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Accepted 9 December 2007
Abstract

We report on the distribution of excess, non-lithogenic particulate barium (Ba), a proxy for twilight-zone remineralization of organic

matter (OM), in the Kerguelen Plateau area during the late austral summer of 2005. This study was part of a broader investigation

focusing on natural iron fertilization controlling the characteristic and recurrent phytoplankton blooms in the region. The Plateau area

contrasted strongly with the off-shelf HNLC area. Plateau stations had quite high excess of Baxs contents (up to 5000 pM) in surface

waters (upper 150m) that coincided with enhanced phytoplankton biomass. However, it had a lower mesopelagic (125–450m) excess of

biogenic Ba contents when compared to the off-shelf stations. Particulate excess Ba in the twilight zone (125–450m depth layer) proved

to be significantly set by the vertical distribution of bacterial activity, with higher particulate Ba contents in situations where significant

bacterial activity extended deeper in the water column. These observations are in agreement with the role of excess biogenic particulate

Ba as a proxy of twilight-zone OM remineralization. Using a transfer function established during earlier work, we calculated organic

carbon remineralization rates and weighed these against other carbon fluxes (primary production, bacterial carbon demand), including

carbon export from the 125-m horizon (234Th method). Off-shelf HNLC stations had a larger fraction of the organic carbon production

exported and subsequently mineralized in the mesopelagic waters (125–450m). Plateau stations had a smaller fraction of produced

carbon exported, but this fraction appeared less prone to remineralization in the twilight zone and therefore had potential to reach the

shallow (�500m) seafloor or to be exported off-shelf. Differences in trophic structure and in composition of the diatom community

would explain the variability in twilight-zone remineralization processes and in transfer efficiency through the mesopelagic zone in the

Kerguelen Plateau area.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In studying the key role played by the Southern Ocean
(S.O.) in the global carbon (C) cycle and climatic changes,
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efforts have gone into understanding the biological pump
through which C fixed by phytoplankton is exported from
the surface to the deep ocean. Present day evidence that
iron (Fe) limits ocean primary production (PP) in high-
nutrient low-chlorophyll (HNLC) regions (Martin, 1990;
Martin et al., 1994; Coale et al., 1996) focuses interest on
ocean fertilization as a C-sequestration tool. Recent large-
scale experiments demonstrated the role of iron in
enhancing the S.O. phytoplankton biomass and production
(IronEx, SOIREE, EisenEX, SEEDS, SOFeX and EIFEX
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Fig. 1. Map of the Kerguelen Plateau study area showing the three

transects A, B, and C with stations’ location. Reference station A3 is

located on the Plateau in the core of the bloom and station C11 off-shelf in

typical HNLC waters.
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cruises; Boyd et al., 2000, 2004; Gervais et al., 2002;
Buesseler et al., 2004, 2005; de Baar et al., 2005; Hoffmann
et al., 2006), confirming former phytoplankton incubations
(Martin and Fitzwater, 1988; Hutchins and Bruland, 1998;
Takeda, 1998). However, determining to what extent
fertilization could modify the actual export of sinking
particulate organic carbon (POC) to the deep ocean is far
from being comprehensively achieved. This is partly due to
the short term over which the observations were made, thus
precluding extrapolation to longer time scales (Bidigare
et al., 1999; Nodder et al., 2001; Trull and Armand, 2001;
Nodder and Waite, 2001; Buesseler et al., 2004, 2005;
Bishop et al., 2004; Aono et al., 2005; Aumont and Bopp,
2006). Moreover, the magnitude of the export increase is
not the only parameter that is important in inferring the
degree of C sequestration (Sarmiento et al., 2004). Indeed,
the fate of carbon exported under such Fe fertilization
experiments is largely overlooked, although remineraliza-
tion in mesopelagic waters (�100–1000m; also referred to
as the twilight zone) is responsible for the release of most of
the carbon exported from the surface mixed layer (ML)
(Lampitt and Antia, 1997; Martin et al., 1987; Sarmiento
et al., 1993; Suess, 1980). As the mesopelagic zone has all
too often been neglected, the efficiency of remineralization
processes remains poorly understood today. However,
organic matter (OM) processing in the twilight zone is of
considerable significance since remineralization length
scales are important indicators of the capacity of inter-
mediate layers for longer-term carbon sequestration. The
efficiency of the biologic pump in exporting and routing C
towards longer-term sequestration is mainly set in these
intermediate layers (Longhurst et al., 1990; Boyd et al.,
1999; Kriest and Evans, 1999; Franc-ois et al., 2002; Passow
and De La Rocha, 2006; Buesseler et al., 2007; Biddanda
and Benner, 1997; Reinthaler et al., 2006). A quantitative
representation of this process is thus integral to every
simulation of the ocean’s role in the global carbon cycle.

Next to the artificial fertilization experiments outlined
above, a natural iron-fertilization survey (KEOPS cruise;
Kerguelen: Ocean and Plateau compared Study) was
conducted during the late austral summer 2005 on the
Kerguelen Plateau, southeast of the Kerguelen Islands and
northeast of Heard Island (Indian sector of the S.O.). The
Kerguelen Plateau is characterized by recurrent and
predictable massive blooms (Blain et al., 2001), as
sustained by Fe inputs from shelf sediments. During
KEOPS, the Kerguelen Plateau thus served as a laboratory
to study the effect of natural iron fertilization on
ecosystems functioning and C cycling (Blain et al., 2007).
Contrasting with short-term artificial Fe experiments,
special emphasis was placed on the potential of the
Kerguelen Plateau and margin system for deep C
sequestration. Therefore, the present work focuses on
remineralization of particulate OM in the mesopelagic
zone, as assessed from the distribution of excess biogenic
particulate barium (Baxs). Dehairs et al. (1980, 1990, 1991,
1992, 1997) showed that the oceanic mesopelagic Baxs stock
is mainly composed of discrete micron-sized barite (BaSO4)
crystals formed in degrading detritus sinking from the
surface and released into the water column at the
breakdown of the carrier phase (particulate organic
materials, biogenic aggregates) (Dehairs et al., 1980,
1992, 1997; Stroobants et al., 1991; Cardinal et al., 2005).
This led to use mesopelagic Baxs as a proxy for
remineralization of exported biogenic matter, and recent
results of bacterial production (BP) and Baxs distribution
appear to strengthen this (Dehairs et al., in press). Further
details on the excess, non-lithogenic particulate Ba proxy
are given below.
Here, we examine the mesopelagic (meso-) Baxs distribu-

tion to infer C remineralization at contrasted settings in
naturally iron-fertilized waters above the Kerguelen
Plateau and off-shelf HNLC waters. The present work is
part of a multi-proxy approach targeting the fate of an
iron-induced bloom and the associated flux of sinking
particles, with the goal being to refine assessments of
carbon sequestration by the ocean under natural iron
fertilization conditions.

2. Experiment and method

2.1. Sampling and analysis

During the KEOPS cruise in the Kerguelen Plateau
region (19 January–13 February 2005; R/V Marion

Dufresne), eight stations were sampled for particulate
barium (Bap) along three transects (A, B, and C) crossing
the Kerguelen Plateau and extending into the off-shelf deep
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ocean (Fig. 1). All stations were located south of the Polar
Front (PF). Since the bloom in this area appears
remarkably constrained by the bathymetry of the Plateau
(Blain et al., 2001, 2007) and thus to potential iron supply,
the focus during KEOPS was on two contrasting sites in
particular—station A3 (located on the Plateau in the core
of the bloom; 50.621S, 72.071E) and C11 (located off-shelf
in typical of HNLC waters; 51.651S, 78.001E). A3 and C11
were sampled three times (24/01, 03/02, and 12/02) and two
times (26/01 and 5/02), respectively, for Bap; the other
stations were visited once. Here, the different repeats of A3
and C11 consist of the third, fourth, and fifth visits for A3
(the two first visits of A3 were not sampled for Bap), and in
the first and second visits for C11, respectively. In the
following, we use both the station and CTD numbers to
refer to stations.

Sampling of suspended matter was done using a CTD
Rosette equipped with 24 12-L Niskin bottles. 4–7L of
seawater were filtered on polycarbonate membranes of
0.4 mm porosity. On board, the filters were dried (50 1C)
and stored in petri dishes for later analysis. In the home-
based laboratory, samples were digested using an HCl/
HNO3/HF acid mixture and analyzed for Ba and Al.
Particulate Al was analyzed by ICP-AES (inductively
coupled plasma-atomic emission spectrometry; Thermo
Optek Iris Advantage) with an average relative standard
error of 14%, while particulate Ba was analyzed by ICP-
QMS (inductively coupled plasma-quadrupole mass spec-
trometry; VG Plasma Quad 2+ Thermo Elemental) with
an average relative standard error of 5% (Cardinal et al.,
2001). In order to calculate biogenic barium, called excess
Ba (Baxs), total particulate Ba was corrected for lithogenic
Ba using Al as a crustal reference (Taylor and McLennan,
1985; Cardinal et al., 2001). At most sites, particulate
biogenic Baxs represented 495% of total particulate Ba.
However, lithogenic Ba was particularly high at shallow
Plateau stations such as C1–100 (close to Heard Island),
representing 78–87% of total particulate Ba (Table 1). At
station B5–60 and to a lesser extent station C5–91,
lithogenic Ba reached up to 20% of total Bap, especially
in approach of the seafloor (at 526 and 550m, respectively).
Therefore, we expect that subtracting the lithogenic Ba
fraction induced a larger error on the Baxs numbers at B5
and also at some discrete depths at C1 and C5. At the other
stations the lithogenic fraction was very small (o5%), and
therefore the impact on the Baxs precision minimal. The
presence of higher lithogenic Ba contribution at stations
C1, B5, and C5 on approach of the seafloor could reflect
potential sediment redistribution/water mass advection in
this zone. This fits with the complex hydrodynamics above
the Kerguelen Plateau, reflected for instance by the more
vigorous conditions that prevail at the eastern escarpment
of the Plateau compared to the shallow Plateau itself (Park
et al., 2008a, b), and corroborated by radium isotope data
(van Beek et al., 2008). Bottom currents circulating along
the shelf break could thus explain the enhanced lithogenic
Ba supply at C1, B5, and C5.
2.2. C remineralization fluxes

As outlined above, the mesopelagic (meso-) Baxs signal,
mainly composed of barite micro-crystals (BaSO4; Dehairs
et al., 1980) builds up during the phytoplankton growth
season as the result of degradation and remineralization of
particulate biogenic organic materials exported from the
surface (Dehairs et al., 1997; Cardinal et al., 2001, 2005).
Observations support that in a world ocean mostly under-
saturated with barite (Monnin et al., 1999; Monnin and
Cividini, 2006), these biogenic aggregates provide the
necessary thermodynamic conditions for barite precipita-
tion during OM remineralization, through sulfate and/or
barium enrichment (Dehairs et al., 1980, 2000; Bishop,
1988; Stroobants et al., 1991). The Baxs–barite water-
column distribution reflects production of particulate Ba to
take place below the upper ML and to be ongoing in the
twilight zone and deeper, as recently emphasized by van
Beek et al. (2008).
The remineralized C in the mesopelagic layer was

estimated using an algorithm relating meso-Baxs contents
to the rate of oxygen consumption deduced via a 1D
advection–diffusion–consumption model applied on highly
resolved, precise dissolved O2 profiles along 61W in the
S.O. (Shopova et al., 1995; Dehairs et al., 1997):

JO2
¼
ðmesoBaxs � BaresidualÞ

17 200
(1)

Crespired ¼ Z � JO2
�RR (2)

where JO2
is the O2 consumption (mmolL�1 d�1), Crespired is

the carbon mineralized rate (in mmolCm�2 d�1; further
expressed in mgCm�2 d�1), Z is the thickness of the depth
layer over which meso-Baxs is calculated, RR is the
stoichiometric C:O2 mole ratio (127:175; Broecker et al.,
1985), meso-Baxs is the Baxs amount that accumulates over
the growth season, and Baresidual is the background Baxs
signal at zero oxygen consumption, i.e. zero organic C
demand. The residual Baxs likely depends on the saturation
state of the water with respect to barite. For the S.O. south
of the PF, shown by to be saturated for pure BaSO4

(Monnin et al., 1999) and (Ba,Sr)SO4 solid solutions
(Monnin and Cividini, 2006) from surface to 2500m, this
residual Baxs is close to 180 pM (Dehairs et al., 1997).
During KEOPS, saturation index (SI) calculations con-
firmed that the upper mesopelagic water column
(125–450m) throughout the study area is in equilibrium
with pure barite (0.9oSIo1.1) (Fig. 2A). Surface waters
(upper 125m) as well were generally saturated, though
some discrete depths at Plateau and margin stations
showed undersaturation (Fig. 2A). The latter condition is
driven by lower dissolved Ba concentrations at these
depths. Below 2000–2500m SI values for KEOPS show
that the water column becomes undersaturated for BaSO4,
(Fig. 2B) as reported also for the Circumpolar Ocean
elsewhere (Monnin et al., 1999). A residual Baxs value of
180 pM is close to the average Baxs contents observed at
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Table 1

Excess particulate Ba (Baxs; pM) and particulate Al (nM) at KEOPS stations. Baxs [%] represents the non-lithogenic fraction of the total particulate Ba signal

A3–32 (seafloor: 525m) A3–73 (seafloor: 525m) A3–119 (seafloor: 525m) A11–11 (seafloor: 2600m)

Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM]

Transect A
22 10 576 95 21.9 24 10 2800 100 5.5 23 12 517 98 6.1 24 8 59 86 7.2
20 31 142 90 11.9 21 50 5930 100 4.6 21 30 1766 100 4.4 23 30 272 96 9.2
18 50 1355 98 20.3 20 74 5814 100 3.4 19 51 2638 100 8.3 21 76 152 91 11.1
16 74 557 99 5.8 18 99 2249 99 17.3 17 75 4115 100 8.1 20 101 99 89 9.5
14 100 436 97 8.3 17 125 3213 99 12.4 14 101 2826 99 11.1 19 125 267 95 10.8
12 124 274 96 8.4 15 150 269 96 8.2 11 150 287 98 4.5 18 150 546 91 40.3
10 150 408 96 13.9 14 199 330 99 3.2 9 200 255 97 6.7 17 199 146 93 7.7
8 199 190 94 9.0 13 249 255 96 7.2 8 250 306 96 10.7 10 249 437 95 17.3
6 249 320 95 13.6 11 298 231 99 1.2 6 299 403 96 11.9 9 300 252 94 12.8
5 300 420 96 13.4 10 349 335 94 16.3 5 349 304 97 8.2 8 349 393 94 17.7
3 348 412 94 18.0 9 399 564 98 8.5 3 400 493 96 14.3 6 448 564 90 46.7
2 399 536 92 32.6 8 450 825 99 8.1 2 449 356 93 19.1 5 499 521 95 18.8
1 451 630 91 47.4 4 549 275 88 28.0

3 648 338 94 16.5
2 798 387 93 23.0

B1–68 (seafloor: 400m) B5–60 (seafloor: 526m) B11–50 (seafloor: 3270m)

Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM]

Transect B
24 10 306 97 7.0 24 11 418 92 25.4 24 11 186 98 2.9
22 50 2761 100 6.9 22 51 286 93 16.5 20 99 134 100 0.4
18 74 2918 100 4.3 21 76 324 93 18.1 16 151 306 98 3.5
17 100 352 98 4.2 20 99 289 93 16.1 14 200 128 98 2.2
13 126 282 98 4.9 19 126 239 91 17.6 11 250 547 95 19.7
12 152 334 98 4.6 18 149 228 84 31.3 9 299 798 97 16.4
11 199 308 95 10.9 14 200 298 80 54.8 8 350 589 99 3.4
7 249 472 95 19.5 10 249 105 79 20.9 4 400 548 99 6.2
6 297 1013 96 31.9 9 299 556 88 57.3 3 453 458 99 3.6

5 349 560 90 45.5
4 400 700 81 120.6
1 451 199 81 34.6

C1–100 (seafloor: 140m) C5–91 (seafloor: 550m) C11–42 (seafloor: 3350m) C11–83 (seafloor: 3350m)

Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM] Niskin Depth [m] Baxs [pM] Baxs [%] Al [nM]

Transect C
24 10 596 23 1523 24 11 127 96 3.8 24 9 386 98 4.6 24 11 317 98 4.6
21 30 578 23 1420 22 50 130 95 4.6 21 49 370 98 4.5 20 50 218 96 7.0
17 49 552 20 1674 21 75 100 100 0.0 19 75 181 98 3.1 19 74 96 98 1.1
12 76 386 19 1221 20 100 162 96 4.9 17 98 241 98 4.2 18 99 218 97 4.9
10 102 359 13 1838 19 124 227 96 7.1 16 125 410 99 2.4 15 150 237 98 4.3
5 119 323 13 1573 18 149 422 95 15.0 14 150 234 99 1.4 13 249 450 98 5.4
4 131 573 20 1686 17 198 335 93 18.2 13 199 314 98 5.7 11 300 450 99 2.5

16 250 423 88 42.4 12 250 503 98 8.2 9 349 528 99 2.9
15 298 444 91 32.2 10 301 292 98 3.3 8 399 502 99 3.1
14 348 505 95 18.8 8 400 221 98 2.7 7 449 1051 98 12.7
13 398 557 98 8.3 7 450 368 98 6.7 5 548 357 99 2.4
12 450 429 80 77.3 6 499 246 99 1.1 4 649 484 99 2.3
1 498 403 81 68.2 5 550 688 97 17.0 3 798 431 98 6.2

4 649 336 97 7.7
3 798 519 98 7.9
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greater depth around 1000m (i.e. below the mesopelagic
Baxs maximum) in various sectors of the S.O. (Cardinal
et al., 2001, 2005; Jacquet et al., 2005) where input of Baxs
as a result of export and remineralization is probably
minimal, but where BaSO4 saturation still prevails (Mon-
nin et al., 1999; Monnin and Cividini, 2006). We therefore
considered a Baxs value of 180 pM zone as representative of
the Baxs background in the mesopelagic zone, in accor-
dance with Dehairs et al. (1997). Proper assessment of
residual Baxs signal, however, would require winter data,
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Fig. 2. Saturation index (SI) of pure barite in the upper 500m water

column (A) and between 500 and 3500m (B). The vertical broken lines

represent the saturation index value of 0.9 (left) and 1.1 (right).
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Fig. 3. Profiles of excess biogenic particulate Ba (Baxs; pM) at stations
which at present are not available. For the assessment of
mesopelagic POC remineralization from Baxs contents we
assumed that the relationship given in Eq. (2) and
established for the Atlantic sector of the S.O. south of
the PF (Dehairs et al., 1997) applied for the present study
area also located south of the PF. Standard errors on the
POC remineralization rates calculated from the fitted Baxs
values varied between 15% and 26%.
3. Results

Particulate Baxs concentrations are reported in Table 1.
At Plateau stations A3 and B1, Baxs concentrations in the
upper 125m were quite high (41000 pM), while margin
and off-shelf stations had Baxs concentrations p400 pM
(see the contrasting profiles in Figs. 3A and B at stations
A3–119 and B11–50, respectively). The very high Baxs
contents in the surface layer at A3 (up to 5900 pM; 50m
cast 73; Table 1) are quite unusual, though similar values
were occasionally observed in earlier S.O. studies (Dehairs
et al., 1992, 1997; Jacquet et al., 2007b). Furthermore, at
A3 significant temporal changes in Baxs content occurred.
Depth-weighted average (DWAv) concentrations (Table 2)
of Baxs in the upper 125m first increased from 578 (CTD
32; January 24th) to 4125 pM (CTD 73; February 3rd), but
subsequently decreased to 2493 pM (CTD 119; February
12th).
The upper mesopelagic layer (125–450m) at the margin

and off-shelf stations (C5, C11, B5, and B11) shows the
characteristic broad Baxs maximum (as illustrated in
Fig. 3B for station B11–50), with concentrations reaching
between 500 and 1050 pM at discrete depths (Table 1).
Mesopelagic Baxs values exceeding 1000 pM have been
recorded previously in the complex frontal region of the
Crozet–Kerguelen Basin (Jacquet et al., 2005). While at
station C11, DWAv Baxs values for the 125–450m layer
increased from 309 pM (CTD 42; January 26) to 493 pM
(CTD 83; February 6) over a 10-day period, at station A3,
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Table 2

Depth-weighted average Baxs contents (pM) in the 0–125m and the

125–450m ( ¼ upper mesopelagic) depth layers

Station Seafloor [m] Baxs [pM]

0–125m 125–450m

A3_32 525 578 401

A3_73 525 4125 370

A3_119 525 2493 342

A11_11 2600 171 391

B1_68 400 1458 –

B5_60 526 322 403

B11_50 3270 157 474

C1_100 140 468 –

C5_91 550 140 447

C11_42 3350 315 309

C11_83 3350 219 493
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Baxs contents remained rather stable over a 19-day period
and even displayed a slight decrease from 401 pM (CTD 32;
January 24) to 342 pM (CTD 119; February 12) (Table 2).
The lowest and highest DWAv mesopelagic Baxs values
during KEOPS were both observed at station C11 (309 and
493 pM for CTD 42 and 83, respectively). At station B11,
the DWAv mesopelagic Baxs content also was quite high
(474 pM), being only slightly lower than the value at
station C11–83. Overall, it is interesting to note that the
highest mesopelagic Baxs contents (4450 pM) were
reached in off-shelf environments (C11 and B11), while
margin and shelf environments demonstrated lower meso-
pelagic Baxs values (p400 pM at all A3 casts and B5; C5
served as an exception, reaching �450 pM). This is
opposite to the situation in the upper 125m layer, which
demonstrated higher Baxs contents at Plateau stations
compared to margin and off-shelf stations.

4. Discussion

4.1. Plateau vs. off-shelf environments

Primary production (PP) at A3 was high (864–1872mg
Cm�2 d�1) compared to C11 (216–384mgCm�2 d�1) (data
from B. Griffith in Lefèvre et al., 2008), but at both these
stations the bloom was mainly sustained by diatoms. These
consisted of large cells at A3 and smaller cells at C11
(Armand et al., 2008). At A3, the Baxs signal in the upper
125m during the different repeats (data in Tables 1 and 2)
followed the variations in primary productivity, Chla and
BSi variations (Mosseri et al., 2008). At Plateau stations,
higher biological activities were reflected by the higher Baxs
contents in the upper 125m (stations A3 and B1), while at
margin and off-shelf sites (stations C5, A11, B11, and C11)
lower surface Baxs contents were in agreement with the
lower biological activity at these sites. Based on scanning
electron microscope–electron microprobe investigations,
Stroobants et al. (1991) and Jacquet et al. (2007b)
concluded that particulate Baxs in the surface waters is
dispersed over different biogenic, non-barite phases (see
also Cardinal et al., 2005) while in the mesopelagic water
column, on the contrary, Baxs is mainly composed of
discrete barite particles, as shown earlier by Dehairs et al.
(1980). Though it is not yet totally clear how the surface
and mesopelagic Baxs signals are linked, current under-
standing is that the mesopelagic Baxs, carried mainly by
barite, is precipitated within BaSO4-saturated micro-
environments (i.e. aggregates, pellets), which are sulfate-
and/or Ba-enriched because of the composition of the
particles composing the micro-environment (Bishop, 1988),
and/or which take up dissolved Ba up from the medium
while sinking from the surface ML and degrading with time
(Collier and Edmond., 1984; Dehairs et al., 2000; Jacquet
et al., 2007a). Mesopelagic barite micro-crystals persist in
BaSO4 saturated waters, their stocks reflecting the intensity
of the mesopelagic remineralization process (Dehairs et al.,
1997).
Contrasting with the situation in the upper 125m, our

observations for the mesopelagic waters indicate that the
off-shelf environments (stations C11–83 and B11) give rise
to higher Baxs contents compared to the Plateau sites A3
and B5. Thus, the most intense mesopelagic remineraliza-
tion appears to be taking place in the off-shelf environ-
ment. Our results furthermore suggest a significant increase
of mesopelagic remineralization over time at off-shelf
station C11, while at Plateau station A3 the system seems
to evolve close to steady state.

4.2. Mesopelagic Baxs and bacterial production

Previous studies have highlighted the relationship
between mesopelagic Baxs contents and OM remineraliza-
tion (Dehairs et al., 1980, 1990, 1991, 1992, 1997;
Ganeshram et al., 2003; Cardinal et al., 2005). Therefore,
we expect mesopelagic Baxs content to be related with
bacterial activity, as has recently been observed experi-
mentally by Gonzalèz-Muñoz et al. (2003). During
KEOPS, assessment of bacterial production was mostly
limited to the upper 200m (3H-leucine method; Christaki
et al., 2008), prohibiting a direct and systematic compar-
ison with mesopelagic Baxs contents at all depths.
Bacterial carbon demand (BCD) calculated as BP/

bacterial growth efficiency (using a mean BGE of 20% as
reported for the upper 200m at site A3–73; see Obernos-
terer et al., 2008) appears to follow closely euphotic zone
integrated PP (Table 4). For the discussion on the
comparison between PP and BCD we refer to the papers
by Obernosterer et al. (2008) and Christaki et al. (2008).
Rather than assessing the balance of the different carbon
fluxes in the upper water column, our aim here is merely to
investigate dependency of mesopelagic barite production
on bacterial activity and also to weigh mesopelagic
remineralization against carbon export from the surface.
We assumed that vertical gradients of water-column-
integrated BP in the upper 200m could also possibly
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provide information on the potential intensity of BP extent
to depths exceeding 200m. The underlying rationale is that
steep, shallow gradients of water column integrated BP
presumably indicate efficient, close to complete reminer-
alization within the upper 200m with relatively little OM
left for consumption by bacteria deeper in the water
column. On the contrary, weak gradients of integrated BP
in the upper 200m would indicate that significant bacterial
activity is still ongoing at depths exceeding 200m.

For KEOPS, we verified several regressions in order to
check whether the depth to which significant BP extends is
somehow related with the Baxs content in the upper
mesopelagic (125–450m) (Table 3). Depth-weighted
(125–450m) average mesopelagic Baxs was plotted vs. (1)
height of the water column wherein 50% of the 200-m
integrated BP takes place, and (2) ratio of integrated BP in
the upper 200m over integrated BP in the upper 125, 100,
and 80m and the ML. DWAv mesopelagic Baxs appears
significantly correlated (po0.05) with the height of the
water column wherein 50% of the upper 200m integrated
BP occurs (see also Fig. 4A) and the ratio of 200m over 125
(see also Fig. 4B), 100, and 80m integrated BP. However, it
is not significantly correlated with the ratio of 200m over
ML depth integrated BP (Table 3). These observations
suggest indeed that systems where bacterial activity extends
well below the mixed layer (i.e. high ratio of 200m over
125, 100, and 80m-integrated BP) are more efficiently
exporting OM to greater depths for subsequent reminer-
Table 3

Correlations between mesopelagic Baxs contents and different expressions of gr

column (see text)

Linear regression (y ¼ b+ax) R2

BPint Z ¼ 50% of BPint 200m vs. Meso-Baxs 0.712

Ratio of BPint 200m over BPint 125m vs. Meso-Baxs 0.551

Ratio of BPint 200m over BPint100m vs. Meso-Baxs 0.452

Ratio of BPint 200m over BPint 80m vs. Meso-Baxs 0.539

Ratio of BP 200m over/BPint ML vs. Meso-Baxs 0.171

�Not significant.

R2 = 0.71
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Fig. 4. (A) Regression of water-column height (Z; m) where 50% of the integ

weighted average (DWAv) mesopelagic excess particulate Ba (Baxs in pM); (B

integrated BP vs. depth weighted average (DWAv) mesopelagic Baxs (pM).
alization in the mesopelagic region. It is likely, however,
that it is the general plankton community characteristics
(e.g., species composition, cell sizes, phytoplankton bio-
mass, biogenic material characterization, grazing, etc.) that
define whether export of matter will be shallow or deep.
Bacteria merely follow the food and their remineralization
activity at mesopelagic depths tunes the Baxs formation.
This scenario fits also with recent observations for the
North Pacific (Dehairs et al., in press).

4.3. Mesopelagic C remineralization vs. PP, BCD, and EP

We translated Baxs DWAv into C fluxes using Eqs. (1)
and (2), considering a residual Baxs content of 180 pM, i.e.
the Baxs content in the absence of remineralization activity
(see Experiment and method). The largest mesopelagic
remineralization (up to 48mgCm�2 d�1) occurs in the less
productive off-shelf region (stations C11–83 and B11),
while the highly productive A3 site is characterized by
lower remineralization rates (25mgCm�2 d�1 at A3–119;
Table 4). Such remineralization fluxes are similar to those
observed during summer in the PFZ in the Crozet–
Kerguelen basin and along 1451E (Cardinal et al., 2005;
Jacquet et al., 2005). In Table 4 we compare remineraliza-
tion integrated over the 125–450-m-depth layer with PP
integrated over the euphotic layer, BCD in the upper 200m
and export of carbon from the 125m horizon. Baxs, PP,
BCD, and EP were not always analyzed for the same CTD
adients in bacterial production (BP) integrated over the upper 200m water

b a p

0.709 0.152 0.0043

0.788 0.0010 0.0225

0.764 0.0016 0.0474

0.711 0.0026 0.0242

0.240 0.0047 0.2687�

R2 = 0.55

1.00

1.10

1.20

1.30

1.40

Meso-Baxs [DWAv; pM]
300 500450400350

rated bacterial production (BP) in the upper 200m is achieved vs. depth

) regression of the ratio of upper 200m integrated BP over upper 125m
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Table 4

Comparison of Baxs-based mesopelagic organic carbon remineralization with primary production (PP), bacterial carbon demand (BCD) and export

production (EP); all fluxes in mgCm�2 d�1

Station Ba cast PPa euphotic

layer

BCDb 0–200m EPc 125m Mesopelagic remin.d

125–450m

Stnd error (%) % Meso-remin.d

vs. EPc

A3–32 1872 1705 264 34 17 13

A3–73 1644 830 223 29 19 13

A3–119 864 1005 266 25 22 9

A11–11 1400e 1170 216 32 18 15

B5–60 1250e 765 140 34 17 24

B11–50 250e 265 106 45 15 42

C5–91 350e 235 74 41 16 55

C11–42 384 340 114 21 26 18

C11–83 216 261 124 48 15 39

aPP, primary production; based on 14C-incorporation (data from B. Griffith, in Lefèvre et al. (2008).
bBCD, bacterial carbon demand; from Obernosterer et al. (2008) and Christaki et al. (2008).
cEP, export production; based on 234Th data; from Savoye et al. (2008).
dMesopelagic remineralization, based on meso-Baxs data.
ePP based on 13C-incorporation (data from N. Garcia, in Mosseri et al. (2008).
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casts, but data were obtained for casts sampled close by in
time and space. The off-shore site C11 shows the most
drastic change over time, from lowest mesopelagic remi-
neralization (21mgCm�2 d�1) on January 26 to highest
(48mgCm�2 d�1) on February 6. This doubling of the
remineralization at C11 was not paralleled by a similar
change in PP, which remained relatively stable over the
10-day period.

Though 234Th-based carbon export from the 125m
horizon is twice as large at A3 than at C11, export
efficiency represents on average only �18% of PP at A3
compared to an average of �43% at C11 (Savoye et al.,
2008 and Table 4). This observation implies that shallow
(i.e. o125m) remineralization is relatively more efficient
above the Plateau. Such a non-linear response of carbon
export relative to PP was attributed mainly to differences in
efficiency of the microbial food web between on and off
Plateau sites. Indeed, at C11, the transfer efficiency of
primary produced biomass to higher trophic levels is
enhanced via mesozooplankton grazing on the hetero-
trophic nanoplankton community (Christaki et al., 2008;
Carlotti et al., 2008). Through fecal pellet production, such
a condition likewise could sustain the relatively enhanced
export production that is observed at C11. Also, on and off
Plateau sites are quite different in remineralization
efficiency of the carbon exported from the surface,
which reached 18–39% at C11 compared to 9–15% at A3
(Table 4).

To summarize, on the Plateau a larger fraction of
organic carbon that escapes shallow mineralization and is
exported out of the upper 125m, crosses the mesopelagic
layer and probably reaches the seafloor at �525m, or is
exported off-shelf. Thus, although the system above the
Plateau is exporting in a less efficient manner compared to
off-shelf, the transfer efficiency of the matter through the
mesopelagic layer is larger above the Plateau (see Fig. 5).
This scenario fits with the fact that larger diatoms (e.g.,
Chaetoceros spp. and Eucampia antarctica; Armand et al.,
2008) are present at A3. Those cells that escape shallow
remineralization would sustain fast and deep export, short-
circuiting mesopelagic processing of OM. On the contrary
at C11, small diatoms (e.g., Fragilariopsis pseudonana) were
dominant (Armand et al., 2008) and would enhance
potential for mesopelagic remineralization.
Overall, the combination of differences in diatom cell

size and organization of microbial food web could explain
the variability in meso-C remineralization fluxes and
transfer efficiency through the mesopelagic zone between
A3 and C11. This situation is probably shaped by the
condition of Fe-repleteness above the Plateau (Blain et al.,
2007). A similar situation was encountered during a recent
iron-fertilization experiment (EIFEX; Open S.O.; Smeta-
cek, 2005). Compared to natural blooms in HNLC waters,
the Fe-induced bloom of EIFEX led to a lower C
remineralized: export ratio (Jacquet et al., 2008). The C
remineralized in the 150–1000m depth layer during EIFEX
accounted for around 11% of the surface export at 150m
(Jacquet et al., 2008), which is similar to the 9 to 13% range
we report here at station A3 on Plateau (Table 4, see
discussion above). This would suggest that materials
exported from Fe-replete diatom-dominated blooms are
effectively less prone to remineralization probably as a
result of fast transfer of matter through the mesopelagic
water column.

5. Conclusions

During the KEOPS cruise, the particulate biogenic Baxs
distribution in the mesopelagic waters (125–450m) appears
closely tuned by bacterial activity in the overlying water
column. The general picture emerging is that when BP
extends deeper in the water column, as is the case for off-
shelf sites, larger mesopelagic Baxs contents are observed,
contrasting with situations where BP is mostly restrained to
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Fig. 5. Schematic, confronting the fate of organic carbon synthesized above the Plateau (station A3) and off-shelf (station C11). BCD ¼ bacterial carbon

demand.
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a shallower surface layer, as is the case for the Plateau.
With mesopelagic particulate Baxs reflecting OM reminer-
alization, our findings indicate that the off-shelf open
ocean east of the Kerguelen Plateau is a region of relatively
more important intermediate water-column processing of
exported matter, as compared to the Plateau. Thus, the fate
of organic carbon exported from the upper water column
of the Kerguelen Plateau area is quite different between the
shelf region proper and the margin, open-ocean region.
Indeed, though PP above the shelf area between Heard
Island and Kerguelen is strongly boosted by a natural
supply of iron, the fraction of PP exported from the upper
125m is smaller for the shelf system as compared to the
open-ocean system (Savoye et al., 2008). Furthermore,
above the Plateau, the fraction of PP that escapes shallow
(o125m) remineralization and is exported out of the
surface waters, appears less prone to subsequent reminer-
alization in the mesopelagic depths. This could be the result
of a faster transit of the sinking matter, probably because
of the larger diatom cell size observed above the Plateau,
which leaves less time for bacterial breakdown during
transit of the matter through the deeper water column. It
thus appears that the Fe-replete on-shelf system combines
intensive shallow remineralization with a more efficient
delivery of organic carbon below 450m, while the Fe-
depleted off-shelf HNLC system favors a more efficient
export combined with more efficient mesopelagic reminer-
alization (see Fig. 5). Overall, the twilight-zone C
remineralization, as assessed by particulate biogenic Baxs
stocks, appears to vary in response to changes in ecosystem
and food web functioning. We advocate further studies
focusing on the temporal variability of mesopelagic
remineralization and its dependency on ecosystem struc-
ture for contrasting S.O. environments.
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