio, Panel C) calculated as the ratio between NPP and C flux.
Colour lines indicate rates of variations for different phases of the blooms 2, 3 and 7 (var–SV model
version). Each line show the relative variations of the slope of the e–ratio for different combinations of
NPP and C flux slopes. Example: the green line on Panel C is the ratio of the green lines in Panel B
(C flux) and Panel A (NPP). Similarly theoretical lines in grey show the effect on the e–ratio of a large
range of slope differences between NPP and C flux. Example: line 6b/5a on Panel C is the ratio between
line 6b on Panel B and line 5a on Panel A. The figure illustrates the possible positive, negative or absent
correlation between NPP and e–ratio depending on subtle slopes differences between NPP and C flux.
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Figure 4.11: Conceptual diagram showing the importance of observation timing and frequency along
the seasonal primary production (PP) vs export production (EP) relationship for large (A) and small
(B) phytoplankton. RL: retention line. The figure suggests that different sets of observation (blue, green
and red) of the same bloom and associated carbon export can lead to different interpretations of the
correlation between PP and EP. The figure also suggests that the higher coupling between PP and EP in
the case of large phytoplankton blooms could minimise the risk of misinterpretations compared to small
phytoplankton blooms.

Figure 4.12 shows all the daily relationships NPP vs C.flux for all simulations (var–SV, cst–

SV and recalculations). In the Panel A, the colour of each point correspond to its e–ratio based

on its position in the NPP vs carbon flux domain. This is the traditional use of the e–ratio to

estimate the efficiency based on a fixed value of NPP and carbon flux. The efficiencies attributed

to the different phases of the seasonal cycle depend then on the location of each data point and

not on the stage of the seasonal cycle at which the observation was made. Therefore, phases

during which the efficiency relative to the seasonal cycle is maximal [e.g. (a) on the Panel A,

fig. 4.12], can have an absolute low efficiency while phases of low relative efficiency [e.g. (b) on

the Panel A, fig. 4.12], will be associated to absolute high efficiencies. The dynamic aspect of

the period of low and high efficiencies depending on the decoupling between NPP and C flux

is thus missed. On panel B the colour of each data point represents an e–ratio accounting for

the slope of the relationship NPP vs C flux calculated for a determined time lag ∆t before and

after the observation (called hereafter ‘e–ratiosl.∆t’, eq. 4.29).

e-ratiosl.∆t(t) =
Cflux t+∆t/2 − Cflux t−∆/2

npp t+∆t/2 − npp t−∆t/2
(4.29)
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In this representation the efficiency depends on the time period within the seasonal cycle

when it is estimated. In the phases when the path leaves the retention line (increase of the

slope), the e–ratiosl.∆t displays higher values reflecting a phase where the carbon is exported

more efficiently. At the opposite the e–ratiosl.∆t will take negative values in the decreasing phase

of the cycle, when both the NPP and the carbon flux decrease.
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Figure 4.12: Relationship between net primary productivity (NPP) integrated over the euphotic zone
and carbon flux (C flux) calculated at 100 m with a 12 hours–time interval for all model simulations. A:
colours indicate values of the e–ratio calculated as the ratio between C flux and NPP. B: colours indicate
values of the e–ratiosl.30 representing at each data point the slope of the relationship calculated from
30 days before and after the time considered. The figure illustrates that the e–ratio (Panel A) is not
affected by the phase of the relationship but by its position in the diagram NPP vs C flux. Example:
(a) indicates a phase when the NPP decreases and C flux increases (high efficiency) but displays low
e–ratios; conversely (b) indicates a strong decrease of the C flux associated with a small decrease of the
NPP (low efficiency) but displays high e–ratios. On panel B, the e–ratiosl.30 accounting for the slope of
the relationship is high when the C flux increases faster than NPP (c), and low when it decreases faster
than NPP (d).

This dynamic measure of the efficiency accounts for the decoupling between NPP and C

flux at the time of the observation. Although it cannot be used to calculate an absolute inte-

grated efficiency, it gives an instantaneous efficiency of the system considered in relation to its

position along bloom evolution. The choice of the time lag ∆t is important since it determines

the duration over which the rates of variation of NPP and C flux will be calculated. A too

long time lag including several phases of the bloom cycle (e.g. end of increase, transition and

start of decrease) will lead to errors on the estimation of the rates of NPP and C flux changes.

On the contrary, a too short time lag might not represent accurately the temporal decoupling

between NPP and C flux. Concepts discussed here suggest that the dominant type of phyto-

plankton encountered in a bloom (PS or PL) is an important factor to consider when deciding
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the frequency of measurements of NPP and C flux. An intensification of combined observations

of the NPP vs C flux relationship and associated phytoplankton bloom types will probably help

establish general patterns in the Southern Ocean. These could then be used to infer more global

predictions of carbon export efficiency from a limited number of measurements, assuming an

accurate understanding of the dynamic of the system at the time of these sparse observations.

4.5 Conclusion

Our study confirmed several aspects central to the relationship between carbon export efficiency

and ecosystem structure. Here are some considerations that may improve our understanding of

the BCP efficiency.

i. A variable SV of detritus calculated from the relative contributions of different plankton

sources could improve the accuracy of carbon flux estimations made by BGC models.

Our study confirmed that a constant sinking velocity underestimates or overestimates

the carbon flux, depending on the type of phytoplankton bloom considered. Additional

regional datasets of phytoplankton species content in phytodetritus and associated sinking

velocity are needed to establish empirical relationships valid across different ecosystem

structures. Without considering these regional relationships, global estimation of carbon

export efficiency could still suffer large uncertainties.

ii. When exploring the dynamic of a bloom dominated by small phytoplankton, the time lag

between two successive observations should be as shortest as possible to avoid any misin-

terpretation (Fig. 4.11). It is less crucial in the case of large phytoplankton–dominated

blooms for which there is a close temporal coupling between production and export.

iii. The decoupling between production and export occurring in retention food webs appears

responsible for the large discrepancies observed in the correlation between NPP and e–

ratio. Rather than using absolute estimation of the e–ratio, an understanding of ecosystem

controls on the efficiency of carbon export would possibly benefit from including metrics

of the dynamic of the system at the time of the observation.
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Chapter 5

Conclusions and future directions

5.1 Controls on carbon export efficiency identified

This study identified three main controls of ecosystem structure on carbon export efficiency

over the Kerguelen Plateau. These controls are summarised on Figure 5.1. Below is a brief

description of each of these main findings.

i. The highest carbon export efficiency recorded over the Kerguelen Plateau during KEOPS2

was associated with direct export via phytodetritus. This carbon export mode occurred

when grazing was limited either due to grazing-resistant species or to low phytoplankton

biomass levels insufficient to induce an increase of zooplankton biomass. It was demon-

strated by comparing the particle flux collected in polyacrylamide gel sediment traps and

their associated carbon flux measured using standard PPS3/3 traps. Model simulations

confirmed that the most efficient export occurred in absence of grazing and when net

primary productivity presented a close coupling with carbon flux. This efficient carbon

export was mediated via fast-sinking detritus originated from large-sized phytoplankton.

ii. Roller tank experiments suggested that the dominant morphology of phytoplankton cells in

a bloom can influence marine snow sinking velocity via a control on aggregation processes

and aggregate structure. In this case, structure and associated excess density seems to

overcome the influence of size on the sinking velocity. This could explain the frequent

discrepancies between size and sinking velocity observed for large marine aggregates. In

particular, it seems that large biomass accumulation of small setae-forming phytoplankton

species (i.e. Chaetoceros Hyalochaete spp.) presenting high coagulation efficiencies leads

preferentially to the formation of large but loose slow-sinking aggregates responsible for a

high biomass retention in the surface layer.
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Figure 5.1: Scheme of the different processes of the BCP identified in this study.
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iii. Model simulations confirmed that initial retention in the euphotic zone occurs in the case

of blooms dominated by small phytoplankton species producing slow–sinking phytodetri-

tus. However, when zooplankton biomass reaches sufficient levels, active grazing triggers

the export by producing fast–sinking zoo–detritus but with large losses. Sediment trap

collections suggested that this export mode is less efficient than direct export, mainly

because the flux of fecal pellets seems to undergo a rapid attenuation at depth. On the

contrary to direct carbon export, this initial retention of the biomass produced in the

euphotic zone induces a decoupling between primary productivity and associated carbon

flux. Particularly in small phytoplankton-dominated blooms, an inadequate timing and

frequency of observations could be responsible for the discrepancies observed between net

primary productivity and associated carbon flux or e–ratio. Results suggest that isolated

measures of carbon export efficiency, when used to evaluate the influences of ecological

processes, should account for the differences between rates of production and export.

5.2 From local observations to global scale models

The main objective of the intense research effort on understanding the BCP is ultimately to

predict its future in relation to climate change. Based on the findings of this thesis, this section

discusses the current research directions and poses future questions to be addressed.

The aspects of the BCP explored here suggest that its understanding at a global scale requires

a regional approach since global models cannot account for the local diversity and complexity

of planktonic community structure (Kostadinov et al., 2010). Phytoplankton functional types

(PFTs) are large groups of phytoplankton species sharing similar biogeochemical functions and

physiological traits. The main PFTs relevant to ocean ecology and biogeochemistry are diatoms,

dinoflagellates, coccolithophores, silicoflagellates and diazotrophs. Recent advances in remote

sensing include algorithms able to identify spatial repartition of several PFTs from satellite

detection (Alvain et al., 2005, 2008; Raitsos et al., 2008). For the first time in 30 years of explo-

rations of the BCP, this progress gives the perspective of an estimation of biogeochemical fluxes

at a global scale based on combined remote detections of ecological and physical parameters

(Siegel et al., 2014). However, results presented here pose the question whether these groups

are constrained enough to account for controls exerted at genera or species levels? In particular,

175
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the PFT of diatoms is based on their functional ability to produce silicified skeletons therefore

qualified as ‘silicifiers’. But the classical paradigm of diatoms as efficient carbon exporters in

the Southern Ocean (Smetacek, 1999; Smetacek et al., 2012), might need to be nuanced since

diatom species appear differently efficient to export carbon and not only because of their variable

level of silicification (Armstrong et al., 2001; Klaas and Archer, 2002). Recent studies related

diatom traits to their role in decoupling carbon and silica cycle (Assmy et al., 2013; Boyd, 2013;

Quéguiner, 2013), supporting the view that an increased complexity is needed to understand

how phytoplankton might affect global biogeochemical cycles. The present work suggested how

morphological differences of diatoms, although belonging to the same PFT, can lead to very

contrasted export efficiencies that may be significant to global scale estimations. Especially,

processes that appear of limited significance at local scale might be of major importance if the

phytoplankton they affect present high productivities in the ocean (Richardson and Jackson,

2007). Also, it appears important to assess the uncertainties in the estimations of BCP effi-

ciency possibly induced by this over-simplification and compare it with other major sources of

uncertainties. In other terms, how does the uncertainty derived from an assumption that all

diatom blooms have the same efficiency at exporting carbon, compares to the other uncertainties

in the estimation of the global BCP?

Uncertainties on recent estimations of the total ocean carbon pump were expressed within

a range of ± 1 standard deviation representing a likelihood of 68% that the true value is within

the range displayed (average uptake rate of CO2 by the global ocean was estimated at 2.6±0.5

Gt C yr−1 for the period 2004–2013; Le Queré, 2014). The relative contributions of the bio-

logical (BCP) and physical components of the total ocean carbon pump, called respectively the

‘soft tissue and solubility pumps’ (Volk and Hoffert, 1985), are also poorly constrained (Gruber

and Sarmiento, 2002; Reid et al., 2009). Moreover, important other components of the BCP

(i.e. bacterial activity) occur in the mesopelagic zone where most ecological processes remain

to be discovered (Giering et al., 2014). Based on this, it appears difficult to weight the rela-

tive uncertainties underlying every estimation used in a global calculation of the ocean carbon

pump. The use of the global repartition of PFTs in global biogeochemical models to infer es-

timations of carbon export opens exciting perspectives. But no reduction of the uncertainties

will be achieved if these models are not constrained by regional to local relationships between

planktonic communities and their related export efficiencies.
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This thesis showed the importance of considering small scale variations of plankton com-

munities when evaluating the efficiency of a given ecosystem structure to export the carbon

produced in the surface layer. Seasonal phytoplankton successions are based on subtle biomass

imbalances between primary producers and their predators controlled by their growth and mor-

tality rates. Under the pressure of these very competitive interactions, some organisms develop

survival strategies. Diatoms present resting stages in their life cycle that allow them to persist

over variable durations (days to decades) without undergoing cell division (McQuoid and Hob-

son, 1996). Most of the resting stages are morphologically and physiologically different from

vegetative cells: they exhibit thicker valves and a condensed cytoplasm with a high content of

storage material leading to high volume to carbon content ratio (Hargraves and French, 1983).

Recent studies noted the importance of these resting stages in a Southern Ocean bloom in en-

hancing the carbon export via a fast-sinking to the deep ocean (Rembauville et al., 2014; Salter

et al., 2012). It reinforces the idea that ecological processes relevant to our understanding of the

biological carbon pump may lie at species levels or even lower.

This thesis highlighted at several occasions the versatile but essential role of zooplankton

grazing in carbon export. In blooms dominated by small phytoplankton species unable to export

their biomass by an efficient direct export, zooplankton grazing could represent an alternative

way to form fast-sinking aggregates (i.e. fecal pellets) where physical aggregation can only form

loose slow-sinking flocs. Also, zooplankton grazing is viewed as a process which promotes the re-

tention and recycling of the carbon produced in the surface layer, and thus precludes an efficient

export. The conditions under which zooplankton can be considered as promoters or reducers of

the carbon flux are yet to be clarified. The contrasted sensitivities of the fecal pellets produced

by different groups of mesozooplankton to degradation (e.g. euphausiids vs copepods) holds

probably most of the answers. This study suggested a large attenuation of the flux of cylindrical

fecal pellets at depth, possibly related to a rapid degradation due to alterations by zooplankton

migrating with the flux, combined with bacterial degradation. Fecal pellet resistance to degra-

dation along with zooplankton migration and feeding behaviour on the sinking flux are other

subtle ecological considerations that may require parameterisations in future biogeochemical

models for their potential relevance in carbon export.
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Overall, the most important question to address regarding the BCP is how its processes

will be altered due to climate change. Global warming related to anthropogenic activity affects

the ocean in various ways, including temperature increase and subsequent increased stratifica-

tion (Barnett et al., 2005; Lyman et al., 2010), and increased dissolved CO2 responsible for

ocean acidification (Feely et al., 2004). In his review Turner (2015) gave an extensive list of the

potential effects of this ‘changing ocean’ on the functioning of the BCP. Depending on the com-

ponents of the BCP affected and the modalities of the changes, studies predict either increases

or decreases of the carbon export flux. Alterations through changes of plankton communities

are the most relevant to this thesis. Decrease in nutrient supply due to increased stratification

may induce shifts from diatoms to coccolithophorids (Cermeño et al., 2008), genera recognized

to have opposite effects on the BCP in the Southern Ocean (Salter et al., 2014), or from large

diatoms to small microflagellates and cyanobacteria (Falkowski and Oliver, 2007), thus tending

to channel carbon through a long food chain rather than exporting it directly. Clearly, the way

that the BCP will respond to ocean changes is highly uncertain. However, results presented in

this thesis suggest that intensification of the research effort should be directed toward investi-

gations of small scale ecological processes, to provide invaluable insights to constrain the global

scale models and improve their predictions.
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Abstract. This study examined upper-ocean particulate or-

ganic carbon (POC) export using the 234Th approach as part

of the second KErguelen Ocean and Plateau compared Study

expedition (KEOPS2). Our aim was to characterize the spa-

tial and the temporal variability of POC export during austral

spring (October–November 2011) in the Fe-fertilized area of

the Kerguelen Plateau region. POC export fluxes were es-

timated at high productivity sites over and downstream of

the plateau and compared to a high-nutrient low-chlorophyll

(HNLC) area upstream of the plateau in order to assess the

impact of iron-induced productivity on the vertical export of

carbon.

Deficits in 234Th activities were observed at all stations

in surface waters, indicating early scavenging by particles

in austral spring. 234Th export was lowest at the reference

station R-2 and highest in the recirculation region (E sta-

tions) where a pseudo-Lagrangian survey was conducted. In

comparison 234Th export over the central plateau and north

of the polar front (PF) was relatively limited throughout the

survey. However, the 234Th results support that Fe fertiliza-

tion increased particle export in all iron-fertilized waters. The

impact was greatest in the recirculation feature (3–4 fold at

200 m depth, relative to the reference station), but more mod-

erate over the central Kerguelen Plateau and in the northern

plume of the Kerguelen bloom (∼ 2-fold at 200 m depth).

The C : Th ratio of large (> 53 µm) potentially sinking par-

ticles collected via sequential filtration using in situ pumping

(ISP) systems was used to convert the 234Th flux into a POC

export flux. The C : Th ratios of sinking particles were highly

variable (3.1± 0.1 to 10.5± 0.2 µmol dpm−1) with no clear

site-related trend, despite the variety of ecosystem responses

in the fertilized regions. C : Th ratios showed a decreasing

trend between 100 and 200 m depth suggesting preferential

carbon loss relative to 234Th possibly due to heterotrophic

degradation and/or grazing activity. C : Th ratios of sinking

particles sampled with drifting sediment traps in most cases

showed very good agreement with ratios for particles col-

lected via ISP deployments (> 53 µm particles).

Carbon export production varied between 3.5± 0.9 and

11.8± 1.3 mmol m−2 d−1 from the upper 100 m and between

1.8± 0.9 and 8.2± 0.9 mmol m−2 d−1 from the upper 200 m.

The highest export production was found inside the PF me-

ander with a range of 5.3± 1.0 to 11.8± 1.1 mmol m−2 d−1

over the 19-day survey period. The impact of Fe fertilization

is highest inside the PF meander with 2.9–4.5-fold higher

carbon flux at 200 m depth in comparison to the HNLC con-

trol station. The impact of Fe fertilization was significantly

less over the central plateau (stations A3 and E-4W) and in

the northern branch of the bloom (station F-L) with 1.6–2.0-

fold higher carbon flux compared to the reference station R.

Export efficiencies (ratio of export to primary production and

ratio of export to new production) were particularly variable

with relatively high values in the recirculation feature (6 to

27 %, respectively) and low values (1 to 5 %, respectively)
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over the central plateau (station A3) and north of the PF (sta-

tion F-L), indicating spring biomass accumulation. Compar-

ison with KEOPS1 results indicated that carbon export pro-

duction is much lower during the onset of the bloom in aus-

tral spring than during the peak and declining phases in late

summer.

1 Introduction

Nutrient limitation is an essential control of upper-ocean pro-

ductivity (Moore et al., 2013) and affects the associated up-

take of carbon and its transfer to the deep ocean as sink-

ing particulate organic matter. Attention has focused on iron

(Fe) as a limiting nutrient since the iron hypothesis of Mar-

tin (1990), who suggested that increased iron supply to the

Southern Ocean (SO) during the last glacial maximum could

have contributed to the drawdown of atmospheric CO2 by

stimulating the oceanic biological pump. For the present-

day ocean, iron limitation is now validated for several high-

nutrient low-chlorophyll (HNLC) regions, including the SO

(Boyd et al., 2000, 2007; Coale et al., 2004; Martin et al.,

1990, 1991; Sedwick et al., 1999; Smetacek et al., 2012).

However, it is still under debate whether the positive growth

response of phytoplankton due to iron addition results in en-

hanced export of biogenic particles and contributes to the

long-term sequestration of carbon. This remains central to

understanding the role of iron on the oceanic carbon cycle

and ultimately on the past and future climate of the Earth.

Mesoscale iron addition experiments have revealed no

clear trend in carbon export. Export fluxes estimated dur-

ing Southern Ocean Iron RElease Experiment (SOIREE; po-

lar waters south of Australia), the SOLAS air-sea gas ex-

change experiment (SAGE; subpolar waters south of New

Zealand), European Iron Enrichment Experiment in the

Southern Ocean (EisenEx; Atlantic polar waters) and Indo-

German iron fertilization experiment (LOHAFEX; South At-

lantic waters) report no major differences between the Fe-

fertilized patch and the adjacent control site (Buesseler et

al., 2005, 2004; Martin et al., 2013; Nodder et al., 2001). By

contrast, the experiments SOFEX-South (polar waters south

of New Zealand) and EIFEX (Atlantic polar waters south of

Africa) showed increased vertical flux of particulate organic

carbon (POC) due to iron addition (Buesseler et al., 2005;

Jacquet et al., 2008; Smetacek et al., 2012). Enhanced export

appears associated with experiments carried out (1) in high

silicic acid waters south of the Antarctic polar front (PF) al-

lowing fast-sinking, large diatoms to develop under low graz-

ing pressure and (2) over a survey period sufficiently long

to cover the time lag between the bloom development and

the export event. However, the key results obtained with pur-

poseful iron addition still differ and are difficult to scale up

to regional and seasonal scales (Boyd et al., 2007).

Alternatives to short-term artificial experiments are the

large and persistent phytoplankton blooms that develop an-

nually in the vicinity of sub-Antarctic islands (Blain et al.,

2007; Borrione and Schlitzer, 2013; Morris and Charette,

2013; Pollard et al., 2009) and close to the Antarctic con-

tinent (Alderkamp et al., 2012; Zhou et al., 2013) due to

natural iron supply. These particular settings represent large-

scale natural laboratories, where the role of Fe on ecosystems

ecology, productivity, structure, and associated export can be

monitored over an entire seasonal cycle. Two previous im-

portant field studies were carried out in natural Fe-fertilized

areas: the CROZet natural iron bloom and EXport exper-

iment (CROZEX, 2004–2005) (Pollard et al., 2009), and

the KErguelen Ocean and Plateau compared study (KEOPS,

2005) (Blain et al., 2007). CROZEX studied the Crozet Is-

lands region located in the sub-Antarctic waters of the Indian

Ocean where a bloom occurs north of the islands in Octo-

ber/November followed by a secondary bloom in January.

CROZEX results confirmed that the bloom is fueled with iron

from Crozet Island (Planquette et al., 2007) and that phyto-

plankton uptake rates are much larger in the bloom area than

in the HNLC control area (Lucas et al., 2007; Seeyave et al.,

2007). For carbon export, the primary bloom results in a∼ 3-

fold higher flux at the Fe-fertilized site than at the control

site, and for the secondary bloom, no substantial differences

are reported (Morris et al., 2007). Sinking particles collected

by a neutrally buoyant sediment trap (PELAGRA) were dom-

inated by diatom cells of various species and size indicating

a pronounced contribution of primary producers to the export

(Salter et al., 2007).

The second study (KEOPS) focused on the high produc-

tivity area of the Kerguelen Islands in the Indian sector of the

SO. The Kerguelen bloom has two main features, a north-

ern branch that extends northeast of the islands north of

the PF (also called the plume), and a larger bloom cover-

ing ∼ 45 000 km2 south of the PF and largely constrained to

the shallow bathymetry of the Kerguelen Plateau (< 1000m)

(Mongin et al., 2008). In austral summer 2004–2005, the

bloom started in early November, peaked in December and

January, and then rapidly declined in February (Blain et al.,

2007). Fe fertilization over the plateau was demonstrated

during KEOPS and attributed to vertical exchanges between

the surface and the deep iron-rich reservoir existing above the

plateau (Blain et al., 2008). The waters in the bloom showed

higher biomass, greater silicate depletion, and important CO2

drawdown compared to the control site (Blain et al., 2007;

Jouandet et al., 2008; Mosseri et al., 2008). Carbon export

in the Fe-fertilized area in comparison to HNLC waters was

2-fold higher as estimated using the 234Th proxy (Savoye et

al., 2008), and 3-fold higher based on a seasonal dissolved

inorganic carbon (DIC) budget (Jouandet et al., 2008). Di-

rect observations of sinking particles using polyacrylamide

gel traps indicates a dominant fraction of fecal pellets and

fecal aggregates and suggests a strong influence of particle

repackaging by grazers during the late stage of the Kergue-
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len bloom (Ebersbach and Trull, 2008). The unprecedented

results obtained from CROZEX and KEOPS clearly high-

light the crucial role of Fe in natural ecosystems and demon-

strate the stimulation of the biological carbon pump in the

SO resulting in an enhanced CO2 sink and carbon export at

depth.

The KEOPS2 project was designed to improve the spa-

tial and temporal coverage of the Kerguelen region. KEOPS2

was carried out in austral spring to document the early stages

of the bloom and to complement results of KEOPS1 obtained

in summer during the peak and decline of the bloom. The

principal aims were to better constrain the mechanism of Fe

supply to surface waters and to determine the response of

ecosystems to Fe fertilization including the impact on verti-

cal export of carbon. The sampling strategy covered two dis-

tinct areas: the principal bloom already investigated during

KEOPS1 and located over the central plateau, and the plume

downstream to the east of the islands and north of the PF.

In this study, we report upper-ocean POC export produc-

tion estimated using the 234Th-based approach (Cochran and

Masqué, 2003). POC fluxes at 100, 150, and 200 m depth

were inferred from total 234Th export fluxes estimated from
234Th deficit in surface waters by applying the modeling ap-

proach of Savoye et al. (2006) for the 234Th activity balance.
234Th export fluxes were then converted into POC fluxes us-

ing POC / 234Th ratio of large (> 53 µm) potentially sinking

particles at the depth of export. Upper-ocean 234Th and car-

bon export obtained in HNLC and Fe-enriched waters were

used to assess the impact of natural fertilization on the verti-

cal transfer of carbon. 234Th-derived fluxes were compared

to free-drifting sediment and polyacrylamide gel trap data

(Laurenceau-Cornec et al., 2015a). Using primary produc-

tion estimates (Cavagna et al., 2014) we examine spatial and

temporal variations in export efficiency during the survey. Fi-

nally, using KEOPS1 results, early and late bloom conditions

are compared.

2 Material and method

2.1 Study area and sampling strategy

The KEOPS2 cruise took place between October and

November 2011 on board the R/V Marion Dufresne. The

studied region encompasses the Kerguelen Plateau located

between Kerguelen and Heard islands, and the deeper off-

shore basin to the east of the islands (Fig. 1). Details of the

large-scale circulation in this area can be found elsewhere

(Park et al., 2008b). Briefly, the Kerguelen Plateau represents

a major barrier to the eastward flow of the Antarctic Circum-

polar Current (ACC). The ACC is divided into two branches

with the most intense flow passing to the north of the islands

and associated with the subantarctic front (SAF). The second

branch is associated with the PF and passes south of the is-

lands. When crossing the plateau, the southern branch turns

Figure 1. Stations map of 234Th measurements during the KEOPS2

expedition. Also, shown are the positions of the subantarctic front

(SAF) and the PF adapted from Park et al. (2008b). Colored circles

refer to the following clusters of stations showing similar charac-

teristics: Control station R-2, north of the PF station F-L, plateau

station A3, and PF meander E stations (see text for details).

back north and forms a large meander isolating a mesoscale

recirculation structure south of the PF (Fig. 1).

The sampling strategy aimed at characterizing the spatial

and the temporal variability of high productivity sites located

on and off the plateau. The survey included two transects

from south to north (TNS-1 to TNS-10) and from west to east

(TEW-1 to TEW-8) for physics and stock parameters, and

nine process stations (R-2, A3-1, A3-2, E-1, E-3, E-4W, E-

4E, E-5, and F-L) where more intensive sampling including

large-volume in situ filtration and sediment trap deployments

were carried out. For this study, 14 stations were investigated

including 5 transects stations (TNS-8, TNS-6, TNS-1, E-2,

and TEW-8) sampled for total 234Th activity and 9 process

stations where total 234Th, particulate 234Th, and POC pro-

files obtained simultaneously allowed to estimate POC ex-

port production. Sediment traps deployed and successfully

recovered at four process stations were also determined for
234Th activity. Process stations were carried out in four dis-

tinct areas showing different characteristics (see Fig. 1):

– The reference station (R-2) was chosen in HNLC waters

upstream of the islands in a non-Fe-fertilized area.

– The shallow central plateau was sampled at station A3,

which corresponds to the plateau bloom reference sta-

tion of KEOPS1. Station A3 was sampled twice (A3-

1 and A3-2) over a period of 27.7 days (20 October–

16 November).

– The northern branch of the bloom, which develops north

of the PF in the polar front zone (PFZ), was sampled at

station F-L (6 November).

www.biogeosciences.net/12/3831/2015/ Biogeosciences, 12, 3831–3848, 2015
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– The recirculation feature in the PF meander (station

E) received detailed attention with four successive vis-

its (E-1, E-3, E-4E, and E-5) as part of a pseudo-

Lagrangian time series over 19.6 days. In the same area,

a highly productive station (E4W) located on the west-

ern edge of the recirculation feature and close to the jet

of the PF was sampled but excluded from the pseudo-

Lagrangian study.

2.2 Total 234Th activities

Total 234Th activities were obtained from 4 L seawater sam-

ples collected from 12 L Niskin bottles. For transect stations,

13 depths were sampled between the surface and 20–90 m

above the seafloor. For plateau station A3, samples were col-

lected at 11 depths between the surface and 30–80 m above

the seafloor. For deep stations (R, E-1, E-3, E-4E, E-4W, E-

5, F-L), 14 depths were sampled between the surface and

900 m, and two deep water samples (1000–2000 m) were sys-

tematically collected for calibration purposes (except at E-

4W).

Seawater samples were processed for total 234Th activ-

ity measurement following the double-spike procedure de-

veloped by Pike et al. (2005) and modified as per Plan-

chon et al. (2013). Briefly, samples were acidified with ni-

tric acid (pH 2), spiked with 230Th yield tracer, and left for

12 hours equilibration before co-precipitation with MnO2

(pH 8.5). Co-precipitated samples were filtered on high-

purity quartz microfiber filters (QMA, Sartorius; nominal

pore size= 1 µm; ∅ 25 mm), dried overnight and mounted on

nylon filter holders covered with Mylar and Al foil for beta

counting. Samples were counted twice on board using a low

level beta counter (Risø, Denmark) and measurement was

stopped when counting uncertainty was below 2 % (RSD –

relative standard deviation). Residual beta activity was mea-

sured for each sample after a delay of six 234Th half-lives

(∼ 6 months) and was subtracted from the gross counts ob-

tained on-board.

After background counting, all samples were processed for
234Th recovery using 229Th as a second yield tracer and with

a simplified procedure described elsewhere (Planchon et al.,

2013). Briefly, MnO2 co-precipitates were dissolved in 10 ml

of an 8M HNO3/10 % H2O2 solution, heated overnight, and

filtered using Acrodisc 0.2 µm syringe filters. Determination

of 230Th / 229Th ratios was carried out on high purity water

diluted samples (10 to 20 times) by HR-ICP-MS (Element2,

Thermo Scientific). The overall precision of 230Th / 229Th

ratio measurements was 1.8 % (RSD) using triplicate sam-

ples and multiple standards analyzed over several analytical

sessions. Average 234Th recovery was 88± 11 % (n= 200).

Uncertainties of total 234Th activity were estimated using er-

ror propagation law and represent 0.07 dpm L−1 on average.

Standard deviation of the mean 234Th / 238U ratio obtained

for deep waters (> 1000 m) was 0.03 dpm L−1 (n= 19).
238U activity (dpm L−1) was calculated using the relationship

238U (± 0.047)= (0.0786± 0.0045)× S – (0.315± 0.158)

(Owens et al., 2011).

2.3 234Th flux

234Th export fluxes were calculated using a 1-D box model,

which accounts for total 234Th mass balance. Detailed equa-

tions can be found elsewhere (Savoye et al., 2006). 234Th

export flux was estimated at 100, 150, and 200 m depth in or-

der to account for (1) variations in the vertical distribution of
234Th deficits and (2) total depth-integrated losses of 234Th

via export. This allows for comparison between stations at

the same depth horizon, as well as with KEOPS1 study where

a similar approach was used (Savoye et al., 2008). At all sta-

tions, 234Th flux was estimated under steady state (SS) as-

sumption, i.e., considering constant total 234Th activity over

time and neglecting advective and diffusive flux of 234Th.

For re-visited stations (A3 and E stations), 234Th flux was

also estimated under non-steady state (NSS) assumption. At

A3, the NSS model was applied for the second visit with a

time delay of 27.7 days. At E stations, NSS 234Th export flux

was estimated when the time delay was greater than 1 week

as recommended by Savoye et al. (2006). Consequently, the

NSS calculation was carried out only at E-4E (14.6 days) and

E-5 (19.6 days). The revisited stations E-2 and E-4W were

not considered part of the pseudo-Lagrangian study at the E

study site and were excluded from the NSS calculation.

In order to check the assumption that physical transport

did not impact the 234Th budget, the vertical diffusive flux

(Vz) was estimated using the vertical gradient of 234Th ac-

tivity and a range of vertical diffusivity coefficients (Kz val-

ues) between 10−4 and 10−5 m2 s−1 calculated from the Shih

model (Park et al., 2014b). This range of Kz values for

KEOPS2 is much lower than for KEOPS1 (4× 10−4 m2 s−1)

obtained using the Osborn model (Park et al., 2008a). Vz was

calculated using total 234Th activities instead of the dissolved
234Th (total 234Th–particulate 234Th) because of a poor ver-

tical resolution of particulate 234Th data in the first 200 m.

For all stations, the diffuse flux (Vz) estimated at 100, 150,

and 200 m depth was always below 50 dpm m2 d−1 and rep-

resents a negligible contribution to the particle-associated ex-

port flux.

Lateral transport may also impact the 234Th budget

(Savoye et al., 2006) especially for stations located down-

stream of the Kerguelen Islands. From our data, this con-

tribution cannot be quantified precisely, and is only qualita-

tively considered. Given the mean residence of surface water

parcels over the plateau at station A3 (2–3 months) (Park et

al., 2008b) or inside the recirculation feature (0.5–1 month)

compared to the mean residence of 234Th (∼ 1 month), lateral

contribution is likely to be minimal in these areas. Circula-

tion at the northern station F-L is more dynamic and under

the influence of northern Kerguelen shelf waters enriched in

dissolved iron (dFe) (Quéroué et al., 2015). Shelf waters are

probably depleted in 234Th relative to 238U due to the ear-
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lier development of the bloom in this area, as well as due to

sediment resuspension and deposition (Savoye et al., 2008).

However, water parcel trajectory calculations (d’Ovidio et

al., 2015) suggest that shelf waters are transported in times

of less than 0.5–1 month to station F-L. This relatively short

transit time still remains long enough for 234Th-poor waters

to re-equilibrate with 238U due to 234Th in-growth, thus lim-

iting a potential lateral component to the 234Th export flux.

2.4 Particulate 234Th and POC

Suspended particulate matter was collected at nine process

stations for particulate 234Th and POC via large-volume

(150–1000 L) in situ filtration systems (Challenger Oceanics

and McLane WTS6-1-142LV pumps) equipped with 142 mm

diameter filter holders. Two size classes of particles (> 53

and 1–53 µm) were collected via sequential filtration across

a 53 µm mesh nylon screen (SEFAR-PETEX®) and a 1 µm

pore size quartz fiber filter (QMA, Sartorius). To limit C

and N blanks, the filters were pre-conditioned prior to sam-

pling. For large particles (> 53 µm), the PETEX screens were

soaked in HCl 5%, rinsed with Milli-Q water, dried at am-

bient temperature in a laminar flow hood, and stored in

clean plastic bags. QMA filters were pre-combusted and acid

cleaned following Bowie et al. (2010).

After collection, filters were subsampled under clean room

conditions with acid cleaned ceramic scissors for PETEX

screen and a 25 mm Plexiglas punch for QMA. For large

particles, one-fourth of the 142 mm nylon screen was dedi-

cated to 234Th and POC. Particles were re-suspended in fil-

tered seawater in a laminar flow clean hood and collected

on 25 mm diameter silver (Ag) filters (1.0 µm porosity). For

small particles, two 25 mm diameter punches were subsam-

pled from the 142 mm QMA filters. Ag and QMA filters

were dried overnight and mounted on nylon filter holders

covered with Mylar and Al foil for beta counting. As for

total 234Th activity, particulate samples were counted twice

on board until the RSD was below 2 %. The procedure was

similar for sediment traps samples. Sediment traps samples

were re-suspended in filtered seawater, collected on Ag fil-

ters, dried, and mounted on nylon filter holder. Residual beta

activity was measured in the home-based laboratory after six
234Th half-lives (∼ 6 months) and was subtracted from the

on-board measured values.

Following beta counting, particulate samples (QMA and

Ag filters) were processed for POC measurement by an el-

emental analyzer – isotope ratio mass spectrometer (EA-

IRMS). Samples were dismounted from filters holders and

fumed under HCl vapor for 4 h inside a glass desiccator to

remove the carbonate phase. After overnight drying at 50 ◦C,

samples were packed in silver cups and analyzed with a

Carlo Erba NA 1500 elemental analyzer configured for C

analysis and coupled on-line via a Con-Flo III interface to

a Thermo Finnigan Delta V isotope ratio mass spectrome-

ter. Acetanilide standards were used for calibration. C blanks

were 1.46 µmol for Ag filters and 0.52 µmol for 25 mm QMA

punch. Results obtained for two size-segregated POC frac-

tions (> 53 and 1–53 µm) are reported in Appendix 2 along

with particulate 234Th activity measured in the same samples.

3 Results

3.1 234Th activity profiles

The complete data set of total 234Th (234Thtot),
238U ac-

tivities (dpm L−1), and associated 234Th / 238U ratios can

be found in Table S1 in the Supplement. At all stations,

the deficit of 234Thtot relative to 238U was observed in sur-

face waters (234Th / 238U= 0.78–0.95). 234Thtot activities in-

creased progressively with depth and were back to equilib-

rium with 238U at variable depths according to station: above

100 m at R, TNS-1, and F-L, between 100 and 150 m at A3-

1, TEW-8, E-4E, and E-4W, and between 150 and 200 m at

TNS-6, TNS-8, E-1, E-2, E-3, E-5, and A3-2. Such a pat-

tern is typically encountered in the open ocean (Le Moigne et

al., 2013) including the SO (Buesseler et al., 2001; Cochran

et al., 2000; Morris et al., 2007; Planchon et al., 2013; Rut-

gers van der Loeff et al., 2011; Savoye et al., 2008) and in-

dicate scavenging of 234Th with sinking particles. In Fig. S1

in the Supplement, the early season trend in 234Th / 238U ra-

tios is presented along the south-to-north transect from the

central plateau (first visit to A3, A3-1), on the downward

slope of the plateau (TNS-8), across the E stations (TNS-6) to

the warmer less-saline PFZ waters north of the PF (TNS-1).

Surface 234Th / 238U ratios varied from 0.92 (A3-1) to 0.85

(TNS-8) and indicates that export of particles had already oc-

curred early for this time of the season (mid-October). Deficit

was higher inside the PF meander (234Th / 238U ratios of

0.85 to 0.88 at TNS-8 and TNS-6, respectively) and north

of the PF (234Th / 238U= 0.88 at TNS-1) compared to the

shallow central plateau (234Th / 238U= 0.92 at A3-1). Over

the plateau, bottom water (∼ 50–80 m above seafloor) exhib-

ited the lowest 234Th / 238U ratios (0.75). This pattern has

already been documented (Savoye et al., 2008) and supports
234Th removal due to sediment re-suspension.

At process stations, 234Thtot profiles were obtained in

combination with particulate 234Th (234Thp) for two size

fractions (1–53 µm, > 53 µm). Results obtained in the differ-

ent areas are shown in Fig. 2 for 234Thtot,
234Thp (sum of

the two size fractions, see Table S2), and dissolved 234Th

(total−particulate, 234Thd) along with 238U activity (dpm

L−1) deduced from salinity using the equation of Owens et

al. (2011). The average 234Thtot within the first 100 m ex-

hibited a relatively small variability over the KEOPS2 area

with 2.21± 0.10 (n= 4, 234Th / 238U= 0.95± 0.04) at R-

2, 2.18± 0.05 (n= 5, 234Th / 238U= 0.93± 0.02) at A3-1,

2.07± 0.20 (n= 4, 234Th / 238U= 0.89± 0.08) at F-L, and

1.98± 0.03 dpm L−1 (n= 4, 234Th / 238U= 0.84± 0.01) at

E-1. In contrast, surface 234Thp activity, which reflects par-
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Figure 2. Depth profiles of total 234Th (234Thtot), particulate 234Thp (sum of the two size fractions), and dissolved 234Th (total−particulate,
234Thd) activity (dpm L−1) along with 238U activity (dpm L−1, solid lines) deduced from salinity at HNLC reference station R, central

plateau station A3 (A3-1, first visit 20 October; A3-2, second visit 16 November), PF meander station E (E-1, first visit 30 October; E-5,

fourth visit 8 November), and north of PF station F-L.

ticle concentration (Rutgers van der Loeff et al., 1997), was

subject to larger variations. 234Thp activity was low at R-2

(0.33 dpm L−1) and at A3-1 (0.29 dpm L−1), intermediate at

E-1 (0.50 dpm L−1), and highest at F-L (0.90 dpm L−1). Over

the course of the survey, averaged 234Thtot activity within

the first 100 m remained remarkably stable over the plateau,

with 2.13± 0.06 (n= 3, 234Th / 238U= 0.90± 0.03) at A3-2

(27.7 days later), and in the PF meander, with 1.91± 0.07

(n= 4, 234Th / 238U= 0.82± 0.03) at E-3 (4.5 days later)

and 1.92± 0.02 dpm L−1 (n= 4, 234Th / 238U= 0.82± 0.01)

at E-5 (19.6 days later). For the particulate phase, the sit-

uation was different. At A3, 234Thp increased from 0.29 to

0.66 dpm L−1 between the two visits. At site E, 234Thp var-

ied from 0.50 to 0.70 dpm L−1 between the first (E-1) and the

last (E-5) visit, suggesting an increase in particle concentra-

tions in surface waters at both A3 and E stations.

3.2 234Th flux

Total 234Th activity profiles were used for estimating export

fluxes based on SS and NSS assumptions. Cumulated export

fluxes of total 234Th are presented in Fig. 3 and Table S3.

Using the SS calculation, 234Th export from the first 100 m

ranged from 412± 134 at R-2 to 1326± 110 dpm m−2 d−1

at E-3. 234Th export increased below 100 m depth ex-

cept at station R-2 and north of the PF (stations F-L,

TEW-8, and TNS-1) where 234Th was back to equilib-

rium with 238U above 100 m. At 200 m depth, 234Th ex-

port reached 993± 200 at A3-2, 1372± 255 at TNS-8,

and between 1296± 193 and 1995± 176 dpm m−2 d−1 at

E stations. At A3, the NSS 234Th export was 736± 186

at 100 m and 1202± 247 dpm m−2 d−1 at 200 m and com-

pares well with SS export. At E stations, NSS ex-

port from the first 100 m were 911± 242 at E-4E and

1383± 177 dpm m−2 d−1 at E-5 and also compares well with

SS export. Between 100 and 200 m, NSS 234Th export in-

creased at E-5 (2034± 299 dpm m−2 d−1) and decreased at

E-4E (520± 402 dpm m−2 d−1). In addition to water column

data, export of 234Th was determined from sediment traps

deployed at 200 m depth (see Fig. 3 and Table 1). Details of

trap deployments carried out at E-1, E-3, E-5, and A3-2 can

be found elsewhere (Laurenceau-Cornec et al., 2015a). Ex-

port of 234Th measured in trap samples ranged from 506± 21

at A3-2 to 1129± 177 dpm m−2 d−1 at E-3 and represented

∼ 50 % of the SS and NSS export determined from 234Thtot

activity profiles.
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Figure 3. Depth profiles of cumulated total 234Th export fluxes from the surface to 250 m depth using steady state (SS) and non-steady state

(NSS) models and comparison with 234Th export fluxes estimated from sediment traps at 200 m.

3.3 C : Th ratio of particles

At process stations, particulate 234Th activities and POC

were obtained in two size fractions of particles (1–53 µm,

> 53 µm). Profiles of POC : 234Th ratios (C : Th) are shown

in Fig. 4. C : Th ratios were highly variable, ranging from 1.8

to 21.5 in 1–53 µm particles and from 1.0 to 12.5 in > 53 µm

particles. For both size classes, C : Th ratios were high in sur-

face waters (0–150 m) with a range of 6.3–9.6 at R, 6.9–13.1

at A3, and 5.7–11.4 µmol dpm−1 at E stations with no clear

site-related trend. For open-ocean stations, C : Th ratios de-

creased rapidly with depth for the two size classes of particles
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Figure 4. POC : 234Th (C : Th) ratio in size-fractionated (1–53 and > 53 µm) suspended particulate matter collected by ISP and comparison

with sinking particles collected via sediment traps at 200 m depth. Also, shown is a linear interpolation of C : Th ratios at 100, 150, and 200 m

depth for carbon flux estimates. Linear interpolation was obtained using a straight line fit between the upper and the lower data point relative

to the target depth (i.e., 100, 150, and 200 m depth).

and reached relatively constant values in the mesopelagic

zone with 2.8–4.8 at R-2, 2.6–4.5 at E stations, and 1.6–

2.7 µmol dpm−1 at F-L. According to particle size, C : Th ra-

tios showed different trends. At R-2, E-1, E-3, E-4W, and

E-5, C : Th ratios were comparable in small and large parti-

cles. At plateau stations A3-1 and A3-2, and to a lesser extent

at E-4E, C : Th ratios increased with decreasing size of parti-

cles.

3.4 C : Th ratio of sinking particles

To estimate the POC export flux using the 234Th-based ap-

proach, the C : Th ratio of sinking particles needs to be deter-

mined at the depth of export (Buesseler et al., 1992). Assum-

ing the larger particle size class to be representative of the

sinking material (Buesseler et al., 2006), we used the C : Th

ratios of > 53 µm particles to convert 234Th fluxes into POC

fluxes. C : Th ratios were estimated at fixed depths of 100,

150, and 200 m, and results are listed in Table 1 and plotted

in Fig. 4. For A3-1, A3-2, E-1, E-3, E-4W, and E-5, C : Th
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Table 1. 234Th and POC export fluxes and C : Th ratios of sinking particles estimated at 100, 150, and 200 m depth, and carbon export effi-

ciency (ThE and export production / new production (EP / NP) ratios) during KEOPS2 (bold text indicates that non-steady state calculations

were used). ThE ratio defined as the ratio of POC export to net primary production (NPP) and EP / NP ratio defined as the ratio of POC

export to new production (NP).

Station Date Depth 234Th flux C : Th POC flux ThE EP / NP

(m) (dpm m−2 d−1) (µmol dpm−1) (mmol m−2 d−1) (%) (%)

R-2 25 Oct 100 412± 134 9.2± 0.5 3.8± 1.2 34 73

R-2 25 Oct 150 448± 146 5.6± 0.4 2.5± 0.8 22 48

R-2 25 Oct 200 449± 203 4.1± 0.5 1.8± 0.9 16 35

A3-1 20 Oct 100 509± 127 6.9± 0.7 3.5± 0.9

A3-1 20 Oct 150 666± 140 5.8± 0.7 3.9± 0.9

A3-1 20 Oct 200 776± 171 4.8± 0.5 3.7± 0.9

A3-2 16 Nov 100 463± 151 9.9± 0.1 4.6± 1.5 3 3

A3-2 16 Nov 150 829± 169 8.6± 0.1 7.1± 1.5 5 5

A3-2 16 Nov 200 993± 200 3.1± 0.1 3.1± 0.6 2 2

A3-2 trap 15–17 Nov 200 506± 21 4.5± 1.5 2.2± 0.7

A3-2 20 Oct–16 Nov 100 736 ± 186 9.9 ± 0.1 7.3 ± 1.8 5 5

A3-2 20 Oct–16 Nov 150 975 ± 209 8.6 ± 0.1 8.4 ± 1.8 5 5

A3-2 20 Oct–16 Nov 200 1202 ± 247 3.1 ± 0.1 3.8 ± 0.8 2 2

F-L 6 Nov 100 902± 117 4.5± 0.4 4.1± 0.6 1 2

F-L 6 Nov 150 891± 164 4.1± 0.4 3.6± 0.8 1 1

F-L 6 Nov 200 973± 207 3.1± 0.5 3.0± 0.8 1 1

E-1 30 Oct 100 1111± 120 10.5± 0.2 11.6± 1.3 27 34

E-1 30 Oct 150 1504± 158 5.5± 0.2 8.3± 0.9 19 24

E-1 30 Oct 200 1665± 201 4.7± 0.2 7.7± 1.0 18 23

E-1 trap 29 Oct–3 Nov 200 881± 226 8.6± 3.9 7.0± 2.3

E-3 3 Nov 100 1326± 110 8.9± 0.3 11.8± 1.1 21 32

E-3 3 Nov 150 1742± 142 6.2± 0.2 10.8± 0.9 19 29

E-3 3 Nov 200 1995± 176 4.1± 0.2 8.2± 0.8 14 22

E-3 trap 5–9 Nov 200 1129± 177 4.0± 0.7 4.9± 1.5

E-4E 13 Nov 100 1051± 121 5.1± 0.3 5.4± 0.7 7 9

E-4E 13 Nov 150 1210± 155 3.3± 0.1 4.0± 0.5 5 7

E-4E 13 Nov 200 1296± 193 4.1± 0.4 5.3± 1.0 7 9

E-4E 30 Oct–13 Nov 100 911 ± 242 5.1 ± 0.3 4.6 ± 1.3 6 8

E-4E 30 Oct–13 Nov 150 726 ± 315 3.3 ± 0.1 2.4 ± 1.0 3 4

E-4E 30 Oct–13 Nov 200 525 ± 402 4.1 ± 0.4 2.1 ± 1.7 3 4

E-5 18 Nov 100 1262± 116 6.1± 0.1 7.7± 0.7 10 14

E-5 18 Nov 150 1671± 153 4.2± 0.2 7.0± 0.7 9 12

E-5 18 Nov 200 1810± 190 3.7± 0.2 6.7± 0.8 9 12

E-5 trap 18–19 Nov 200 955± 546 2.4± 0.1 2.0± 1.0

E-5 30 Oct–18 Nov 100 1383 ± 177 6.1 ± 0.2 8.4 ± 1.1 11 15

E-5 30 Oct–18 Nov 150 1928 ± 235 4.2 ± 0.2 8.1 ± 1.0 10 14

E-5 30 Oct–18 Nov 200 2034 ± 299 3.7 ± 0.2 7.5 ± 1.2 10 13

E-4W 11 Nov 100 1003± 124 6.7± 0.2 6.7± 0.9 3 3

E-4W 11 Nov 150 1174± 168 3.9± 0.1 4.5± 0.7 2 2

E-4W 11 Nov 200 1068± 208 3.4± 0.2 3.7± 0.7 2 2

ratios of sinking particles were estimated from linear inter-

polation of measured C : Th ratios. At R-2, the C : Th ratio

at 100 m represents the average ratio measured between 25

and 110 m. At F-L, the 100 m C : Th ratio was taken to be

equal to the value at 130 m. For E-4E, C : Th of large parti-

cles were measured directly at the depths of 100, 150, and

200 m and were not interpolated. As illustrated in Fig. 4 and

in Table 1, C : Th ratios of sinking particles at 200 m esti-

mated using ISP samples showed good agreement with sedi-
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ment trap data within uncertainty (3–6 and 18–46 % RSD for

ISP and trap C : Th ratios, respectively) .

3.5 POC export flux

POC export fluxes were estimated at 100 m (EP100),

150 m (EP150), and 200 m (EP200) by multiplying the

corresponding 234Th export flux with the C : Th ra-

tio of sinking particles at the depth of export. Re-

sults are listed in Table 1. EP100 estimated with the

SS model were lowest at A3-1 (3.5± 0.9 mmol m−2 d−1)

and at R-2 (3.8± 1.2 mmol m−2 d−1) and highest at E-

1 with 11.8± 1.3 mmol m−2 d−1. The EP100 at F-L was

4.1± 0.6 mmol m−2 d−1 and was similar to the value for the

control station R-2 and the plateau station A3. In the PF me-

ander, EP100 remained stable between the two first visits (E-

3) with 11.8± 1.1, but decreased at the third visit (E-4E) to

5.4± 0.7 at E4-E, and increased to 7.7± 0.7 mmol m−2 d−1

at the last visit (E-5). Station E-4W, not included in the

time series, had an EP100 of 6.7± 0.9 mmol m−2 d−1, very

similar to E-4E on the eastern edge of the PF meander.

At 200 m, export fluxes ranged between 1.8± 0.9 (R-2)

and 8.2± 0.8 mmol m−2 d−1 (E-3). At the re-visited sta-

tions, carbon export was also estimated using the NSS

model approach. NSS EP100 varied from 4.6± 1.3 (E-4E)

to 8.4± 1.1 mmol m−2 d−1 (E-5). Within the uncertainty,

NSS EP100 were similar (E-5 and E-4E) or higher (A3)

in comparison to SS EP100. EP200 determined with the
234Th proxy could be directly compared to fluxes esti-

mated with sediment traps deployed at the same depth (Ta-

ble 1). Trap fluxes in comparison to EP200 were in very

good agreement within uncertainties at E-1 (7.0± 2.3 and

7.7± 1.0 mmol m−2 d−1 for trap and 234Th-based fluxes, re-

spectively) and A3-2 (2.2± 0.7 and 3.1± 0.6 mmol m−2 d−1

for trap and 234Th-based fluxes, respectively), and 1.7-fold

and 3.3-fold lower at E-3 and E-5, respectively.

4 Discussion

The principal aim of this study was to estimate how nat-

ural Fe fertilization affects carbon export at high produc-

tivity sites over and off-plateau during the early stages of

the bloom. In the following sections, results obtained with

the 234Th-based approach and summarized in Fig. 5 are dis-

cussed according to the four distinct zones investigated dur-

ing the survey (control station R-2, north of the PF sta-

tion F-L, plateau station A3, and PF meander E stations).

For each zone, we briefly review the mode and timing of

iron supply, described in more details elsewhere (Trull et al.,

2015), deduced from dissolved and particulate iron invento-

ries (Quéroué et al., 2015; van der Merwe et al., 2015) and

from iron budgets in the surface mixed-layer (Bowie et al.,

2015). We examine POC export efficiencies using two dif-

ferent metrics (Table 1): (1) ThE ratio defined as the ratio

Figure 5. Summary results of 234Th export fluxes (dpm m−2 d−1),

sinking particles C : Th ratios (µmol dpm−1), and POC export fluxes

(mmol m−2 d−1) obtained at 100 and 200 m depth and comparison

with sediment trap data obtained at 200 m depth during KEOPS2

survey.

of POC export to net primary production (NPP) (Buesseler,

1998) and (2) EP / NP ratio estimated as the ratio between

POC export to new production (NP) (Joubert et al., 2011;

Planchon et al., 2013). NPP and NP are estimated from short-

term (24 h) deck board 13C-HCO−3 , 15N-NO−3 , 15N-NH+4 in-

cubation experiments (Cavagna et al., 2014). NP, the frac-

tion of C uptake supported by NO−3 assimilation, is estimated

from the NPP and the f-ratio (Cavagna et al., 2014). NP is

considered to provide an estimate of potentially “exportable

production” based on a number of assumptions (Sambrotto
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and Mace, 2000) and despite several limitations (Henson et

al., 2011).

4.1 Reference site R-2

At reference station R-2, the observed EP100 of

3.8± 1.2 mmol m−2 d−1 is very small and reflects mainly a

small and shallow export of 234Th (412± 134 dpm m−2 d−1

at 100 m). Low EP100 is consistent with the HNLC con-

ditions at station R-2, where high concentrations of nitrate

(25 µM), silicic acid (12–13 µM) (Blain et al., 2015), and

very low biomass (Lasbleiz et al., 2014) are observed

in surface waters. Dissolved iron (< 0.1 nmol L−1) and

particulate iron (pFe) levels (0.3 nmol L−1) are also very

low in surface waters (Quéroué et al., 2015; van der Merwe

et al., 2015). Fluxes of dFe to the surface mixed layer

are estimated to be very limited (94 nmol m−2 d−1) and

essentially driven by vertical supplies (Bowie et al., 2015).

Biomass at station R-2 appears to be dominated by small,

slow-growing phytoplankton (Trull et al., 2015), which offer

a limited potential for export. This feature is reflected in

the partitioning of POC and 234Thp, with ∼ 90 % being

associated with the small (1–53 µm) size fraction between 25

and 110 m depth. C : Th ratios of particles show no variation

with particle size (Fig. 5) and suggest that large sinking

particles may be a result of aggregation processes (Buesseler

et al., 2006). This is supported by gel trap observations,

revealing that phytodetrital aggregates are an important

fraction of sinking material between 110 and 430 m depth

(Laurenceau-Cornec et al., 2015a).

The flux obtained at the KEOPS2 reference station is

similar to results obtained during the first leg of CROZEX

(November–December 2004) at control sites M2 and M6,

with carbon export of 4.9± 2.7 and 5.8± 3.9 mmol m−2 d−1,

respectively (Morris et al., 2007). Our value for C export

is however much lower than the flux obtained in summer

at the KEOPS1 control site C11 (12.2± 3.3 mmol m−2 d−1;

January–February 2005; Savoye et al., 2008) or during the

second Leg of CROZEX (December 2004–January 2005)

with 18.8± 3.4 at M2 and 14.4± 3.0 mmol m−2 d−1 at M6

(Morris et al., 2007).

For the reference station R-2, ThE and EP / NP ratios were

high with 34 and 73 %, respectively, and indicate a rela-

tively efficient carbon pump despite the limited magnitude of

carbon export and uptake (NPP= 11.2 mmol m−2 d−1). The

ThE ratio falls in the range of most literature data for the SO,

which is generally elevated (> 10 %) in HNLC waters (Bues-

seler et al., 2003; Savoye et al., 2008). During KEOPS1, a

ThE ratio as high as 58 % was observed at the reference sta-

tion C11 (Savoye et al., 2008). The reasons for this high ef-

ficiency could be numerous, and a detailed discussion can be

found elsewhere (Laurenceau-Cornec et al., 2015a). Briefly,

efficient scavenging of POC at the low productivity site (R-

2) may be mediated by fast-sinking aggregates composed

of heavily silicified diatoms. Although BSi levels are low

(Lasbleiz et al., 2014), this scenario is supported by the di-

atom community found at the reference station R-2, which

was dominated by the heavily silicified Fragilariopsis spp.

and Thalassionema nitzschioides (Laurenceau-Cornec et al.,

2015b and references therein). In addition, the limited zoo-

plankton biomass at R-2 (Carlotti et al., 2015) and the rar-

ity of fecal pellets in exported material (Laurenceau-Cornec

et al., 2015a) suggest that attenuation/transformation of the

POC flux through grazing is rather limited, and thus could

also partly explain the high export efficiency at the reference

station R-2.

With depth, carbon export decreased rapidly at station R-

2, and more than 50 % of EP100 was lost between 100 and

200 m depth. Consequently, export efficiency decreased at

200 m depth to 16 and 34 % based on the ThE and NP ra-

tios, respectively. A similar trend was deduced from gel traps

(Laurenceau-Cornec et al., 2015a). In our case, a sharp de-

crease of export with depth seems to be essentially driven by

the C : Th ratio of sinking particles, which decreases from

9.2 to 4.1 µmol dpm−1 between 100 and 200 m (Fig. 4).

Such a decrease may support a preferential loss of C rel-

ative to 234Th due to a partial degradation of sinking par-

ticles (Buesseler et al., 2006). This feature could involve

heterotrophic bacterial activity, since high content of bacte-

ria cells (2.9× 105 cell mL−1) are found between 100–150 m

(Christaki et al., 2014).

4.2 North of PF site (F-L)

The northern PF station (F-L) exhibits moderate dFe enrich-

ment in surface waters (∼ 0.26 nmol L−1) (Quéroué et al.,

2015). Enrichment is much higher for pFe (1–2.5 nmol L−1)

presumably reflecting biological iron uptake and conversion

into biogenic particulate fraction (van der Merwe et al.,

2015). The iron budget is not available for station F-L so it is

difficult to determine the mode of iron fertilization. However,

dFe is likely to be supplied by both vertical exchanges with

the Fe-rich reservoir from below and by lateral advection of

iron-rich coastal waters from the northern Kerguelen shelf

along the northern side of the PF jet (d’Ovidio et al., 2015;

Park et al., 2014a; Trull et al., 2015). Analysis of drifter tra-

jectories and altimetry-based geostrophic currents (d’Ovidio

et al., 2015) indicate that advection of water parcels from

the Kerguelen shelf is relatively short to station F-L (0.5 to

1 month). However, iron-rich waters rapidly disperse in this

area and limit the persistence of iron fertilization (Trull et al.,

2015).

EP100 at station F-L is low (4.1± 0.6 mmol m−2 d−1) and

is only 1.1-fold higher than at the control station R-2. This

suggests no impact of Fe fertilization on upper-ocean car-

bon export in early bloom conditions. However, 234Th ex-

port at F-L is 2.2 times higher in comparison to the refer-

ence station at the same depth, and indicates a more efficient

scavenging of particles in the PFZ. This is supported further

by the similar 100 m 234Th flux observed in the same area
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at TEW-8 (886± 162 dpm m−2 d−1, see Table S3). It should

be mentioned that EP100 at F-L may be underestimated be-

cause the C : Th ratio used to convert the 234Th flux into C

flux was taken at 130 m depth and may be lower than at

100 m depth. As an example, C : Th ratio of 1–53 µm par-

ticle at station F-L is 6.0 at 70 m and strongly decreases to

4.5 µmol dpm−1 at 130 m. However, considering deeper ex-

port, EP200 at F-L (3.0± 0.8 mmol m−2 d−1) appears 1.6-

fold higher than EP200 at the reference station R-2 suggest-

ing an early impact of Fe fertilization on C export at this

depth. In this area, EP200 estimated using the 234Th proxy

shows excellent agreement with fluxes deduced from gel

traps (Laurenceau-Cornec et al., 2015a).

The observed trend in EP drastically contrasts with the

very high productivity at F-L. A massive bloom rapidly de-

veloped in early November in this area as revealed by satel-

lite images (F. D’Ovidio, personal communication, 2014)

and station F-L was visited only a few days after the start

of the bloom. Phytoplankton biomass was high with total

Chl a up to 5.0 µg L−1, total BSi up to 3.9 and POC up

to 28.2 µmol L−1 (Lasbleiz et al., 2014), with the diatom-

dominated phytoplankton community in the fast-growing

phase as revealed by Si (Closset et al., 2014) and C (Cavagna

et al., 2014) uptake rates. The phytoplankton community was

composed of a broad spectrum of size and taxa (Trull et

al., 2015). Considering the three size fractions dominated by

phytoplankton (5–20, 20–50, 50–210 µm), 48 and 52 % of

POC was found above and below 50 µm, respectively, with

small species presumably originating from Fe-rich waters of

the northern Kerguelen shelf, and large species being char-

acteristic of low biomass waters south of the PF offshore of

the islands (Trull et al., 2015). It is interesting to note that the

high biomass content is reflected in the partitioning of 234Th

showing very high 234Thp activity (0.9 dpm L−1 at 40 m, see

Fig. 2). Furthermore, 234Thp appears to be evenly distributed

between small and large particles similarly to phytoplank-

ton community structure. Between 40 and 70 m depth, 40 %

of 234Thp is found with the small (1–53 µm) particles and

60 % with the large (> 53 µm) particles. This size spectrum

of particles clearly offers higher potential for C export at F-L

compared to the HNLC reference station.

However, comparison with NPP and NP reveals that export

efficiency is very low at F-L with ThE and EP / NP ratios of 1

and 2 %, respectively. The two indicators clearly support an

inefficient transfer of C to depth and indicate a pronounced

decoupling between export and production. Observed decou-

pling may partly result from methodological mismatches in

the measurements since time and space scales integrated by

NPP and NP (24 h incubation) differs from the 234Th ap-

proach (∼ 1 month). However, very low ThE and EP / NP

ratios may also indicate that biomass is in an accumulation

phase at station F-L and a major export event is likely to

be delayed until later in the season. Such an accumulation

scenario is supported by the small, fast-growing, and less-

silicified phytoplankton species observed at F-L (Trull et al.,

2015) which are presumably less efficient at exporting car-

bon to depth. Furthermore, high mesozooplankton biomass

(4.5 gC m−2) (Carlotti et al., 2015) as well as the dominance

of cylindrical fecal pellets in gel traps (Laurenceau-Cornec et

al., 2015a) supports an intense grazing activity at F-L, which

may contribute to the reduction of the POC flux and to the

low export efficiency.

Comparison with literature data shows that EP100 at F-L

(4.1± 0.6 mmol m−2 d−1) remains substantially lower than

POC export reported during CROZEX experiment both dur-

ing leg 1 (range 4.9–17 mmol m−2 d−1) and leg 2 (13–

30.0 mmol m−2 d−1), even though similar Fe-rich waters of

the PFZ were sampled (Morris et al., 2007).

Attenuation of export production with depth is relatively

weak at F-L, as only 25 % of EP100 is lost between 100 and

200 m depth. This decrease is due to the decreasing C : Th ra-

tio of sinking particles from 4.5 to 3.1 µmol dpm−1 between

130 and 200 m. As already mentioned for the reference site,

this trend may involve heterotrophic degradation of sinking

particles. However, bacterial production at F-L is most in-

tense in the first 60 m and decreases rapidly with depth to

reach values similar to the reference station below 100 m

depth (Christaki et al., 2014). At F-L, large particles seems to

be more resistant to heterotrophic degradation and this may

be linked to the higher abundance of fast-sinking cylindrical

fecal pellets (Laurenceau-Cornec et al., 2015a).

4.3 Plateau site A3

Station A3 was located in iron- and silicic acid-rich waters

over the central plateau and was visited twice, early (20 Oc-

tober) and late (16 November) in the survey. Surface mixed

layer dFe levels were high at A3-1 (0.28–0.32 nmol3 L−1)

and decreasing at A3-2 (0.14–0.18 nmol L−1) probably due

to biological uptake (Quéroué et al., 2015). Surface pFe ex-

hibits a similar trend as dFe, with higher concentrations at

A3-1 compared to A3-2, but with a more important bio-

genic fraction at A3-2 (van der Merwe et al., 2015). Vertical

dFe fluxes are by far the dominant sources of iron over the

Plateau, and fuel the surface waters during episodic deepen-

ing of the upper mixed-layer (Bowie et al., 2015). Conse-

quently, fertilization over the plateau is considered to be rel-

atively recent, occurring during the maximum winter mixing

period in August–September (Trull et al., 2015) and persist-

ing over 2–3 months based on the estimated residence times

of water parcels over the plateau (Park et al., 2008b).

EP100 over the plateau was very limited, with 3.5± 0.9

and 4.6± 1.5 mmol m−2 d−1 at A3-1 and A3-2, respectively,

based on the SS model. Based on the NSS model, EP100 at

A3-2 appears slightly higher with 7.3± 1.8 mmol m−2 d−1.

EP100 at A3 shows no difference or a maximum of 1.9-

fold higher flux in comparison to the HNLC reference sta-

tion R-2 suggesting limited impact of Fe fertilization. In-

terestingly, the 234Th deficit follows the density structure

and extends to the bottom of the mixed layer at 150–200 m.
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This is much deeper than at stations R-2 or F-L, and con-

sequently 234Th export increases to 776± 171 at A3-1 and

to 993± 200 dpm m−2 d−1 at A3-2 between 100 and 200 m

depth. At A3-2, POC flux was the highest at 150 m depth

with EP150 of 7.1± 1.5 and of 8.4± 1.8 mmol m−2 d−1

based on SS and NSS model respectively, and is 2.8–3.4-

fold higher in comparison to EP150 at the HNLC station.

At 200 m, increasing 234Th export is canceled out by the si-

multaneous decrease of C : Th ratios resulting in low carbon

export similar to A3-1. Comparison of PPS3/3 and gel sed-

iment traps can be conducted at A3-2. First, we observe ex-

cellent agreement between ISP and PPS3/3 trap C : Th ra-

tios (Fig. 5), indicating that the choice of large (> 53 µm)

particles collected via ISP as representative of sinking par-

ticles was appropriate. Second, EP200 estimated in this

study (3.1± 0.6 and 3.8± 0.8 mmol m−2 d−1 with SS and

NSS model, respectively) compare well with PPS3/3 trap

flux (2.2± 0.7 mmol m−2 d−1) and are smaller than gel trap-

derived fluxes (5.5 mmol m−2 d−1) (Laurenceau-Cornec et

al., 2015a). The low flux collected with PPS3/3 traps may

indicate under-trapping, but given that the trap was deployed

only for 1 day, this site is particularly susceptible to tempo-

ral mismatch resulting from short–term variations in particle

fluxes. However, it is worth mentioning that the good agree-

ment found between the different and totally independent ap-

proaches is encouraging and tends to confirm that export pro-

duction over the central plateau was rather low throughout

the survey.

Low export at A3 contrasts with the rapid biomass in-

crease that occurred a few days before the second visit as re-

vealed by satellite images (F. D’Ovidio, personal communi-

cation, 2014). The phytoplankton bloom at A3 showed differ-

ent characteristics compared to station F-L, suggesting vari-

able biological responses to Fe fertilization. The bloom over

the central plateau was dominated by fast-growing, large, and

heavily silicified diatoms (Trull et al., 2015) showing very

high Si uptake rates (Closset et al., 2014). The change in

biomass levels at A3 is well reproduced by 234Thp activity

which increases from 0.25 to 0.55 dpm L−1 between the first

and the second visit. These changes are observed also in the

size partitioning of 234Thp. While at A3-1, 95 % of 234Thp

is found to be associated with small (1–53 µm) particles, at

A3-2 ∼ 70 % is found to be associated with large (> 53 µm)

particles between 55 and 165 m depth. This clearly suggests

a very high potential for export at A3-2, although the mas-

sive export event had not yet commenced. Delayed export is

suggested further by the very low ThE and EP / NP ratios at

100 m depth of 3 and 5 %, respectively, at A3-2, which indi-

cates that biomass was accumulating in the mixed layer.

Over the central plateau, EP200 during the early stages

of the bloom (range of 3.1± 0.6–3.8± 0.8 mmol m−2 d−1)

are 4.4 to 12 times smaller than during the KEOPS1 late

summer condition at the same depth horizon (13.9± 5.9–

37.7± 13.3 mmol m−2 d−1) (Savoye et al., 2008). This

difference is essentially due to much higher 234Th

fluxes reported during KEOPS1 (range 2249± 772–

8016± 949 dpm m−2 d−1), indicating that particle scav-

enging is much more intense in January–February during

the peak and decline of the bloom. Interestingly, the C : Th

ratio of sinking particles exhibits a similar range over

the entire growth season, 3.1–9.9 during KEOPS1 and

4.7–7.7 µmol dpm−1 during KEOPS-2, between 100 and

200 m depth. This is relatively surprising because sinking

particles are very different between the early and late bloom

period over the plateau. During KEOPS2, sinking particles

were dominantly composed of phytodetrital aggregates

(Laurenceau-Cornec et al., 2015a), and rapid aggregation

of diatom cells was also evidenced from underwater vision

profiler observations and modeling (Jouandet et al., 2014).

During KEOPS1, the export process was different and the

majority of the particle flux (composed of fecal pellets and

fecal aggregates) was processed through the heterotrophic

food web (Ebersbach and Trull, 2008).

4.4 PF meander site E

Export in the recirculation feature south of the PF (E stations)

was the highest for the whole survey (Fig. 5). The four visits

carried out as a pseudo-Lagrangian survey (E-1, E-3, E-4E,

and E-5) revealed the short-term temporal variability of car-

bon export over 19.6 days. Surface waters in this area show

low-to-moderate enrichment in dFe levels relative to the ref-

erence station R-2 but with a high variability (range of 0.06–

0.38 nmol L−1) (Quéroué et al., 2015). Mode and timing of

iron fertilization appears to be complex in the PF meander

and differs from over the plateau. The iron budgets suggest

that lateral supplies of dFe are the dominant sources of iron

for the recirculation feature (4–5-fold greater than the verti-

cal flux) (Bowie et al., 2015). Based on water parcel trajecto-

ries, the recirculation region could be fueled with Fe-rich wa-

ters from the northern Kerguelen shelf, similarly to the north

of PF region (station F-L) but delayed. Also, waters derived

from northeast are diluted with waters derived from the south

(d’Ovidio et al., 2015; Park et al., 2014a). Thus, fertilization

of the recirculation region is likely to be less recent and less

intense than at station F-L, but is probably more persistent

(Trull et al., 2015).

EP100 was particularly elevated at the first

(11.6± 1.3 mmol m−2 d−1, E-1) and second visit

(11.8± 1.1 mmol m−2 d−1, E-3), decreased at the third

visit (5.4± 0.7 mmol m−2 d−1, E-4E), and then increased

again during the fourth visit (7.7± 1.3 mmol m−2 d−1,

E-5). A comparison with the reference station indicates

1.4–3-fold enhanced export (at 100 m) within the recircula-

tion feature suggesting an early impact of Fe fertilization.

High EP100 appears primarily influenced by an elevated

100 m 234Th export, ranging between 1051± 121 and

1326± 110 dpm m−2 d−1. Note that high 234Th export

was also observed in the same area earlier in the survey

(21–22 October) at transect stations TNS-6 and TNS-8 (see
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Table S3). These results support an early export event in

the PF meander that had occurred before the start of the

bloom and was associated with moderate biomass levels.

The integrated total Chl a stocks at 200 m were relatively

stable with 141 at E-1, 112 at E-2, 96 at E-3, 108 at E-4E,

and 126 mg m−2 at E-5 (Closset et al., 2014). Furthermore,

the relatively constant 234Th flux over the 19-day period

may indicate that particle scavenging is at steady state, i.e.,

constant export (Savoye et al., 2006). This is supported also

by the excellent agreement found between SS and NSS

estimates of 100 m 234Th fluxes at E-4E and E-5 (Table 1).

However, local variation in 234Th distribution seems to

exist in the PF meander as seen with the smaller 234Th flux

recorded at station E-2 which was part of the west-to-east

transect (TEW, Table S3 and Fig. 5). The smaller deficit

at this station may have been caused by lateral advection

of 234Th-rich (lower deficit) waters originating from the

jet of the PF passing to the north. The second controlling

factor of EP100 was the sinking particles C : Th ratio,

showing elevated values at E-1 (10.5± 0.2 µmol dpm−1)

and E-3 (8.9± 0.3 µmol dpm−1), decreasing progressively

at E-4E (5.1± 0.3 µmol dpm−1), and increasing again at

E-5 (6.1± 0.2 µmol dpm−1). As already mentioned, such a

decrease may indicate preferential loss of carbon relative

to 234Th (Buesseler et al., 2006). This may involve food

web interactions including bacterial production in the mixed

layer increasing from 30 (E-1) to 54.7 nmol C L−1 d−1 (E-5)

(Christaki et al., 2014) and grazing activity by zooplankton

(Carlotti et al., 2015).

EP200 was also elevated in the recirculation feature (range

of 5.3± 1.0 to 8.2± 0.8 mmol m−2 d−1) but shows less tem-

poral variability. High EP200 results from a very deep 234Th

deficit extending down to 200 m depth, except at E-4E where

the export depth (depth at which 234Th is to back equilib-

rium with 238U) is shallower (∼ 150 m). Consequently, im-

portant increases in 234Th export (up to a factor of 2 at E-5)

were observed between 100 and 200 m depth. This feature is

not in line with the relatively shallow mixed layer depth es-

timated in the PF meander (range of 38 to 74 m depth) and

seems to follow the depth of the winter mixed layer. Note

that macronutrients (nitrate and silicic acid) and dissolved

trace elements profiles (Quéroué et al., 2015) display simi-

lar patterns to the 234Th deficit. Such a vertical distribution

suggests important vertical mixing in the area and tends to

confirm that 234Th export has occurred earlier in the survey.

The 234Th export at 200 m displays little variability over the

19.6 days of sampling and this feature is also observed in

sediment traps deployed at E-1, E-3, and E-5, even though

the traps have collected ∼ 50% of the flux deduced from the
234Th deficit. The C : Th ratio in sinking particles decreases

sharply between 100 and 200 m depth at E-1 and E-3 and

to a lesser extent at E-4E and E-5 (Fig. 5). Ratios estimated

from ISP show very good agreement with trap C : Th ratios

at E-3 and E-5 but not at E-1. The trap C : Th ratio at E-1 was

highly variable (8.6± 3.9 µmol dpm−1) and appears closer to

C : Th ratios of small (1–53 µm) particles, suggesting a po-

tential contribution of these particles to the overall export.

A decreasing C : Th ratio results in lower EP200 compared

with EP100. However, a comparison with the HNLC refer-

ence station reveals between 2.9- and 4.5-fold higher carbon

fluxes in the PF meander at 200 m depth. This suggests a

strong impact of Fe fertilization in this area which is sub-

jected to low-to-moderate dFe inputs. The impact of Fe fer-

tilization on carbon export at this location is higher compared

to the KEOPS1 study over the plateau (∼ 2-fold higher POC

flux) (Savoye et al., 2008).

High export in the PF meander remains relatively unex-

pected considering the temporal variation of surface phyto-

plankton community structure. Initially dominated by small

particles including small centric and pennate diatoms, the

larger phytoplankton fraction increased progressively and be-

came dominant by the end of the time series (E-5) (Trull et

al., 2015). This variability is also observed in 234Thp and

POC partitioning between the surface and 150 m depth. At

E1, E-3, and E-4E, small particles represent the dominant

fraction of 234Thp and POC, 60–80 %, while at E-5 small

particles fraction decreases to 50 %. This suggests an increas-

ing potential for export, whereas EP tends to decrease with

time. The same feature is observed for C (Cavagna et al.,

2014) and Si uptake rates (Closset et al., 2014) showing low

productivity at the beginning increasing progressively dur-

ing the course of the survey. These inverse temporal varia-

tions between export and production are supported further

by the ThE and EP / NP ratios at 100 m depth, where high

values were observed initially (27 and 34 %, respectively) at

E-1 decreasing progressively until E-5 (10 and 14 %, respec-

tively). The reason for this decoupling may be numerous and

highlights the complexity of export processes that cannot be

easily resolved based only on primary and new production

variability. One hypothesis involves food web interactions

through grazing pressure, since fecal material is one of the

main carriers of the POC export in the upper 200 m at the E

stations (Laurenceau-Cornec et al., 2015a).

The early bloom export in the PF meander can be com-

pared to the late summer situation reported for station A11

during KEOPS1 located in similar deep waters east of the

Kerguelen Islands (Savoye et al., 2008). POC flux at A11 in

late summer (range of 19.4–26.3 mmol m−2 d−1) is substan-

tially higher than EP100 (range of 5.4–11.6 mmol m−2 d−1)

and EP200 (5.3–7.7 mmol m−2 d−1) at E stations confirming

that an important fraction of the seasonal export was not sam-

pled during KEOPS2. At A11, the C : Th ratio was 11.0± 1.2

and 6.3 µmol dpm−1 at 100 and 200 m depth, respectively,

and appears very close to the C : Th ratios measured at E-1

and E-3, and higher than the ratios measured at E-4E and

E-5.
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5 Conclusions

In the present study, we investigated upper-ocean carbon ex-

port production in the naturally Fe-fertilized area adjacent

to the Kerguelen Islands as part of the KEOPS2 expedition.

Spatial and temporal variations in water column total 234Th

activity combined with the C : Th ratios of large potentially

sinking particles were used to infer carbon export between

100 and 200 m depth. Export production in the Fe-fertilized

area reveals large spatial variability during the early stages of

bloom development with low export found at high productiv-

ity sites located over the central plateau (A3 site) and north

of the PF in deep water downstream of the islands (F-L site).

The highest export was observed south of the permanent me-

ander of the PF (E stations), where a detailed time series was

obtained as part of a pseudo-Lagrangian study. The compari-

son with the HNLC reference station located south of the PF

and upstream of the islands indicates that Fe fertilization in-

creased carbon export in all iron-fertilized waters during the

early stage of the Kerguelen bloom but at variable degrees.

The increase is particularly significant inside the PF mean-

der, but more moderate over the central Kerguelen Plateau

and in the northern plume of the Kerguelen bloom. Export

efficiencies were particularly low at high productivity sites

over and off the plateau (A3 and F-L sites) and clearly in-

dicate that biomass was in accumulation phase rather than

in export phase. The varied response of ecosystems to nat-

ural iron inputs results in varied phytoplankton community

size structures, which in turn impacts the potential for car-

bon export. Accordingly, station A3 over the central plateau

showing high biomass dominated by large diatoms may of-

fer higher potential for carbon export compared to F-L and

E sites. Comparison with late summer POC export obtained

during KEOPS1 reveals a much smaller carbon export during

the early stages of the bloom in spring than in late summer.

The Supplement related to this article is available online

at doi:10.5194/bg-12-3831-2015-supplement.
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