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Abstract

A sediment trap moored in the naturally iron-fertilized Kerguelen plateau in the South-
ern Ocean provided an annual record of particulate organic carbon and nitrogen fluxes
at 289 m. At the trap deployment depth current speeds were low (∼ 10 cm s−1) and pri-
marily tidal-driven (M2 tidal component) providing favorable hydrodynamic conditions5

for the collection of flux. Particulate organic carbon (POC) flux was generally low (<
0.5 mmol m−2 d−1) although two episodic export events (< 14 days) of 1.5 mmol m−2 d−1

were recorded. These increases in flux occurred with a 1 month time lag from peaks
in surface chlorophyll and together accounted for approximately 40 % of the annual
flux budget. The annual POC flux of 98.2±4.4 mmol m−2 yr−1 was relatively low con-10

sidering the shallow deployment depth, but similar to deep-ocean (> 2 km) fluxes mea-
sured from similarly productive iron-fertilized blooms. Comparison of the sediment trap
data with complementary estimates of biomass accumulation and export indicate that
∼ 90 % of the flux was lost between 200 and 300 m. We hypothesize that grazing pres-
sure, including mesozooplankton and mesopelagic fishes, may be responsible for rapid15

flux attenuation and the High Biomass Low Export regime characterizing the Kergue-
len bloom. The importance of plankton community structure in controlling the temporal
variability of export fluxes is addressed in a companion paper.

1 Introduction

The biological carbon pump is defined as the vertical transfer of biologically fixed car-20

bon in the ocean surface to the ocean interior (Volk and Hoffert, 1985). Global estimates
of Particulate Organic Carbon (POC) export cluster between 5 PgCyr−1 (Moore et al.,
2004; Lutz et al., 2007; Honjo et al., 2008; Henson et al., 2011; Lima et al., 2014a) to
10 PgCyr−1 (Laws et al., 2000; Schlitzer, 2004; Gehlen et al., 2006; Boyd and Trull,
2007; Dunne et al., 2007; Laws et al., 2011). Nevertheless, the physical transfer of25

dissolved inorganic carbon to the ocean interior during subduction of water masses is
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two orders of magnitude higher (> 250 PgCyr−1, Karleskind et al., 2011; Levy et al.,
2013). The global ocean represents a net annual CO2 sink of 2.5 PgCyr−1 (Le Quéré
et al., 2013), slowing down the increase of the atmospheric CO2 concentration result-
ing from anthropogenic activity. Although the Southern Ocean (south of 44◦ S) plays
a limited role in the net air–sea CO2 flux (Lenton et al., 2013), it is a key component5

of the global anthropogenic CO2 sink representing one third the global oceanic sink
(∼ 1 PgCyr−1) while covering 20 % of its surface (Gruber et al., 2009). The solubility
pump is considered as the major component of this sink.

Following it’s hypothesis in the nineties (Martin, 1990), iron limitation of high nutrient
low chlorophyll (HNLC) areas, including the Southern Ocean, has been tested in bottle10

experiments (de Baar et al., 1990) and through in situ artificial fertilization experiments
(de Baar et al., 2005; Boyd et al., 2007). Results from these experiments are numer-
ous and essentially highlight that iron limits macronutrient (N, P, Si) utilization (Boyd
et al., 2005; Hiscock and Millero, 2005) and primary production (Landry et al., 2000;
Gall et al., 2001; Coale et al., 2004) in these vast HNLC areas of the Southern Ocean.15

Due to a large macronutrient repository the biological carbon pump in the Southern
Ocean is considered to be inefficient in its capacity to transfer atmospheric carbon to
the ocean interior (Sarmiento and Gruber, 2006). In the context of micronutrient limita-
tion, sites enriched in iron by natural processes have also been studied and include the
Kerguelen islands (Blain et al., 2001, 2007), the Crozet islands (Pollard et al., 2007),20

the Scotia Sea (Tarling et al., 2012), and the Drake Passage (Measures et al., 2013).
Enhanced primary producer biomass in association with natural iron supply (Korb and
Whitehouse, 2004; Seeyave et al., 2007; Lefèvre et al., 2008) strongly support trace-
metal limitation. Furthermore, indirect seasonal budgets constructed from studies of
naturally fertilized systems have been capable of demonstrating an increase in the25

strength of the biological carbon pump (Blain et al., 2007; Pollard et al., 2009), al-
though strong discrepancies in carbon to iron sequestration efficiency exist between
systems. To date, direct measurements of POC export from naturally fertilized blooms
in the Southern Ocean are limited to the Crozet Plateau (Pollard et al., 2009; Salter
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et al., 2012). The HNLC Southern Ocean represents a region where changes in the
strength of the biological pump may have played a role in the glacial–interglacial CO2
cycles (Bopp et al., 2003; Kohfeld et al., 2005) and have some significance to future
anthropogenic CO2 uptake (Sarmiento and Le Quéré, 1996). In this context, additional
studies that directly measure POC export from naturally iron-fertilized blooms in the5

Southern Ocean are necessary.
POC export can be estimated at short timescales (days to weeks) using the 234Th

proxy (Coale and Bruland, 1985; Buesseler et al., 2006; Savoye et al., 2006), by opti-
cal imaging of particles (e.g. Picheral et al., 2010) or by directly collecting particles into
surface-tethered sediment traps (e.g. Maiti et al., 2013 for a compilation in the South-10

ern Ocean) or neutrally buoyant sediment traps (e.g. Salter et al., 2007; Rynearson
et al., 2013). Temporal variability of flux in the Southern Ocean precludes extrapola-
tion of discrete measurements to estimate seasonal or annual carbon export. However
seasonal export of POC can be derived from biogeochemical budgets (Blain et al.,
2007; Pollard et al., 2009) or be directly measured by moored sediment traps (e.g.15

Salter et al., 2012). Biogeochemical budgets are capable of integrating over large spa-
tial and temporal scales but may incorporate certain assumptions and lack information
about underlying mechanisms. Direct measurement by sediment traps rely on fewer
assumptions but their performance is strongly related to prevailing hydrodynamic con-
ditions (Buesseler et al., 2007a), which can be particularly problematic in the surface20

ocean. Measuring the hydrological conditions characterizing mooring deployments is
necessary to address issues surrounding the efficiency of sediment trap collection.

The ecological processes responsible for carbon export remain poorly characterized
(Boyd and Trull, 2007). Having direct access to the exported material in a quantita-
tive way can elucidate patterns in carbon and biomineral fluxes to the ocean interior25

(Francois et al., 2002; Henson et al., 2012; Le Moigne et al., 2012; Lima et al., 2014).
Long-term deployment of moored sediment traps in areas of naturally iron fertilized
production, where significant macro- and micro-nutrient gradients seasonally structure
plankton communities, can help to establish links between ecological succession and
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carbon export. For example, sediment traps around the Crozet Plateau (Pollard et al.,
2009) identified the significance of Eucampia antarctica var. antarctica resting spores
for carbon transfer to the deep ocean, large empty diatom frustules for Si:C export sto-
ichiometry (Salter et al., 2012), and heterotrophic calcifiers for the carbonate counter
pump (Salter et al., 2014).5

The increase in primary production resulting from natural fertilization might not nec-
essarily lead to significant increases in carbon export. The concept of “High Biomass,
Low Export” (HBLE) environments was first introduced in the Southern Ocean (Lam
and Bishop, 2007). This concept is partly based on the idea that a strong grazer re-
sponse to phytoplankton biomass leads to major fragmentation and remineralization10

of particles in the twilight zone, shallowing the remineralization horizon (Coale et al.,
2004). Alternative explanations suggest that the efficient utilization and reprocessing
of exported carbon by zooplankton leads to fecal pellet dominated, low POC fluxes
(Ebersbach et al., 2011). A synthesis of short-term sediment trap deployments, 234Th
estimates of upper ocean POC export and in situ primary production measurements15

in the Southern Ocean by Maiti et al. (2013) has highlighted the inverse relationship
between primary production and export efficiency, verifying the HBLE status of many
productive areas in the Southern Ocean. The iron fertilized bloom above the Ker-
guelen Plateau exhibits strong remineralization in the mixed layer compared to the
mesopelagic (Jacquet et al., 2008) and high bacterial carbon demand (Obernosterer20

et al., 2008), features consistent with a HBLE regime. Moreover, an inverse relationship
between export efficiency and zooplankton biomass in the Kerguelen Plateau region
support the key role of grazers in the HBLE scenario (Laurenceau et al., 2014a). Effi-
cient grazer responses to phytoplankton biomass following artificial iron fertilization of
HNLC regions also demonstrate increases in net community production that are not25

translated to an increase in export fluxes (Lam and Bishop, 2007; Martin et al., 2013;
Batten and Gower, 2014).

POC flux attenuation with depth results from processes occurring in the euphotic
layer (setting the particle export efficiency, Henson et al., 2012) and processes oc-
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curring in the twilight zone between the euphotic layer and ∼ 1000 m (Buesseler and
Boyd, 2009), setting the transfer efficiency (Francois et al., 2002). These processes are
mainly biologically-driven (Boyd and Trull, 2007) and involve a large diversity of ecosys-
tem components from bacteria (Rivkin and Legendre, 2001; Giering et al., 2014), pro-
tozooplankton (Barbeau et al., 1996), mesozooplankton (Dilling and Alldredge, 2000;5

Smetacek et al., 2004) and mesopelagic fishes (Davison et al., 2013; Hudson et al.,
2014). The net effect these processes is summarized in a power-law formulation of
POC flux attenuation with depth proposed by Martin et al. (1987) that is still commonly
used in data and model applications. The b-exponent in this formulation has been re-
ported to range from 0.4 to 1.7 (Buesseler et al., 2007b; Lampitt et al., 2008; Henson10

et al., 2012) in the global Ocean. Nevertheless, a change in the upper mesopelagic
community structure (Lam et al., 2011), and more precisely an increasing contribution
of mesozooplankton (Lam and Bishop, 2007; Ebersbach et al., 2011) could lead to
a shift toward higher POC flux attenuation with depth.

The aims of this paper are (1) to provide the first annual description of the POC and15

PON export fluxes below the mixed layer within the naturally fertilized bloom of the
Kerguelen Plateau, (2) to discuss the reliability of these measurements considering
the hydrological and biological context, (3) to compare the results with other estimates
of POC fluxes made on different time-scales from KEOPS1 and KEOPS2 and (4) to
suggest hypothesis explaining the flux attenuation. A companion paper (Rembauville20

et al., 2014) addresses our final aim: to identify the ecological vectors that explain the
intensity and the stoichiometry of the fluxes.

2 Material and methods

2.1 Trap deployment and mooring design

As part of the KEOPS2 multidisciplinary program, a mooring line was deployed at sta-25

tion A3 (50◦38.3′ S–72◦02.6′ E) in the Permanently Open Ocean Zone (POOZ), south of
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the Polar Front (PF) (Fig. 1). The mooring line was instrumented with a Technicap PPS3
(0.125 m2 collecting area, 4.75 aspect ratio) sediment trap and inclinometer (NKE
S2IP) at a depth of 289 m (seafloor depth 527 m) (Fig. 2). A conductivity-temperature-
pressure (CTD) sensor (Seabird SBE 37) and a current meter (Nortek Aquadopp) were
placed on the mooring line 30 m beneath the sediment trap (319 m). The sediment5

trap collection period started on 21 October 2011 until 7 September 2012. The sed-
iment trap was composed of twelve rotating sample cups (250 mL) filled with a 5 %
formalin hypersaline solution buffered with sodium tetraborate at pH= 8. Rotation of
the carousel was programmed to sample short intervals (10–14 days) between Octo-
ber and February, to optimize the temporal resolution of export from the bloom, and10

long intervals (99 days) between February and September. All instruments had a 1 h
recording interval. The current meter failed on the 7 April 2012.

2.2 Surface chlorophyll data

The MODIS AQUA level 3 (4 km grid resolution, 8 day averages) surface chlorophyll a
product was extracted from the NASA website (http://oceancolor.gsfc.nasa.gov/) for15

sediment trap deployment period. An annual climatology of surface chlorophyll a con-
centration, based on available satellite products (1997–2013), was calculated from the
multisatellite Globcolour product. The Globcolour level 3, (case 1 waters, 4.63 km res-
olution, 8 day averages) product merging Seawifs, MODIS and MERIS data with GSM
merging model (Maritorena and Siegel, 2005) was accessed via http://www.globcolour.20

info. Surface chlorophyll a concentrations derived from Globcolour (climatology) and
MODIS data (deployment year) were averaged across a 100 km radius centered on the
sediment trap deployment location (Fig. 1).

2.3 Time series analyses of hydrological parameters

Fast Fourier Transform (FFT) analysis was performed on the annual time series data25

obtained from the mooring, depth and potential density anomalies (σθ) that were de-
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rived from the CTD sensor. Significant peaks in the power spectrum were identified by
comparison to red noise, a theoretical signal in which the relative variance decreases
with increasing frequency (Gilman et al., 1963). The red noise signal was considered
as a null hypothesis and its power spectrum was scaled to the 99th percentile of χ2

probability. Power peaks higher than 99 % red noise values were considered to be sta-5

tistically significant (Schulz and Mudelsee, 2002), enabling the identification of periods
of major variability in time series. In order to identify the water masses surrounding the
trap, temperature and salinity recorded by the mooring CTD were placed in context to
previous CTD casts conducted at A3 during KEOPS1 (39 profiles, 23 January 2005–13
February 2005) and KEOPS2 (12 profiles, from 15–17 November).10

2.4 Sediment trap material analyses

Upon recovery of the sediment trap the pH of the supernatant was measured and 1 mL
of 37 % formalin buffered with sodium tetraborate (pH= 8). After allowing the particu-
late material to settle to the base of the sample cup (∼ 24 h), 60 mL of supernatant was
removed with a syringe and stored separately. The samples were transported in the15

dark at 4 ◦C (JGOFS Sediment Trap Methods, 1994) and stored under identical con-
ditions upon arrival at the laboratory until further analysis. Nitrate, nitrite, ammonium
and phosphate in the withdrawn supernatant were analysed colorimetrically (Aminot
and Kerouel, 2007) to check for possible leaching of dissolved inorganic nitrogen and
phosphorus from the particulate phase.20

Samples were first transferred in a petri dish and examined under stereomicroscope
(Leica MZ8, ×10 to ×50 magnification) to determine and isolate swimmers (i.e. organ-
isms that actively entered the cup). All swimmers were carefully sorted, cleaned (rinsed
with preservative solution), enumerated and removed from the cups for further taxo-
nomic identification. As the classification of organisms as swimmers remains subjective25

and there is no standardized protocol, we classified zooplankton organisms as swim-
mers if we could observe organic material and preserved structures. Empty shells, exu-
via (exoskeleton remains) and organic debris were considered part of the passive flux.
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Sample preservation prevented the identification of smaller swimmers (mainly cope-
pods) but, where possible, zooplankton were identified following Boltovskoy (1999).

Following the removal of swimmers, samples were quantitatively split into eight
aliquots using a Jencons peristaltic splitter. A splitting precision of 2.9 % (coefficient
of variation) was determined by weighing the particulate material obtained from each5

of four 1/8th aliquots (see below). Aliquots for chemical analyses were centrifuged
(5 min at 3000 rpm) with the supernatant being withdrawn after this step and replaced
by milliQ-grade water to remove salts. This rinsing step was repeated three times. The
remaining pellet was freeze-dried (SGD-SERAIL, 0.05–0.1 mbar, −30 to 30 ◦C, 48 h
run) and weighed three times (Sartorius MC 210 P balance, precision 10−4 g) to calcu-10

late the total mass. The particulate material was ground to a fine powder and used for
measurements of particulate constituents.

For particulate organic carbon (POC) and particulate organic nitrogen (PON) anal-
yses, 3 to 5 mg of the freeze-dried powder was weighed directly into pre-combusted
(450 ◦C, 24 h) silver cups. Samples were decarbonated by adding 20 µL of 2 M an-15

alytical grade Hydrochloric acid (Sigma–Aldrich). Acidification was repeated until no
bubbles could be seen, ensuring all particulate carbonate was dissolved (Salter et al.,
2010). Samples were dried overnight at 50 ◦C. POC and PON were measured with
a CHN analyzer (Perkin Elmer 2400 Series II CHNS/O Elemental Analyzer) calibrated
with glycine. Samples were analysed in triplicate with an analytical precision of less20

than 0.7 %. Due to the small amount of particulate material in sample cups #5 and #12,
replicate analyses were not possible. Uncertainty propagation for POC and PON flux
was calculated as the quadratic sum of errors on mass flux and POC/PON content in
each sample. The annual flux (±SD) was calculated as the sum of the time-integrated
flux (±SD) in each cup.25

In addition, transmissiometer (Wetlabs C-star) profiles from the KEOPS2 cruise
were used to estimate POC profiles. The transmissiometer signal was cali-
brated against POC data (Lasbleiz et al., 2014) with the following equation: POC
(µM)= log(Xmiss/100)×−100.74+0.6401.
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3 Results

3.1 Physical conditions around trap

The sediment trap was deployed in the upper layers of Upper Circumpolar Deep Wa-
ter (UCDW), beneath seasonally mixed Winter Water (WW) (Fig. 2). The depth of the
CTD sensor varied between 318 and 322 m (1 and 99 % quantiles), with rare deep-5

ening to 328 m (Fig. 3a). Variations in tilt angle of the sediment trap were also low,
mostly between 1 and 5◦, and occasionally reaching 13◦ (Fig. 3d). Current speed am-
plitude varied between 4 and 23 cms−1 (1 and 99 % quantiles) with a maximum value
of 33 cms−1 and a mean value of 9 cms−1 (Fig. 3e). Horizontal flow vectors were di-
vided between northward and southward components with strongest current speeds10

observed to flow northward (Fig. 3f and g).
The range in potential temperature and salinity was 1.85–2.23 ◦C and 34.12–34.26

(1–99 % quantiles) (Fig. 3b and c). From July to September 2012, a mean increase
of 0.2 ◦C in potential temperature was associated with a strong diminution of high
frequency noise suggesting a drift of the temperature sensor. Consequently these15

temperature data were rejected from the time-series analysis. The potential temper-
ature/salinity diagram is compared to KEOPS1 and KEOPS2 CTD downcast at station
A3 (Fig. 4). The CTD sensor recorded the signature of the UCDW and no intrusion of
overlying WW could be detected.

The power spectrum of vertical sediment trap displacements identified six significant20

peaks corresponding to frequencies of 6.2, 8.2, 23.9, 25.7 h and 14 days (Fig. 5a).
Concomitant peaks of depth, angle and current speed were also observed with a pe-
riod of 14 days. However, spectral analysis of the potential density anomaly σθ revealed
only one significant major power peak corresponding to a frequency of 12.4 h (Fig. 5b).
Isopycnal displacements were driven by the unique tidal component (M2, 12.4 h period)25

and trap displacements resulted from a complex combination of multiple tidal compo-
nents. The power spectrum analysis suggested that a 40 h window was relevant to filter
out most of the short term variability (black line in Fig. 3a–e).
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A pseudo-lagrangian trajectory was calculated by cumulating the instantaneous cur-
rent vectors (Fig. 6). Over short time-scales (hours to day) the trajectory displays nu-
merous tidal ellipses. The flow direction is mainly to the South-East in October 2011 to
December 2012 and North-East from December 2011 to April 2012. For the entire cur-
rent meter record (6 months) the overall displacement followed a 120 km northeasterly,5

anticlockwise trajectory with an integrated current speed of approximately 1 cms−1.

3.2 Seasonality of surface chlorophyll a concentration above trap location

The seasonal variations of surface chlorophyll a concentration for the sediment trap
deployment period differed significantly from the long-term climatology (Fig. 7a). The
bloom started at the beginning of November 2011, ten days after the start of the sed-10

iment trap deployment. Maximum surface chlorophyll a values of 2.5 µgL−1 occurred
on the first week of November and subsequently declined rapidly to 0.2 µgL−1 in late
December 2011. A second increase in surface chlorophyll a up to 1 µgL−1 occurred
in January 2012 and values decreased to winter levels of 0.2 µgL−1 in February 2012.
A short-term increase of 0.8 µgL−1 occurred in mid-April 2012.15

3.3 Swimmer abundances

No swimmers were found in cups #3 and #5 (Table 2). Total swimmer numbers were
highest in winter (1544 individuals in cup #12). When normalized to cup opening
time, swimmer intrusion rates were highest between mid-December 2011 and mid-
February 2012 (from 26 to 55 individuals d−1) and lower than 20 individuals d−1 for the20

remainder of the year. Swimmers were numerically dominated by copepods throughout
the year, but elevated amphipod and pteropod abundances were observed at the end
of January and February 2012 (Table 2). There was no significant correlation between
mass flux, POC and PON fluxes and total swimmer number or intrusion rate (Spear-
man’s correlation test, p > 0.01). Copepods were essentially small cyclopoid species.25

Amphipods were predominantly represented by the hyperidean Cyllopus magellanicus
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and Themisto gaudichaudii. Pteropods were represented by Clio pyramidata, Limacina
helicina forma antarctica and Limacina retroversa subsp. australis. Euphausiids were
only represented by the genus Thysanoessa. One Slapa thompsoni salp (aggregate
form) was found in the last winter cup #12.

3.4 Seasonal particulate organic carbon and nitrogen fluxes5

Particulate organic carbon flux ranged from 0.15 to 0.55 mmolm−2 d−1 during the
productive period except during two short export events of 1.6 ± 0.04 and 1.5 ±
0.04 mmolm−2 d−1 sampled in cups #4 (2 to 12 December 2011) and #9 (25 Jan-
uary to 8 February 2012), respectively (Fig. 7b). The two flux events occurred with an
approximate time lag of one month compared to peaks in surface chlorophyll a val-10

ues. A modest value of 0.27 ± 0.01 mmolm−2 d−1 was observed in autumn (cup #11,
22 February to 30 May 2012). The lowest POC flux was measured during the winter
(0.04 mmolm−2 d−1, cup #12, 31 May to 7 October). Assuming that POC export was
negligible from mid-September to mid-October, the annually integrated POC flux was
98.2 ± 4.4 mmolm−2 yr−1 (Table 1). The two short (< 14 days) export events accounted15

for 16.2 ± 0.5 % (cup #4) and 21.0 ± 0.6 % (cup #9) of the annual carbon export out of
the mixed layer (Table 1). Mass percentage of organic carbon ranged from 3.3 to 17.4 %
(Fig. 7b). Values were slightly higher in autumn and winter (respectively 13.1 ± 0.2 %
and 11 ± 2.1 % in cups #11 and #12) than in the summer, with the exception of cup #5
where the highest value of 17.4 % was observed. PON fluxes followed the same sea-20

sonal patterns as POC. This resulted in a relatively stable POC : PON ratio that varied
between 6.1 to 7.4, except in the autumn cup #11 were it exceeded 8.1 (Table 1).
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4 Discussion

4.1 Physical conditions of trap deployment

Moored sediment traps can be subject to hydrodynamic biases that affect the accu-
racy of particle collection (Buesseler et al., 2007a). The aspect ratio, tilt and horizontal
flow regimes are important considerations when assessing sediment trap performance.5

Specifically, the line angle and aspect ratio of cylindrical traps can result in oversam-
pling (Hawley et al., 1988). Horizontal current velocities of 12 cms−1 are often invoked
as a critical threshold over which particles are no longer quantitatively sampled (Baker
et al., 1988). During the sediment trap deployment period we observed generally low
current speeds (mean < 10 cms−1). When integrated over the entire current meter10

record (October 2011 to April 2012), the resulting flow is consistent with the annual
northeastward, low velocity (∼ 1 cms−1) geostrophic flow previously reported over the
central part of the Kerguelen plateau (Park et al., 2008b). The low current speeds, high
aspect ratio of the PPS3 trap (4.75), and small mooring line angle deviations indicate
the deployment was not subject to major hydrodynamic biases.15

The depth of the winter mixed layer (WML) on the Kerguelen Plateau is usually shal-
lower than 250 m (Park et al., 1998; Metzl et al., 2006). The sediment trap deployment
depth of ∼ 300 m was selected to sample particle flux exiting the WML. The moored
CTD sensor did not record any evidence of a winter water incursion during the de-
ployment period, confirming the WML did not reach the trap depth. The small depth20

variations observed during the deployment period resulted from vertical displacement
of the trap. Variations of σθ may have resulted from both vertical displacement of the
CTD sensor and possible isopycnal displacements due to strong internal waves that
can occur with an amplitude of > 50 m at this depth (Park et al., 2008a). Our measure-
ments demonstrate that isopycnal displacements are consistent with the M2 (moon 2,25

12.4 h period) tidal forcing described in physical modeling studies (Maraldi et al., 2011,
2009). Spectral analysis indicates that high frequency tidal currents are the major circu-
lation components. Time-integrated currents shows that advection is weak and occurs
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over longer timescale (months). Assuming the current flow measured at the sediment
trap deployment depth is representative of the prevailing current under the WML, more
than three months are required for particles to leave the plateau from the A3 station,
a timescale larger than the bloom duration itself. Therefore we consider that the parti-
cles collected in the sediment trap at station A3 were produced in the surface waters5

located above the plateau during bloom conditions.

4.2 Swimmers and particle solubilization

Aside from the hydrodynamic effects discussed above, other potential biases character-
izing sediment trap deployments, particularly those in shallow waters, is the presence
of swimmers and particle solubilization. Swimmers can artificially increase POC fluxes10

by entering the cups and releasing particulate organic matter or decrease the flux by
feeding in the trap funnel (Buesseler et al., 2007a). Swimmers were most abundant in
the cups #8 to #12 (January to September 2012) generally through the representation
of copepods and amphipods (Table 2). Swimmer abundance was not correlated with
mass flux, POC or PON fluxes, suggesting that their presence did not notably increase15

particulate fluxes. Nevertheless such correlations are not diagnostic and we cannot
rule out the possibility of swimmer feeding in the trap funnel modifying particle flux
collection during this study.

Particle solubilization in preservative solutions can lead to an underestimation of
total flux measured in sediment traps. Analyses from traps poisoned with mercuric20

chloride suggest that ∼ 30 % of total organic carbon flux can be found in the dissolved
phase and much higher values of 50 and 90 % may be observed for nitrogen and
phosphorous, respectively (Antia, 2005; O’Neill et al., 2005). Unfortunately the use of
a formaldehyde-based preservative in our trap samples precludes any direct estimate
of excess of dissolved organic carbon in the sample cup supernatant. Furthermore,25

corrections for particle leaching have been considered problematic in the presence of
swimmers since a fraction of the leaching may originate from the swimmers themselves
(Antia, 2005), leading to over-correction. This possibly occurs in our samples since
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high PO3−
4 excess was found in the supernatant of cups where total swimmers were

abundant (cups #8 to #12, data not shown). Therefore, it was impossible to accurately
correct export fluxes for particle leaching. However, considering the typical leaching
values for POC of 30 % reported in the literature (Antia, 2005; O’Neill et al., 2005) it
is unlikely that solubilization of organic matter from passively settling particles exerts5

a major impact on our flux determination. Furthermore, leaching of POC should be
less problematic in formalin-preserved samples because aldehydes fix organic matter,
rather than just poisoning microbial activity.

4.3 Rapid flux attenuation at A3

The sediment trap record obtained from station A3 provides the first direct estimate of10

seasonal and annual POC export from the iron-fertilized Kerguelen bloom. The annual
POC export of ∼ 0.1 molm−2 d−1 at ∼ 300 m (Table 1) is significantly lower than indirect
estimates of POC export (5.1 molm−2 d−1) at the base of the WML (200 m) on the
Kerguelen Plateau (Blain et al., 2007). The Kerguelen Plateau annual POC export
approaches the median global ocean POC export value comprising shallow and deep15

sediment traps (83 mmolm−2 yr−1, Lampitt and Antia, 1997), but is also close to values
observed in HNLC areas of the POOZ (11–43 mmolm−2 yr−1 at 500 m, Fischer et al.,
2000). Moreover, the magnitude of annual POC export measured at ∼ 300 m on the
Kerguelen Plateau is comparable to deep-ocean (> 2 km) POC fluxes measured from
the iron-fertilized Crozet bloom (60 mmolm−2 d−1, Salter et al., 2012).20

The POC fluxes we measured at 300 m on the Kerguelen Plateau are low and raise
some questions about possible bias in the sediment trap measurements. The cur-
rent data do not seem to support a significant hydrodynamic effect in the collection
of particles, but unfortunately we do not have independent radionuclide data to support
this conclusion. Trap-derived particle fluxes can represent 0.1 to > 3 times the 234Th-25

derived particles in shallow sediment traps (Buesseler, 1991; Buesseler et al., 1994;
Coppola et al., 2002; Gustafsson et al., 2004) and this difference is largely attributed
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to the sum of hydrodynamic biases and swimmer activities (Buesseler, 1991), although
it probably also includes the effect of post-collection particle solubilisation. Even if we
assume that our A3 sediment trap did undersample the particle flux, it seems unlikely
that this in itself could explain the significant reduction in POC flux observed between
200 and 300 m (Table 3). Although we are unable to completely eliminate the possibility5

of some bias in our sediment trap measurements, the coherence between our obser-
vations and independent techniques (Table 3) indicate that the rapid attenuation of flux
beneath the WML is a genuine ecological feature of the Kerguelen Plateau bloom.

To further investigate the possibility of rapid flux attenuation on the Kerguelen
Plateau, the sediment trap flux data were compared with parallel estimates of POC ex-10

port conducted during the KEOPS2 field campaign. POC export at A3 was measured
in drifting sediment traps (Laurenceau et al., 2014a), derived from 234Th deficit (Plan-
chon et al., 2014) and from particles abundances measured with an Underwater Video
Profiler (UVP) (Jouandet et al., 2014). These measurements occurred during the two
visits (A3-1; 20 to 21 October 2011, and A3-2; 16 November 2011) and coincided with15

the opening of the cups #1 and #2 of the moored sediment trap (Fig. 8). Between the 21
October and the 16 November 2011, the mean POC concentration in the mixed layer
increased by almost a factor of three but remained similar at 300 m with a mean value
of 3.8 µM. During the same interval, POC fluxes at 200 m derived from 234Th (Planchon
et al., 2014) did not change significantly. However in November, the 234Th-derived POC20

fluxes were in the same range as 200 m UVP estimates (1.9–3.8 mmolm−2 d−1) that ex-
hibited a 13-fold increase between the two sampling dates, a fact attributed to intense
algal aggregation (Jouandet et al., 2014). The POC fluxes measured in the moored
sediment trap at 300 m and the UVP estimates at 350 m did not change significantly
during this time. The POC fluxes observed at > 300 m by both techniques were low25

(< 0.25 mmolm−2 d−1) compared to the 200 m fluxes. POC fluxes in the third sampling
cup (open until beginning of December) were also low (0.15 mmolm−2 d−1, Table 1).

The daily POC export fluxes measured at A3 by the moored sediment trap were
also compared with 2005 summer cruise flux estimates measured during KEOPS1
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(Table 3). The diversity of approaches prevents absolute comparison of the fluxes,
however there are several notable trends. The measurement of these fluxes at the end
of the 2005 bloom is concomitant with the highest recorded POC fluxes measured by
the A3 sediment trap during the 2011 bloom (Fig. 7b). Most of these previous estimates
were made at depths < 200 m and are one to two orders of magnitude greater than the5

maximum observed A3 sediment trap flux (∼ 300 m) of 1.6 mmolm−2 d−1 measured in
December (Table 1). Similarly low estimates of 0.7 and 1 mmolm−2 d−1 were measured
during KEOPS1 in drifting gel traps at 330 and 430 m, respectively (Ebersbach and
Trull, 2008). Therefore, rapid flux attenuation beneath the base of the WML (200 m)
appears to be a feature observed during both spring and summer periods.10

To constrain the magnitude of flux attenuation, 200 and 300 m POC fluxes during
spring and summer were compared using a power-law curve (Martin et al., 1987).
A classical range for the b exponant (0.4 to 1.7) is equivalent to a reduction in POC
flux between 200 and 300 m of ∼ 15–55 %. Here we used the 234Th fluxes (Planchon
et al., 2014) and UVP estimates (Jouandet et al., 2014) at 200 m in spring and 234Th15

fluxes (Savoye et al., 2008) and drifting gel trap estimates (Ebersbach and Trull, 2008)
at 200 m in summer, with the congruent POC fluxes from the A3 moored sediment trap
at 289 m. The calculation yields b values of 7–11.3, which equates POC flux attenua-
tion of 94–96 % over a 100 m depth interval. These estimates from spring and summer
are comparable with the 98 % reduction in POC flux from 5.1 molm−2 yr−1 at 200 m20

(Blain et al., 2007) to 0.1 molm−2 yr−1 (this study) inferred from the comparison of an-
nual flux budgets over the same depth interval. There is therefore consistent evidence
supporting rapid flux attenuation at the base of the WML over the Kerguelen Plateau
during the period of major annual bloom transfer to the sediments.

4.4 Hypotheses for rapid flux attenuation25

The annual export of POC at 289 m is exceptionally low (98.2 ± 4.4 mmolm−2 yr−1)
compared to estimates of seasonal net community carbon production (6.6 ±
2.2 molm−2; Jouandet et al., 2008) and estimates of POC export at the base of the
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WML (5.1 molm−2; Blain et al., 2007). Retention and degradation of particulate ma-
terial above the WML (220 m) may partially explain the strong flux attenuation within
and below the WML. The POC : PON ratio measured in the trap material is close to
the Redfield value for phytoplankton of 6.6 (Redfield, 1934) in spring and summer, im-
plying a significant contribution of phytoplanktonic cells to the exported material, which5

is corroborated by detailed microscopic analysis (Rembauville et al., 2014). Sinking
speed can vary from 1 md−1 for single phytoplankton cells to ∼ 100 md−1 for phytoag-
gregates (Allredge and Gotschalk, 1988; Peterson et al., 2005; Trull et al., 2008a) and
can reach values > 2000 md−1 for large fecal pellets (Turner, 2002). Given the shallow
trap depth (289 m), export via phytoaggregates following bloom demise would suggest10

a short lag of a few days between the bloom peak (Fig. 7) and flux peaks (cf. Turner,
2002; Honda et al., 2006; Trull et al., 2008a; Laurenceau et al., 2014b). However, the
temporal lag measured in our study is approximately one month, implying either slow
settling rates characterstic of single cells or faster settling fluxes that do not originate
from the peak in surface production. Slow sinking rates between surface production15

and export and may be a causal factor for the strong attenuation by allowing particles
to be remineralized in the mixed layer and/or intercepted by higher trophic levels.

The remineralization of particles by heterotrophic microbes is unlikely to completely
account for this reduction in POC flux. In summer, the bacterial carbon production
(BP) at 200 m at station A3 is approximately 10 nmolL−1 d−1 and bacterial growth ef-20

ficiency (BGE) ranges between 8–15 % (Obernosterer et al., 2008). Calculating the
bacterial carbon demand (BCD=BP/BGE) and integrating it between 200 and 289 m
suggests that a POC flux attenuation in the range of 5.9 to 11.1 mmolm−2 d−1 could
be reasonably attributed to heterotrophic microbial activity. Although significant, this
estimate cannot account for the difference between the POC flux at 200 and 289 m25

(e.g. 22.9 mmolm−2 d−1 attenuation from 24.5 to 1.6 mmolm−2 d−1 in summer; Table 3).
Furthermore, these values are likely to be an overestimate because they imply bacte-
rial production is exclusively controlled by particulate organic carbon and ignore the
important role of dissolved carbon substrates. The Barium excess (Baxs) proxy pro-
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vides an alternative estimate of carbon remineralization (Dehairs et al., 1997). Carbon
remineralization rates integrated over 150–400 m are equal to 0.9–1.2 mmolm−2 d−1

in spring (Jacquet et al., 2014) and 2.1–2.8 mmolm−2 d−1 in summer (Jacquet et al.,
2008). These remineralisation rates are also too low to explain the observed attenua-
tion in POC flux at the base of the mixed layer.5

Based on the available data we invoke the role of higher trophic levels in flux attenua-
tion. Mesozooplankton biomass and community structure is reported for the A3 station
in spring and summer in Carlotti et al. (2008, 2014). Between October and Novem-
ber 2011, mesozooplankton biomass in the mixed layer doubled (Carlotti et al., 2014).
In summer (January 2005), the observed mesozooplankton biomass was again twofold10

higher than in spring 2011 (Carlotti et al., 2008). It was concluded that the zooplank-
ton community structure was able to answer more rapidly to phytoplankton biomass
availability on the plateau compared to oceanic water, leading to higher secondary pro-
duction on the plateau (Carlotti et al., 2008, 2014). Efficient grazers such as Oithona
similis (McLeod et al., 2010; Pinkerton et al., 2010), that also exhibit coprophagy, may15

increase carbon retention in higher trophic compartments (Gonzalez and Smetacek,
1994). Furthemore, it is possible that vertical migrating zooplankton communities pro-
duce fecal pellets below the trap deployment depth. Notably, Oithona similis represents
> 50 % of the mesozooplankton assemblage at the station A3 in spring (Carlotti et al.,
2014) whereas the summer community structure is more diversified, containing small20

copepods but also larger calanoid copepods, pteropods and amphipods (Carlotti et al.,
2008). This is consistent with the maximum swimmer intrusion rate and swimmer di-
versity observed in summer (Table 2). A recent study in the North Pacific supports
the significance of mesopelagic fish communities for carbon flux attenuation (Davison
et al., 2013). Although important for carbon budgets it is a compartment often ne-25

glected due to the challenge of quantitative sampling approaches. Mesopelagic fish
larvae are known to be abundant on the southern part of the Kerguelen plateau (myc-
tophid spawning and larvae foraging site, Koubbi et al., 1991, 2001). We offer the hy-
pothesis that a significant fraction of net community production is channeled to higher
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trophic levels through mesozooplankton dynamics and possibly myctophid fishes that
fuel large mammal and bird populations around the Plateau. Therefore high grazing
pressure and an efficient shift of carbon biomass to predatory mammals and birds may
be responsible for the HBLE scenario encountered on the productive iron-fertilized Ker-
guelen Plateau.5

5 Conclusions

We have reported the seasonal dynamics of particulate organic carbon (POC) export
under the winter mixed layer (289 m) of the naturally fertilized, productive central Ker-
guelen Plateau. Annual POC flux was very low (98 mmolm−2) and most of it occurred
during two episodic (< 14 days) events exported with a 1 month lag following two sur-10

face chlorophyll a peaks. Analysis of the hydrological conditions did not support strong
hydrodynamic biases that could explain the low fluxes observed. A comparison with
different estimates of POC fluxes in spring and summer at the same station allowed
to identify a strong flux attenuation between the basis of the mixed layer and the
sediment trap depth. Bacterial heterotrophic activity in the upper mesopelagic is not15

enough to explain the observed attenuation. We invoke mesozooplankton and possi-
bly mesopelagic fishes activity for being responsible for efficient the carbon retention
and/or transfer to higher trophic levels in, or at the basis, of the mixed layer as a possi-
ble explanation for the HBLE scenario observed.

The biogenic silicon, diatoms and faecal pellet fluxes are reported in a companion20

paper that aims to identify the ecological vectors that explain the intensity and the
BSi:POC ratio of the fluxes (Rembauville et al., 2014).
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Table 1. Dynamics of carbon and nitrogen export fluxes at station A3 collected by the sediment
trap at 289 m.

Fluxes (mmol m−2 d−1) Contribution to annual export (%)
Cup Start Stop POC PON POC : PON POC PON

1 21 Oct 2011 04 Nov 2011 0.15±0.01 0.02±0.00 6.80±0.56 2.11±0.06 2.30±0.01
2 04 Nov 2011 18 Nov 2011 0.14±0.01 0.02±0.00 6.09±0.67 1.94±0.16 2.27±0.15
3 18 Nov 2011 02 Dec 2011 0.15±0.01 0.02±0.00 7.33±0.31 2.12±0.06 1.99±0.06
4 02 Dec 2011 12 Dec 2011 1.60±0.04 0.23±0.01 6.95±0.29 16.18±0.45 16.48±0.07
5 12 Dec 2011 22 Dec 2011 0.34±0.00 0.05±0.00 6.87±0.08 3.41±0.03 3.64±0.03
6 22 Dec 2011 01 Jan 2012 0.51±0.04 0.08±0.01 6.70±0.78 4.82±0.76 5.50±0.39
7 01 Jan 2012 11 Jan 2012 0.42±0.02 0.06±0.00 6.73±0.46 4.23±0.14 4.65±0.42
8 11 Jan 2012 25 Jan 2012 0.34±0.01 0.05±0.00 6.94±0.38 4.83±0.18 4.84±0.11
9 25 Jan 2012 08 Feb 2012 1.47±0.03 0.20±0.01 7.38±0.26 20.98±0.57 21.07±0.05
10 08 Feb 2012 22 Feb 2012 0.55±0.04 0.08±0.00 6.97±0.88 7.83±0.64 8.36±0.57
11 22 Feb 2012 31 May 2012 0.27±0.01 0.03±0.00 8.09±0.22 26.84±0.47 24.12±0.20
12 31 May 2012 07 Sep 2012 0.04±0.00 0.01±0.00 6.06±0.17 4.71±0.90 4.78±0.09

Annual export (mmol m−2 yr−1) 98.24±4.35 13.59±0.30
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Table 2. Number of swimmer individuals found in each cup and swimmer intrusion rate (number
d−1, bold numbers) for each taxa and for the total swimmers.

Cup Copepod Pteropod Euphausid Ostracod Amphipod Cnidarian Polychaete Ctenophore Siphonophore Salp Total

1 166 13 1 2 1 0 0 0 0 0 183
12 1 <1 <1 <1 0 0 0 0 0 13

2 55 0 0 0 0 0 0 0 0 0 55
4 0 0 0 0 0 0 0 0 0 4

3 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0

4 113 0 0 0 0 0 0 0 0 0 113
11 0 0 0 0 0 0 0 0 0 11

5 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0

6 540 0 1 0 2 5 1 4 1 0 554
54 0 <1 0 <1 <1 0 0 0 0 55

7 583 0 0 0 0 2 2 3 0 0 590
58 0 0 0 0 <1 <1 <1 0 0 58

8 686 33 2 2 8 5 1 4 0 0 741
49 2 <1 <1 1 <1 <1 <1 0 0 52

9 392 14 4 3 121 4 2 0 0 0 540
28 1 <1 <1 9 <1 <1 0 0 0 38

10 264 69 1 2 18 11 0 2 0 0 367
19 5 <1 <1 1 1 0 <1 0 0 26

11 54 0 0 0 29 4 1 0 0 0 88
1 0 0 0 <1 <1 <1 0 0 0 1

12 1481 44 5 7 2 3 2 0 0 1 1544
15 <1 <1 <1 <1 <1 <1 0 0 <1 15
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Table 3. Synthesis of estimates of POC fluxes at the base of, or under, the mixed layer at station
A3 from the KEOPS 1 cruise.

Author Method Period Depth POC flux
(m) (mmol m−2 d−1)

Savoye et al. (2008) 234Th deficit and local 23 Jan–12 Feb 100 23±3.6
C conversion factor 2005 150 25.7±3.6

200 24.5±6.8

Ebersbach and Trull Drifting gel trap, 4 Feb 2005 200 24
(2008) optical measurements 220 5.2

and constant C 12 Feb 2005 330 0.7
conversion factor 430 1

Jouandet et al. (2008) Annual DIC budget Annual MLD basis 85

Trull et al. (2008b) Drifting sediment trap 4 Feb 2005 200 7.3–10
12 Feb 2005 3–3.1

Jouandet et al. (2011) In situ optical 22 Jan 2005 220 72.4
measurement (UVP) 330 27.2
and power function C 400 21.6
conversion factor 23 Jan 2005 220 29.8

330 26.8
400 15.9

12 Feb 2005 220 4.8
330 5.6
400 7.9
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Figure 1. Localization of the Kerguelen Plateau in the Indian sector of the Southern Ocean
and detailed map of the satellite-derived surface chlorophyll a concentration (MODIS level 3
product) averaged over the sediment trap deployment period. Sediment trap location at the A3
station is represented by a black dot, whereas the black circle represents the 100 km radius area
used to average the surface chlorophyll a time series. Arrows represent surface geostrophic
circulation derived from the absolute dynamic topography (AVISO product). Positions of the
Antarctic Circumpolar Current core (AAC core), the Polar Front (PF) and the Fawn Through
Current (FTC) are shown by thick black arrows. Grey lines are 500 and 1000 m isobaths.
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Figure 2. Schematic of the instrumented mooring line against vertical temperature profiles.
The sediment trap and the current meter/CTD sensor location on the mooring line are shown
by white circles. Temperature profiles performed during the sediment trap deployment (20 Oc-
tober 2011) are represented by grey lines. Black full line is the median temperature profile
from 12 casts realized on the 16 November 2011. Dashed black lines are the first and third
quartiles from these casts. The grey rectangle represents the Kerguelen Plateau seafloor. The
different water masses are Antarctic Surface Water (AASW), Winter Water (WW) and Upper
Circumpolar Deep Water (UCDW).

17081

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/17043/2014/bgd-11-17043-2014-print.pdf
http://www.biogeosciences-discuss.net/11/17043/2014/bgd-11-17043-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 17043–17087, 2014

Export fluxes in
a naturally fertilized

area – Part 1

M. Rembauville et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

318

320

322

324

D
e
p

th
 (

m
)

Date (2011/2012)

a)

34.1

34.2

34.3

S
a
li
n

it
y

b)

1.8

2

2.2

θ
 (

°C
)

c)

0

5

10

L
in

e
 a

n
g

le
 (

°)

d)

0

0.1

0.2

C
u

rr
e
n

t

s
p

e
e
d

 (
m

 s
−

1
)

e)

Nov Dec Jan Feb Mar Apr

0

↑ Nf)

g)

2%

4%

6%

8%

WEST EAST

SOUTH

NORTH

0
0.05
0.1
0.15
0.2
0.25

Figure 3. Hydrological properties recorded by the instrument mooring at station A3. (a) Depth
of the CTD sensor, (b) salinity, (c) potential temperature, (d) line angle, (e) current speed, grey
lines are raw data, black lines are low-pass filtered data with a Gaussian filter (40 h window as
suggested by the spectral analysis), (f) direction and speed of currents represented by vectors
(under sampled with a 5 h interval) and (g) wind rose plot of current direction and intensities,
dotted circles are directions relatives frequencies and colors refer to current speed (ms−1).
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Figure 5. Power spectrum of the spectral analysis of (a) depth time series and (b) potential
density anomaly time series. Pure red noise (null hypothesis) is represented by red dashed
lines for each variable. The period corresponding to a significant power peak (power peak
higher than the red noise) is written.
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Figure 7. Seasonal variations of surface chlorophyll a and particulate organic carbon (POC)
export. (a) Seasonal surface chlorophyll concentration and 16 years climatology (Globcolour)
averaged in a 100 km radius around the station A3 station. Error bars represent the inter annual
standard deviation for the climatology, and the spatial standard deviation for the 2011/12 data.
(b) POC flux (grey bars) and mass percentage of POC (red dotted line). Error bars are standard
deviations from triplicates, bold italic numbers refer to cup number.
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