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Abstract

The KErguelen Ocean and Plateau compared Study (KEOPS) documented enhanced iron input and phytoplankton biomass over the

deep Kerguelen plateau in comparison to surrounding high-nutrient low-chlorophyll (HNLC) waters in late summer 2005. We examined

the influence of this iron on nitrogen and carbon metabolism by the microbial food-web, by comparing samples from on-plateau and off-

plateau. Suspended particulate organic carbon (POC) was �5 times more abundant on-plateau and exhibited greater POC/PON (�6.5

vs. �5.5), d13C-POC (��21.5 vs. ��24.5%) and d15N-PON (�+2 vs. �0%) than off-plateau. These differences arose in part from

changes in ecosystem structure as demonstrated by size-fractionation (1, 5, 20, 55, 210, and 335-mm filters in series), which revealed large

isotopic variations with size (d13C-POC ranged from �28 to �19% and d15N-PON from �3 to +5%) and greater abundances of 13C-

and 15N-enriched large phytoplankton over the plateau. The 13C enrichment in POC reflected faster growth rates and greater draw-down

of dissolved inorganic carbon over the plateau. Quantitative comparison to the d15N of dissolved nitrate indicates that the d15N-PON

enrichment derived from increased assimilation of nitrate, corresponding to new production f-ratios of 0.7–0.9 on-plateau vs. 0.4–0.6 off-

plateau. Results from a sparse set of free-drifting sediment trap samples suggest control of export by zooplankton grazing. The 15N and
18O enrichments in dissolved nitrate exhibited a 1:1 correlation, indicating that phytoplankton assimilation controls nitrate availability

and only a relatively small amount of nitrate was regenerated by nitrification. The d15N-NO3 values yield indistinguishable isotopic

fractionation factors on and off the plateau (15�NO3
of 4–5%). This suggests that variations in iron availability may not bias the

interpretation of paleo-environmental 15N records, and leaves intact the view that higher sedimentary d15N-PON values during the last

glacial maximum indicate greater fractional nitrate depletion in the Southern Ocean.

r 2008 Elsevier Ltd. All rights reserved.

Keywords: Iron fertilization; Southern Ocean; Nitrate isotopes
1. Introduction

1.1. The influence of iron

Iron has been demonstrated to be the proximal control
on Southern Ocean phytoplankton production via incuba-
e front matter r 2008 Elsevier Ltd. All rights reserved.
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tion and mesoscale iron-enrichment studies (Sedwick and
DiTullio, 1997; Sedwick et al., 1999, 2002; Boyd et al.,
2000; Coale et al., 2004), but the influence of iron
fertilization on carbon sequestration remains unclear.
Some experiments have seen enhanced export, e.g.,
SOFeX-south (Buesseler et al., 2005) and EIFEX (Peeken
et al., 2006) while others have not, e.g., SOIREE (Nodder
et al., 2001) and EisenEx (Rutgers van der Loeff and Vöge,
2001). More importantly, export responses in small-scale
artificial fertilizations do not easily scale upward to explain
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natural iron fertilization occurring over larger regions and
longer times. Persistent fertilization will alter trophic
structures that influence export (Boyd and Newton, 1995;
Boyd and Newton, 1999), and macro-nutrient levels that
are maintained by horizontal exchange in fertilization
experiments (Abraham et al., 2000; Boyd et al., 2002) may
become depleted after extended exposure to iron. In
particular, silicate availability may limit carbon export,
because it is already almost fully consumed during its
passage across the Southern Ocean from upwelled Cir-
cumpolar Deep Water in the south to its exit in mode and
intermediate waters in the north (Trull et al., 2001b).

KErguelen Ocean and Plateau compared Study
(KEOPS) offered the opportunity to examine primary
production, ecosystem structure, and controls on export in
a system accustomed, and presumably adapted, to persis-
tent iron inputs. Nitrogen and carbon are two very useful
elemental currencies in this effort to identify the ecosystem
response to iron input: carbon because of its importance to
atmospheric greenhouse gas budgets, and nitrogen because
of its direct connection to the impact of iron on
phytoplankton metabolism. Iron improves light-harvesting
and many other cellular mechanisms (Geider and La
Roche, 2004). In particular, the ability to use nitrate, the
major form of nitrogen available in Southern Ocean
surface waters, is affected by iron availability in part
because nitrate reductase (the first enzyme involved in the
assimilation of nitrate) requires iron (Timmermans et al.,
2004).

1.2. The value of isotopic measurements

The isotopic compositions of nitrogen and carbon are
useful tools with which to track the transfers and
transformations of these biogeochemical currencies by
ecosystem processes. They bridge the gap between the
quantification offered by mass balances on relatively
homogeneous dissolved nutrient fields, and the more
detailed understanding of ecosystem controls on produc-
tion and export offered by biological investigations. For
example, comparing the carbon isotopic fractionation
accompanying CO2 draw-down in surface waters with
size-fractionated phytoplankton d13C-particulate organic
carbon (POC) compositions revealed that large diatoms,
and not the bulk phytoplankton community, controlled
export in Antarctic surface waters south of Australia (Trull
and Armand, 2001). A similar comparison for nitrogen
isotopes between dissolved nitrate and particulate organic
nitrogen (PON) identified a switch from ammonium
towards nitrate use during the SOIREE artificial iron
release experiment (Karsh et al., 2003).

Combining 13C and 15N observations offers advantages,
because these isotopes are differentially influenced by
autotrophic assimilation and heterotrophic-enrichment
(Fry and Sherr, 1984; Goericke et al., 1994; Altabet,
1996; Freeman, 2001; Hayes, 2001). Trophic enrichment of
13C is generally small, �1%, while that of 15N is larger,
�3.5%. Nitrogen isotopic compositions are sensitive to the
influence of regenerated nutrients, because uptake of
ammonium decreases phytoplankton 15N contents, in some
cases by several permil (%). In contrast, recycling of
carbon to dissolved inorganic carbon (DIC) does not affect
phytoplankton 13C compositions, since the two carbon
forms that are thought to be assimilated (CO2 and HCO3

�)
establish chemical and isotopic equilibrium relatively
quickly in the dissolved pool.
The primary control on 13C contents of marine organic

matter in the Southern Ocean is the isotopic composition
established during photosynthesis. This process has been
extensively studied and shown to depend strongly on
phytoplankton size and growth rate, on whether HCO3

� or
CO2 is assimilated (Keller and Morel, 1999; Cassar et al.,
2002; Cassar et al., 2004), and on the available concentra-
tion of dissolved molecular CO2 when it is the dominant
carbon source (Laws et al., 1995; Popp et al., 1998). These
so called ‘‘vital effects’’ impact the application of the 13C
composition of organic matter as a paleo-proxy for
Southern Ocean carbon dioxide partial pressure (Popp
et al., 1999; O’Leary et al., 2001; Lourey et al., 2004), as
can secondary effects from heterotrophy and remineraliza-
tion (Bentaleb et al., 1998; O’Leary et al., 2001). In
contrast, PON 15N contents depend primarily on the
balance of ammonium and nitrate assimilation in samples
dominated by phytoplankton, and on the balance of
autotrophic and zooplankton contributions in bulk sam-
ples of the community (e.g., Altabet, 1996).
In localized studies, such as presented here, these

biologically driven fractionations rather than variations
in the isotopic compositions of the new nutrient sources
(nitrate and DIC), often control the 15N and 13C
compositions of microbial organisms. This is because the
DIC source is only slightly depleted seasonally by primary
production in open-ocean settings, and thus seasonal
enrichment in the 13C content of the DIC pool is only
�1%. Seasonal draw-down of nitrate can cause large 15N
enrichments in the remaining nitrate pool in some regions
(e.g., more than 5% over the course of the North Atlantic
bloom; Altabet et al., 1991), but in the Southern Ocean the
seasonal enrichment of 15N in nitrate is only 1–2% in
waters south of the Polar Front (Sigman et al., 1999b;
Lourey et al., 2003; DiFiore et al., 2006).
On larger spatial scales, e.g., the progressive depletion of

nitrate northward across the Southern Ocean, the enrich-
ment of the remaining nitrate source in 15N does play a
role in the control of phytoplankton nitrogen isotopic
compositions, and also determines the integrated isotopic
composition of exported organic nitrogen over annual
timescales (Francois et al., 1992; Sigman et al., 1999a;
Lourey et al., 2003). This effect forms the basis of the
estimation of the extent of nitrate utilization from
sedimentary organic matter 15N compositions (Francois
et al., 1992; Sigman et al., 1999a, b; Altabet and Francois,
2001; Lourey et al., 2003), and thus evaluation of the
possible role of an enhanced biological pump in the
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draw-down of atmospheric CO2 during glacial epochs
(Sigman and Boyle, 2000). The quantitative scaling of 15N
compositions to nitrate utilization depends on the isotopic
fractionation that characterizes new production, and there
has been debate on whether this varies regionally in the
Southern Ocean (Lourey et al., 2003; DiFiore et al., 2006),
or in response to iron availability (Karsh et al., 2003).

1.3. The focus of this study

This study focuses on the impact of persistent iron
fertilization on the isotopic content of the microbial
ecosystem. We present measurements of the isotopic
composition of dissolved nitrate (as the currency of new
production), size-fractionated suspended matter from
within and just below the euphotic zone (to assess uptake
by phytoplankton and microbial nutrient cycling), and
particles collected in free-drifting sediment traps (to
examine export processes). Using these data we address
three main questions:
(i)
Fig. 1
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2. Methods

2.1. Site description

The Kerguelen plateau lies to the east of Heard and the
Kerguelen islands in the Indian Sector of the Southern
Ocean and includes more than 45,000 km2 of seafloor that
is less than 1000m deep (Fig. 1). As detailed by Park et al.
(2008b), the plateau divides the flow of the Antarctic
Circumpolar current, with the most intense flow passing to
the north of Kerguelen Island in association with the Sub-
Antarctic Front. Additional transport associated with the
Polar Front crosses the plateau just south of Kerguelen
Island, where the bathymetry reaches 600m depth, and to
the south of Heard Island via the Fawn Trough (Fig. 1).
The waters around the islands and over the plateau are
marked by relatively high phytoplankton concentrations in
comparison to surrounding open-ocean waters (Blain et al.,
2007; Mongin et al., 2008). As shown in figures in those
papers, and in animation of satellite remote sensing results
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(Mongin et al., 2008), the bloom has two main features: (i)
a narrow plume that extends northeast of the Kerguelen
islands and north of the Polar Front that shows high
mesoscale and temporal variability and (ii) a larger bloom
(�45,000 km2) south of the Polar Front, which is largely
constrained to the bathymetry of the plateau. In the austral
production season of 2004–2005 studied by KEOPS, this
larger bloom began in early November, achieved high
phytoplankton biomass (�3 mg Chl a l�1) in December and
January, and then collapsed in late February (Blain et al.,
2007).

KEOPS carried out three transects across the main
Kerguelen bloom in mid summer (19 January–13 February
2005) when phytoplankton abundances were rapidly
decreasing (Blain et al., 2007; Mongin et al., 2008). These
transects sampled waters within, at the periphery of, and
outside the plateau (Fig. 1). The waters over the plateau
exhibited higher biomass, greater nutrient depletion, and
significant CO2 draw-down in comparison to the surround-
ing high-nutrient low-chlorophyll (HNLC) waters (Blain
et al., 2007; Jouandet et al., 2008; Mosseri et al., 2008). Site
A3 was chosen as the reference station for the iron-fueled
bloom conditions (Blain et al., 2007), based on high
phytoplankton biomass (Chl a of 1.1–2.1 mgL�1 between 0
and 125m) and lowered Si(OH)4 concentrations in surface
water (1.8 mM), but still elevated NO3

� (23.0 mM; Mosseri
et al., 2008). Site C11 was designated as the corresponding
reference station for off-plateau HNLC conditions
(0.1–0.2 mgL�1 Chl a, 25.1 mM Si(OH)4, and 29.4 mM
NO3
�). Surface dissolved iron levels were low at all stations,

but sub-surface levels and hence supply of iron to surface
waters was elevated over the plateau (Blain et al., 2007,
2008). Carbon export over the plateau was approximately
twice that of surrounding waters, as estimated from 234Th
distributions (Blain et al., 2007; Savoye et al., 2008).

Phytoplankton communities at all the sites were
dominated by common Southern Ocean diatoms but with
differences in the relative abundances of species at the on-
plateau and off-plateau stations (Armand et al., 2008).
Much of this biomass consisted of large diatoms and
diatom chains, with more than 80% of the biogenic silica in
the 410 mm size class at A3, and more than 70% at C11
(Mosseri et al., 2008). More and larger zooplankton were
present on-plateau than off-plateau (Carlotti et al., 2008),
and bacterial populations were larger and more active
(Obernosterer et al., 2008). Additional details of the
ecosystem structure of the Kerguelen bloom and the
surrounding waters are presented in the discussion below
(and in the accompanying papers in this issue).

2.2. Sampling

Three types of samples were collected for nitrogen and
carbon isotopic study: (i) seawater from Niskin bottles
deployed on the CTD rosette for isotopic compositions of
dissolved nitrate, (ii) size-fractionated suspended particles
using a large-volume pump, and (iii) sinking particles from
short-term deployments of a free-drifting sediment trap.
The locations of these collections are shown in Fig. 1.
Sampling on-plateau focused on sites A3 (the bloom

reference station) and B5 at the centre of the plateau, and
C5 at its southeastern edge. Sampling off-plateau focused
on the eastern end of the three transects at sites A11, B11,
and C11 (the HNLC reference station). The other stations
exhibited either similar properties to these reference
stations end-members (with B5 similar to A3, and B11
similar to C11) or intermediate properties (C5 at the
plateau edge had relatively low biomass in comparison to
other plateau stations, and Station A11 off the plateau to
the northeast had relatively high biomass in comparison to
other HNLC stations; Mosseri et al., 2008; Armand et al.,
2008). These intermediate conditions appear to reflect the
circulation around the plateau, which brings HNLC waters
onto the plateau from the south and west, and sweeps it off
the plateau to the north and east (Park et al., 2008b). The
two on-plateau bloom stations also differed in the detailed
timing of biomass accumulation. The reference site A3
exhibited steadily declining biomass during the KEOPS
survey, in keeping with the overall late summer decline of
the bloom (Blain et al., 2007), but station B5 experienced
an increase in biomass late in the KEOPS survey period as
seen in satellite ocean-colour images (Mongin et al., 2008).
Suspended particles were collected from four depths

(�20, 60, 100, and 130m) within and just below the
euphotic zone using an in-situ impeller pump which returns
water to the deck via a hose (Trull and Armand, 2001). On
deck, the water passed through a cascade of filters: first a
47-mm diameter 1000-mm pre-screen to remove large
zooplankton, followed by 142-mm diameter nylon screens
(335, 210, 55, 20, and 5-mm mesh sizes) and a final 142-mm
diameter QMA quartz fibre filter (1 mm nominal pore size).
The quartz filter was used in preference to GF/F glass fibre
filters to minimize 234Th backgrounds. Previous work with
this pump suggests that it does not significantly damage
phytoplankton cells, in that intact chains of pennate
diatoms are recovered (Trull and Armand, 2001) and fast
repetition rate fluorometric parameters of samples col-
lected with the pump are indistinguishable from samples
collected in Niskin bottles (F.B. Griffiths and T. Trull,
unpublished results). The flow path allowed a larger flow
rate through the larger meshes, so that during the �1 h of
filtration at each depth, 50–150L passed through the QMA
filter at �1–3L per minute while 200–600 L passed through
the 335- and 210-mm meshes. At most, a few large
euphausids were obtained on the pre-screen and this
material was not analysed.
The particles on the other screens were immediately

resuspended (in 1-mm filtered seawater from the sampling
depth) and refiltered onto 25-mm diameter, 1.2-mm pore
size silver membrane filters and, along with the QMA filter,
were dried at 60 1C for shipboard 234Th analysis, followed
by carbon and nitrogen analyses in the laboratory in
Hobart. At some stations, the QMA filter began to clog
after 30–45min and it was removed from the flow path.
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At the A3 site, the size distribution of particles was focused
strongly on the 55-mm screen, and this also began to limit
flow during the collection period, and for this station that
fraction may include some smaller particles.

Sinking particles were collected with a cylindrical
sediment trap (with a 0.125-m2 collection area and an
internal conical funnel that transfers the sinking particles
to a carousel of collection cups, model PPS3/3, Technicap
Inc., France) suspended at 200m depth beneath a free-
drifting surface float equipped with an ARGOS beacon
and a strobe light. Following loss of other traps during
earlier deployments at A3 and C11, this trap was
successfully deployed 3 times (twice at A3—designated
A3i and A3f for initial and final, and once at C5, Fig. 1),
and thus provides only a small set of observations. On each
occasion the trap was deployed for �24 h and drifted a
relatively small distance (�10 km) in comparison to the
dimensions of the studied features. Further details of the
deployment dates and trap drifts are provided in (Ebers-
bach and Trull, 2008). Four cups filled with trace-metal
clean brine (salinity �60 prepared by freezing sub-surface
seawater) but no poison because of the short deployments
in cold water were rotated beneath the funnel during each
deployment. Two of these were used for trace-metal studies
(Bowie et al., in preparation) and two were used for the
nitrogen and carbon isotopic analyses reported here.

On recovery, the cup solutions were filtered through a
350 mm nylon mesh to separate zooplankton ‘‘swimmers’’.
The materials on this mesh were vigorously sprayed with
seawater (pre-filtered through a 1 mm quartz filter) to
disperse faecal pellets and wash them and any material
clinging to the copepods through the mesh. Both the
4350- and o350-mm size fractions were resuspended (in
1-mm filtered seawater) and refiltered onto 25-mm, 1.2-mm
silver filters. These samples were dried and analysed
following the same procedures as for the suspended
particles. Examination by onboard microscopy revealed
few swimmers in the o350-mm size fractions, and no
additional separation was attempted.

Seawater samples for dissolved nitrate d15N and d18O
analyses were collected from Niskin bottles attached to the
CTD-Rosette to provide vertical profiles in the top 200m
twice at site A3 (A3i and A3f) and once at site C11.
Samples from the mixed layer were also collected from
other sites (Table 1). Seawater was transferred directly
from the Niskin bottles to acid-leached 250-ml polypropy-
lene bottles and frozen at �20 1C until thawed for isotopic
analysis in the Woods Hole laboratory.

2.3. Analyses

The filters with the suspended and sinking particles were
examined under stereo-microscopy onboard the ship at
magnification up to 50� . The largest size-fractions
(4350 mm for the sinking particles and 335–1000-mm
fractions for the suspended particles) were dominated by
zooplankton, primarily copepods. Intact faecal pellets did
not contribute significantly to these fractions. For the
sinking particles this is because they were deliberately
dispersed and washed through the 350-mm screen used to
separate swimmers from the sinking flux. For the sus-
pended particles this is presumably the result of dispersion
of faecal pellets and other aggregates during the passage of
the water through the impeller pump, hose, and filtration
system, because large faecal pellets and aggregates of faecal
pellets were observed in sediment traps equipped with
polyacrylamide gels (Ebersbach and Trull, 2008).
The smaller size-fractions were dominated by diatom

frustules, with small centric diatoms abundant on the 5-mm
filter, a mix of centric and pennate diatoms on the 20- and
55-mm filters, and large diatoms and chains of pennate
diatoms and small copepods on the 210-mm filter. The
particles on the 1-mm quartz filter were too small to
examine in any detail using stereo-microscopy. The light
beige colour of these filters, in comparison to the greener
shades of the intermediate sizes, suggests contributions
from detritus and/or bacteria. More detailed information
on the organisms present on our filters is not available, but
other studies of bacterial abundances (Obernosterer et al.,
2008), phytoplankton pigments (Griffiths and Uitz, 2006),
diatom species (Armand et al., 2008), and zooplankton net
tows (Carlotti et al., 2008) are consistent with our overall
interpretation that the size-fractionated samples are
dominated by detritus and bacteria (1-mm filter), diatoms
(5, 20, and 55-mm screens), a mix of diatoms and copepods
(210-mm screen) and copepods (335-mm screen).
The POC, PON, d13C-POC, and d15N-PON analyses

were carried out in Hobart. Sub-samples of the 25-mm
diameter silver membrane filters were placed in acid-
resistant silver cups, treated with two 10-ml aliquots of 2N
HCl (and 2� 20 ml for the QMA filters) to remove
carbonates (King et al., 1998), and dried at 60 1C. A first
set of sub-samples was analysed for POC and PON
concentrations by combustion of the silver cups in a
Thermo-Finnigan Flash 1112 elemental analyser with
reference to sulphanilamide standards in the Central
Sciences Laboratory of the University of Tasmania.
Precision of the analyses was �1%, but the overall
precision was limited to 5–10% by the sub-sampling of
the filters. Based on the POC and PON results, a second set
of sub-samples was punched for the isotopic analyses.
d13C-POC and d15N-PON were analysed separately

using a Fisons 1500 Elemental Analyser coupled via a
Con-flow II interface to a Finnigan DeltaPLUS isotope ratio
mass spectrometer at CSIRO Marine and Atmospheric
Research. During the 15N analyses, CO2 was removed
using a sodium hydroxide scrubber (self-indicating Ascarite
2, Thomas Scientific) to avoid CO+ interference at m/z 29
and 28 (Brooks et al., 2003). Small-bore combustion and
reduction columns were used to increase sensitivity, which
ensured signals in the mass spectrometer of at least 1V
(and generally 42V). With these modifications, analysis of
as little as 5 mg-N was possible, but the optimal range was
15–50 mg-N, and filters were sub-sampled accordingly.
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Table 1

d15N and d18O compositions of dissolved nitrate

Site Date Depth (dbar) NO3 (mM) na d18O-NO3 mean d18O-NO3 1s
b d15N-NO3 mean d15N-NO3 1s

b

A03 19/1/05 41.1 21.2 2 5.16 0.30 6.81 0.23

A03 21.5 20.8 2 5.16 0.30 6.85 0.24

A11 20/1/05 40.9 22.5 2 4.84 0.30 6.73 0.27

A11 20.8 22.5 2 4.93 0.30 6.77 0.40

A01 23/1/05 40.8 21.3 2 4.92 0.30 6.82 0.20

A01 20.4 21.4 2 5.08 0.30 6.96 0.20

A3i 23/1/05 251.9 30.1 3 3.18 0.30 5.37 0.20

A3i 202.0 28.8 3 3.31 0.42 5.17 0.22

A3i 179.8 27.8 3 3.57 0.47 5.43 0.20

A3i 162.4 26.7 3 4.09 0.51 5.62 0.20

A3i 141.0 22.8 3 4.74 0.31 6.44 0.21

A3i 132.8 22.4 3 4.63 0.50 6.46 0.20

A3i 121.0 21.8 3 4.80 0.45 6.59 0.20

A3i 111.3 21.4 3 4.72 0.35 6.75 0.27

A3i 101.8 21.0 3 4.85 0.47 6.78 0.20

A3i 50.9 20.5 3 5.18 0.30 7.10 0.20

A3i 24.8 20.1 3 5.16 0.30 7.17 0.20

A3i 5.8 20.6 3 5.02 0.30 7.04 0.20

C11 28/1/05 253.5 33.1 2 2.39 0.30 5.20 0.20

C11 201.3 31.3 2 2.73 0.30 5.29 0.20

C11 182.0 30.7 3 2.99 0.30 5.35 0.20

C11 159.9 28.9 3 3.27 0.35 5.47 0.20

C11 141.5 28.6 3 3.23 0.30 5.71 0.20

C11 130.5 27.8 3 3.22 0.30 5.75 0.20

C11 112.2 27.1 3 3.39 0.30 6.00 0.20

C11 101.6 26.5 3 3.50 0.30 6.11 0.20

C11 48.6 26.2 3 3.56 0.32 6.20 0.20

C11 20.1 26.5 3 3.67 0.30 6.25 0.20

C11 6.2 26.5 3 3.49 0.30 6.19 0.20

B11 29/1/05 19.7 26.2 2 3.67 0.30 6.25 0.35

B05 1/2/05 20.5 22.4 2 4.60 0.30 6.74 0.20

B01 2/2/05 21.1 22.8 2 4.65 0.30 6.71 0.20

C05 7/2/05 29.7 22.0 2 3.86 0.30 6.28 0.20

C01 9/2/05 18.9 21.9 2 3.72 0.30 5.85 0.20

Kerfix 10/2/05 20.0 24.9 2 4.24 0.30 6.50 0.20

A3f 12/2/05 201.2 24.9 2 3.16 0.30 5.29 0.20

A3f 141.0 23.8 2 3.64 0.30 5.18 0.30

A3f 131.9 23.5 2 3.66 0.30 5.65 0.20

A3f 120.5 24.5 2 4.09 0.30 5.88 0.20

A3f 111.0 24.4 2 4.11 0.30 6.12 0.20

A3f 101.2 29.9 2 4.30 0.30 6.39 0.20

A3f 90.3 28.9 2 4.59 0.30 6.64 0.20

A3f 40.1 26.8 2 4.71 0.30 6.74 0.24

A3f 19.7 25.4 3 4.84 0.30 6.68 0.24

A3f 10.8 25.1 3 4.84 0.30 6.75 0.31

an ¼ number of replicate of the isotopic compositions.
bMinimum 1s were set to 0.30% for d18O-NO3 and 0.20% for d15N-NO3.
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The d15N and d13C isotopic compositions are expressed in
delta notation vs. atmospheric N2 and the VPDB standard,
respectively. Standardization was by reference to CO2 and N2

working gases injected before and after each sample, with
normalization to two solid reference materials run (along with
blank cups) after each six samples. For d13C, the solid
standards were NBS-22 oil (RM8539,�29.73%) and NBS-19
(limestone, RM8544, +1.95%). For d15N, the solid standards
were IAEA-N1 (ammonium sulphate, RM8547, +0.4%) and
IAEA-N3 (potassium nitrate, RM8549, +4.7%). Based on
replicate analyses of these standards the estimated precisions
were typically 0.1% for 1 standard deviation for both d13C
(n ¼ 15) and d15N (n ¼ 20). Sample replicates generally had
comparable precisions to the reference materials, but filters
with patchy coverage had lower precision (0.3% in the worst
cases, presumably reflecting isotopic heterogeneity within the
size fractions). Procedural blanks were measured by passing
1L of seawater through the onboard pumping system and
subsequent processing in parallel to the samples, and yielded
negligible amounts of POC and PON (o1% of typical
samples), and with ratios close to those of the samples, and
no correction was applied.
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The N and O isotopic compositions of nitrate were
measured by converting dissolved nitrate (and small
amounts of nitrite, present at less than 1% of the nitrate
in these samples) to N2O using the denitrifier method with
Pseudomonas aureofaciens (Sigman et al., 2001; Casciotti
et al., 2002). Analysis was done with a Finnigan DeltaPLUS

XP mass spectrometer at WHOI. Replicates of each sample
were analysed on separate days (n ¼ 2 or 3), with sample
volumes adjusted to achieve 20 nmols NO3

� per analysis
(0.6–1.1ml seawater). The standard deviations shown in
Table 1 are based on these replicate analyses, with the
caveat that minimum uncertainties were set to 0.3 for d18O
and 0.2 for d15N, so that replicates that fell very close
together by chance did not over-represent the precision of
the results.

Calibration of d15N and d18O for the nitrate samples was
via parallel analyses of two standards (USGS32 with
d15N ¼+180% and USGS34 with d15N ¼ �1.8%),
(Bohlke et al., 2003) to place the 15N/14N ratios on the
AIR reference scale, and three standards (USGS32 with
d18O ¼+25.7%, USGS34 with d18O ¼ �27.9%, and
USGS35 with d18O ¼+57.5%), (Bohlke et al., 2003) to
place the 18O/16O ratios on the VSMOW reference scale.
This multiple-standard calibration technique has been
described previously (Casciotti et al., 2002), although at
that time well-calibrated standards were not available for
its application. An aliquot of each reference material was
analysed at the beginning of each batch of samples and
after every nine samples to obtain six replicates of each
standard in a typical run of 45 samples, thereby providing
precise regressions for the multiple-standard calibration
procedure, as well as minor corrections based on linear
temporal drift. The new standard values as applied here
lead to d18O values that are approximately 2.9% higher
than those based on earlier estimates for these standards
(for recent discussion see Sigman et al., 2005).

Nitrate and nitrite were measured onboard the R.V.
Marion Dufresne using University of Marseille methods as
adapted from (Tréguer and LeCorre, 1975). This method
measures the sum of nitrate and nitrite, rather than nitrate
directly, but results for nitrite from a subset of the samples
showed that it represented o1% of the total nitrate+
nitrite, and thus results for nitrate+nitrite result have been
taken to represent nitrate alone for the purposes of
estimating isotopic fraction associated with nitrate deple-
tion. Because shipboard analyses were not always available
for the same Niskin bottles as sampled for 15N-NO3,
dissolved nitrate concentrations also were measured at
CSIRO Marine and Atmospheric Research using a Lachat
flow-injection auto-analyser (and the manufacturer’s
QuickChem methodology) on separate samples taken from
the same Niskin bottles sampled for 15N-NO3 (originally
collected for 13C-DIC analyses and poisoned with mercuric
chloride and stored tightly sealed at room temperature).
These results agree to within �1 mM with the more
extensive shipboard results for most but not all samples
(not shown). Because of the strong nitrate gradients in the
seasonal pycnocline (Fig. 2A) and thus the desirability of
having both concentration and isotopic measurements
from the same Niskin bottles, we have used only the
CSIRO results for the calculation of isotopic fractionation
factors, but also refer to the shipboard results for broader
context.

3. Results and discussion

3.1. Nitrogen isotopic composition of dissolved nitrate:

negligible influence of iron on isotopic fractionation

accompanying nitrate depletion

The three nitrate profiles (A3i, A3f, and C11) exhibited
partial nitrate draw-down above the summer pycnocline
from seasonal assimilation and export (�30% of remnant
winter water values at the sub-surface temperature mini-
mum, Fig. 2A), with greater nitrate depletion at the on-
plateau bloom site (A3) than the off-plateau HNLC site
(C11). In concert with this nitrate draw-down, d15N-NO3

increased to �6% off the plateau at the HNLC reference
station C11 and �7% on the plateau in the centre of the
bloom at station A3 (Fig. 2B), with intermediate values in
surface waters at other sites (Table 1). d15N-NO3 values
below 200m were similar on and off-plateau at �5.25%,
and close to global deep-ocean average values of �5%
(Sigman et al., 2000, 2005).
Assuming that photosynthetic nitrate assimilation is the

only process that removes nitrate and that nitrate resupply
is negligible, the d15N-NO3 results should show a Rayleigh
distillation relation, i.e. they should reflect closed system
evolution so that d15N-NO3 correlates linearly with the
logarithm of the nitrate concentrations with a slope equal
to the isotope effect (15�NO3

) of nitrate removal (Sigman
et al., 1999b). The three profiles do display linear relations
(Fig. 2D) and yield indistinguishable estimates of 15�NO3

(Table 2) that are very similar to the values of 4–5%
estimated for Polar Frontal Zone and Antarctic surface
waters from transects (Sigman et al., 1999b). However,
these estimates of 15�NO3

fall well below the values
(�8–9%) estimated from profiles in southern Antarctic
Zone waters during the SOIREE project (Karsh et al.,
2003) and from profiles in Sub-Antarctic waters (DiFiore
et al., 2006). This variability appears to be a real charac-
teristic driven by ecosystem differences (DiFiore et al.,
2006).
Estimating 15�NO3

in this way is, of course, dependent on
the closed system assumption and the hypothesis of the
applicability of a single 15�NO3

. Physical resupply of nitrate
across the seasonal pycnocline or horizontally from surface
waters with higher nitrate concentrations is likely to occur
and tends to lead to under-estimates of 15�NO3

of the order
of 1% for the relatively low extent of nitrate depletion in
the Southern Ocean (Sigman et al., 1999b). It is possible
that the slightly lower 15�NO3

value obtained for the A3f
profile (Table 2) has arisen in this way. This profile was
collected during the passage of a large internal wave that
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Table 2

Closed system (Rayleigh) isotopic fractionation factors

Site na 15�NO3
71s.d. |r| 18�NO3

71s.d. |r|

A3i 12 �4.55 0.39 0.981 �4.63 0.69 0.985

A3f 10 �3.41 0.45 0.985 �3.19 0.59 0.949

C11 11 �5.13 0.92 0.886 �4.99 1.39 0.887

an ¼ number of samples in profile.
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Fig. 2. Dissolved nitrate concentrations and isotopic compositions: (A) nitrate and potential temperature profiles, (B) d15N-NO3 (% vs. AIR) profiles, (C)

d18O-NO3 (% vs. VSMOW) profiles, (D) d15N-NO3 Rayleigh diagram, (E) d18O-NO3 Rayleigh diagram, and (F) d18O-NO3 vs. d15N-NO3, with line

indicating 1:1 correlation through mean deep seawater (see Section 3.2).
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lifted the isotherms in the upper water column (Fig. 2A),
and these waves enhanced vertical mixing during KEOPS
(Park et al., 2008a).

Resupply of nitrate by bacterial nitrification would also
cause departure from the Rayleigh model, potentially
leading to underestimated 15�NO3

(Sigman et al., 1999b).
In general, ammonium assimilation by phytoplankton is
expected to greatly out-compete nitrification as a sink for
ammonium in surface waters because of light inhibition of
nitrifying bacteria (Olson, 1981), but shipboard nitrifica-
tion measurements in the open ocean west of the Kerguelen
plateau found that nitrification and assimilation contrib-
uted approximately equally to ammonium consumption in
surface waters (Bianchi et al., 1997). Similar incubations
with 15N-enriched ammonium during KEOPS suggest that
surface mixed-layer nitrification rates were less than 10%
and often less than 5% of ammonium uptake rates over
the plateau, although nitrification rates reached and some-
times exceeded phytoplankton ammonium assimilation
rates in waters within and below the seasonal pycnocline
(P. Raimbault, Université de Marseille, personal commu-
nication). The absolute rates of nitrification measured
during KEOPS could resupply less than 10% of the
seasonal depletion of nitrate observed in surface waters,
implying that most of the nitrate could be considered as
‘‘new’’ for the purposes of a seasonal Rayleigh uptake
model. In combination, the effects of physical resupply and
nitrification suggest that our closed system estimates of
15�NO3

are likely to be low by �1%. In keeping with other
Southern Ocean studies (Sigman et al., 1999b; Lourey et al.,
2003; Karsh et al., 2003; DiFiore et al., 2006), we acknowl-
edge but have not corrected our estimates for this bias.
The similarity of the 15�NO3

estimates on and off the
plateau argues against a response of isotopic fractionation
to the availability of iron. This suggests that the apparent
decrease in 15�NO3

during the SOIREE artificial iron
fertilization, which was deduced from reduction in the
offset between d15N-NO3 and d15N-PON (Karsh et al.,
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2003), may have been the result of a switch from
ammonium to nitrate use by the phytoplankton commu-
nity, rather than a real change in 15�NO3

. This possibility
was discussed by Karsh et al. (2003), but their data could
not resolve the issue. This is good news for the interpreta-
tion of paleo-environmental 15N records and leaves intact
the general conclusion that higher sedimentary d15N-PON
values during the last glacial maximum indicate greater
fractional nitrate depletion in the Southern Ocean (Fran-
cois et al., 1992; Sigman et al., 1999a; Sigman and Boyle,
2000). However, the quantitative scaling of the isotopic
composition to nitrate consumption depends on many
variables that are not yet well known and appear to vary
regionally (Karsh et al., 2003; Lourey et al., 2004; DiFiore
et al., 2006). Attention to other possible causes of
variations in d15N- PON and 15�NO3

is of course still
necessary in the quantitative interpretation of the sedimen-
tary d15N-PON variations (Francois et al., 1992, 1997;
Altabet and Francois, 1994; Sigman et al., 1999a, b;
Sigman and Boyle, 2000; Karsh et al., 2003).

3.2. Oxygen isotopic composition of dissolved nitrate:

a small role for local nitrification in nitrogen cycling

The denitrifier method allows the determination of the
oxygen as well as the nitrogen isotopic composition of
nitrate (Casciotti et al., 2002). Differences in the extent of
isotopic fraction of these two elements can provide
information on the role of nitrification and denitrification
in controlling nitrate concentrations (Casciotti et al., 2002;
Sigman et al., 2005) and in examining inputs of new N
from nitrogen fixation (Sigman et al., 2005).

The d18O-NO3 of our deepest samples, which represent
the first estimates for the Southern Ocean, were similar to
those of deep ocean nitrate elsewhere in the global ocean
(Casciotti et al., 2002; Sigman et al., 2005) and more
extensive preliminary results from the Southern Ocean
(P. DiFiore, personal communication) after inclusion of
the calibration scale offset for our d18O calibration relative
to earlier work (see Section 2). The general shape of
d18O-NO3 profiles were similar to those of d15N-NO3

(Figs. 2B and C) and yield similar values for 18�NO3
from

their Rayleigh slopes on and off the plateau (Fig. 2E) that
are subject to similar biases and caveats as discussed for
15�NO3

above.
Nitrate assimilation by phytoplankton produces a

approximately 1:1 correlation in the residual d18O-NO3

and d15N-NO3 isotopic compositions (Casciotti et al., 2002;
Granger et al., 2004), but higher d18O-NO3 at a given d15N-
NO3 can occur if reduced nitrogen (PON, DON, ammonia,
etc.) is returned to the nitrate pool by nitrification
(Casciotti et al., 2002; Sigman et al., 2005). In our profiles,
the variations in d18O-NO3 and d15N-NO3 are close to the
1:1 correlation line expected to result from nitrate
assimilation alone (Fig. 2F), as expected from more
extensive studies of the Southern Ocean (DiFiore et al.,
2006). However, the overall results plot consistently above
the correlation expected for 1:1 enrichment from a mean
deep-ocean source (d18O-NO3 �2.0%, and d15N-NO3

�5.0% on our calibration scale). In addition, for a given
d15N-NO3 value the d18O-NO3 profiles are �0.5% higher
over the plateau at A3 than off-plateau at C11. The origin
of this enrichment in d18O-NO3 is uncertain, but suggests
the possibility of a secondary contribution from nitrifica-
tion (Casciotti et al., 2002; Sigman et al., 2005) resulting
from a greater rate of remineralization and recycling of
nitrate over the plateau.
A small contribution from nitrification is in keeping with

the absolute rates of nitrification of the order of 10 nMd�1

observed in shipboard 15N-enriched ammonium incuba-
tions during KEOPS, as mentioned above (Raimbault
et al., in preparation). At these rates �1 mM nitrate is
produced over the �90-day period of the Kerguelen bloom,
which is a small fraction of the seasonal nitrate depletion of
�8 mM in surface waters (Fig. 2A). Applying a calculation
similar to that of Sigman et al. (2005) and assuming that
nitrification adds nitrate with d18O close to local d18O-H2O
values (Meredith et al., 1999) suggest that a few cycles of
�30% fractional consumption of nitrate by phytoplankton
followed by remineralization and nitrification would be
required to increase the d18O-NO3 over the plateau by
�0.8% relative to d15N-NO3. Thus, to achieve the higher
d18O-NO3 values over the plateau via nitrification in the
water column would require multi-year residence times
of water over the plateau, but this appears unlikely based
on circulation studies (Park et al., 2008b). Alternatively,
the d18O-NO3 offset between the on-plateau and off-
plateau results may represent differences related to the
isotopic composition of the initial nitrate supply-which is
derived from further south at the off-plateau station (C11)
than at the on-plateau station (Park et al., 2008b).
Evaluation of that possibility will require the develop-
ment of more extensive d18O-NO3 observations in the
Southern Ocean.

3.3. Bulk particle compositions: large differences between

on- and off-plateau samples

The bulk (i.e. summed over all size fractions) particulate
C and N concentrations and isotopic compositions are
notable for their large variations (Fig. 3; Table 3). The on-
plateau high-biomass sites (A3 and B5) are distinguishable
from the off-plateau low-biomass sites (B11 and C11) in
having generally higher POC concentrations, higher POC/
PON ratios (except B5), higher d15N-PON, and higher
d13C-POC. The moderate-biomass off-plateau site to the
east of the bloom (A11), and the low-biomass site at the
southern edge of the plateau (C5) display intermediate
compositions consistent with their intermediate oceano-
graphic contexts (see Section 2.2).
The overall ranges of these concentrations and isotopic

compositions were generally similar to previous studies.
The POC concentrations ranged from less than 1 to
nearly 10 mM consistent with previous Southern Ocean
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Fig. 3. Vertical profiles of total suspended particles and sediment trap sample compositions: (A) POC (mM), (B) POC/PON, (C) d15N-PON (% vs. AIR),

(D) d13C-POC (% vs. VPDB). Horizontal bars below the profiles indicate sediment trap particles collected once at site C5 and twice at A3 (see Table 5).
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surveys that transited HNLC and bloom conditions
(Copin-Montegut and Copin-Montegut, 1983; Lourey
and Trull, 2001). The POC/PON ratios ranged from 5 to
6 (except at A3 and A11 where higher values were
observed-as discussed below). This is lower than the
Redfield ratio (6.6) for average phytoplankton, but similar
to results from these previous Southern Ocean studies for
particulate organic matter. d15N-PON ranged from less
than 0% at the off-plateau HNLC sites to more than 2% at
the on-plateau bloom sites (Fig. 3C), similar to values seen
in the Sub-Antarctic Zone south of Tasmania in summer,
but not as low as values of �2% to �5% in the Polar
Frontal Zone that have been attributed to the influence
of ammonium recycling (Lourey et al., 2003). d13C-POC
ranged from less than �25% to more than �20%
(Fig. 3D), similar to variations across the Southern Ocean
from the Sub-Antarctic Zone south across the Polar Front
and into ice-free Antarctic surface waters south of
Australia (Popp et al., 1999; Trull and Armand, 2001;
Lourey et al., 2004) and from the Subtropical Convergence
south to Kerguelen Island (Bentaleb et al., 1998).

All of the stations show decreasing POC concentrations with
depth (Fig. 3A), with the exception of the A3 bloom reference
station where POC increased with depth, as was also observed
for particulate biogenic silica and for Chl a at this station
(Mosseri et al., 2008). This feature was particularly prominent
early in the KEOPS study, but also occurred at later
reoccupations of the A3 site and at adjacent stations to the
east and west along the A transect, and may reflect settling of
the increasingly senescent diatom bloom over the plateau
(Mosseri et al., 2008). Bulk POC/PON ratios generally
increased with depth by 0.5, except at A3 where a stronger
increase occurred (Fig. 3B). Bulk d15N-PON increased �0.5%
with depth at all stations except A11 (Fig. 3C). Bulk d13C-POC
exhibited both decreases and increases with depth (Fig. 3D).
The POC/PON and d15N-PON increases appear to reflect
preferential recycling of nitrogen vs. carbon, although the story
is more complex and includes changes in particle size
distributions (which also affect the d13C-POC variations), as
discussed in more detail below.

3.4. Size-fractionated suspended particle POC and PON

concentrations: iron-induced increases in the autotrophic

contribution

The compositional differences between the on-plateau
and off-plateau sites reflect a combination of changes in the
microbial ecosystem as reflected in the size class structure,
and with changes in physiological and nutritional pro-
cesses. The distribution of POC across the six size fractions
varies systematically between the off-plateau and the on-
plateau stations. The off-plateau HNLC stations C11 and
B11 (and to a lesser extent the HNLC station C5 at the
plateau periphery) have most of their POC in the larger size
fractions, with maximal contributions from either the 210-
or 335-mm fractions (Fig. 4A). In contrast, the on-plateau
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Table 3

d15N and d13C compositions of size-fractionated suspended particles

Size-fraction

(mm)

POC (mM) POC/PON

atom

d13C-POC

%PDB

d15N-PON

%AIR

Size-fraction

(mm)

POC (mM) POC/PON

atom

d13C-POC

%PDB

d15N-PON

%AIR

Site A11 335 0.32 4.8 �23.11 2.80 Site B5 335 0.88 4.7 �21.87 2.35

date 20/1/05 210 0.43 5.4 �24.63 2.57 date 31/1/05 210 0.91 4.5 �22.65 3.09

depth 18.370.8 55 0.76 8.0 �24.04 2.05 depth 20.771.2 55 2.07 5.1 �21.86 2.42

20 0.81 8.7 �22.78 1.97 20 1.77 5.4 �20.86 2.51

5 0.78 6.8 �22.26 0.40 5 0.25 5.8 �21.95 1.06

1 0.24 9.1 �25.60 �0.86 1 0.14 6.8 �25.01 0.47

Sum 3.35 7.0 �23.42 1.67 Sum 6.02 5.1 �21.76 2.46

Site A11 335 0.29 5.0 �21.85 4.15 Site B5 335 0.48 4.8 �22.37 4.44

date 20/1/05 210 0.49 5.4 �23.36 3.81 date 31/1/05 210 1.37 4.5 �21.90 3.16

depth 60.970.8 55 0.73 6.6 �23.92 2.44 depth 58.971.6 55 1.47 5.2 �21.80 2.54

20 0.73 6.8 �22.19 1.85 20 1.15 5.6 �21.26 2.60

5 0.54 6.5 �22.48 0.68 5 0.28 6.0 �22.05 1.94

1 0.16 7.6 �24.37 �0.40 1 0.14 8.1 �25.08 0.66

Sum 2.94 6.2 �22.95 2.35 Sum 4.89 5.1 �21.86 2.89

Site A11 335 0.17 5.3 �21.73 3.15 Site B5 335 0.31 5.1 �23.47 3.75

date 20/1/05 210 0.31 5.4 �23.08 3.77 date 31/1/05 210 0.52 5.1 �23.14 2.79

depth 99.671.1 55 0.97 6.3 �22.53 2.36 depth 98.271.6 55 0.06 7.2 �25.32 2.32

20 0.60 6.8 �21.78 1.29 20 0.17 6.3 �23.09 3.18

5 0.45 7.0 �23.08 0.15 5 0.13 7.2 �23.61 3.09

1 0.17 7.5 �24.06 0.19 1 0.14 8.1 �25.43 1.19

Sum 2.67 6.4 �22.56 1.93 Sum 1.34 5.7 �23.60 2.97

Site A11 335 0.07 5.8 �23.29 4.55 Site B5 335 0.14 4.9 �23.68 4.29

date 20/1/05 210 0.17 5.6 �22.89 4.08 date 31/1/05 210 0.24 5.3 �23.72 4.08

depth 129.271.0 55 0.44 6.6 �22.32 2.36 depth 126.972.5 55 0.04 7.0 �25.35 1.91

20 0.58 8.1 �20.14 �0.14 20 0.11 7.3 �23.36 2.35

5 0.48 7.1 �21.88 �0.20 5 0.09 6.6 �23.64 2.56

1 0.09 8.2 �23.21 0.81 1 0.08 8.7 �25.36 1.55

Sum 1.84 7.1 �21.64 1.23 Sum 0.69 6.0 �23.93 3.42

Site C11 335 0.04 5.7 �24.70 1.36 Site A3 335 0.21 4.5 �21.27 3.44

date 26/1/05 210 0.35 4.9 �25.10 1.15 date 4/2/05 210 0.21 4.6 �21.09 3.12

depth 20.870.8 55 0.25 6.1 �23.95 0.73 depth 19.970.7 55 4.22 7.0 �20.52 1.00

20 0.25 6.7 �22.45 0.56 20 0.01 9.0 iss iss

5 0.16 5.7 �24.98 �1.60 5 0.00 8.0 iss iss

1 0.08 6.3 �27.59 �3.22 1 0.12 7.0 �24.03 �0.14

Sum 1.14 5.7 �24.39 0.30 Sum 4.77 6.7 �20.67 1.27

Site C11 335 0.25 5.1 �24.86 1.18 Site A3 335 0.28 4.2 �19.69 3.73

date 26/1/05 210 0.41 4.9 �25.87 1.20 date 4/2/05 210 0.34 4.3 �20.07 4.20

depth 60.170.7 55 0.31 6.0 �24.98 1.56 depth 58.670.8 55 4.04 6.8 �20.14 1.11

20 0.25 6.1 �22.03 0.47 20 0.16 6.2 �23.71 4.08

5 0.22 6.4 �24.36 0.42 5 0.00 6.3 iss Iss

1 0.10 7.3 �27.76 �3.18 1 0.16 6.4 �24.01 0.19

Sum 1.53 5.6 �24.81 0.84 Sum 4.98 6.3 �20.35 1.71

Site C11 335 0.20 5.0 �24.56 1.08 Site A3 335 0.54 5.2 �19.83 4.77

date 26/1/05 210 0.67 5.5 �25.06 2.22 date 4/2/05 210 0.39 4.9 �20.79 4.99

depth 98.971.5 55 0.28 6.0 �24.69 1.13 depth 98.370.7 55 5.62 8.0 �19.56 1.60

20 0.17 7.1 �23.42 �0.69 20 0.11 6.0 �21.75 3.85

5 0.20 5.9 �23.21 �2.45 5 0.01 6.5 iss iss

1 0.07 7.7 �26.83 �2.61 1 0.09 7.0 �22.85 1.25

Sum 1.58 5.7 �24.59 0.89 Sum 6.75 7.4 �19.74 2.29
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Site C11 335 0.20 5.1 �24.29 2.34 Site A3 335 0.49 5.1 �21.07 5.05

date 26/1/05 210 0.20 6.0 �25.25 1.77 date 4/2/05 210 0.25 5.9 �20.96 6.13

depth 129.271.1 55 0.07 6.9 �26.82 1.26 depth 128.670.7 55 8.52 9.2 �18.77 1.62

20 0.11 7.3 �23.98 �0.72 20 0.06 9.0 �24.33 Iss

5 0.09 8.0 �24.65 �1.42 5 0.00 9.2 iss Iss

1 0.06 8.3 �27.38 �1.60 1 0.12 9.3 �22.57 1.61

Sum 0.72 6.3 �25.03 1.10 Sum 9.45 8.7 �19.03 2.11

Site B11 335 0.07 5.8 �25.30 0.73 Site C5 335 0.35 4.3 �25.27 1.62

date 29/1/05 210 0.34 4.7 �24.88 0.22 date 7/2/05 210 0.27 4.3 �26.19 1.17

depth 19.370.5 55 0.20 5.3 �23.12 �0.58 depth 19.970.7 55 0.17 6.6 �25.39 0.89

20 0.39 5.9 �20.98 �0.69 20 0.14 7.0 �21.98 1.42

5 0.13 7.2 �23.69 �0.80 5 0.09 7.4 �24.11 0.32

1 0.07 6.6 �26.65 �3.58 1 0.11 7.0 �27.91 �3.11

Sum 1.21 5.5 �23.33 �0.44 Sum 1.13 5.2 �25.25 0.97

Site B11 335 0.31 4.9 �24.13 0.43 Site C5 335 0.23 5.3 �27.48 2.51

date 29/1/05 210 0.77 4.7 �25.71 0.60 date 7/2/05 210 0.30 4.8 �25.79 2.03

depth 58.470.8 55 0.24 5.5 �23.54 0.05 depth 59.170.9 55 0.35 5.3 �24.81 0.77

20 0.39 5.9 �20.86 �0.71 20 0.25 5.8 �20.98 0.95

5 0.18 5.7 �23.36 �1.69 5 0.13 6.2 �22.45 �0.74

1 0.09 7.8 �26.75 �3.26 1 0.05 5.4 �27.23 �2.92

Sum 1.98 5.2 �24.07 �0.02 Sum 1.30 5.4 �24.62 1.17

Site B11 335 0.27 5.4 �24.02 �0.49 Site C5 335 0.04 4.9 �24.30 1.75

date 29/1/05 210 0.63 5.8 �25.55 1.08 date 7/2/05 210 0.21 4.5 �25.66 2.38

depth 98.770.8 55 0.13 6.2 �24.74 �0.30 depth 99.871.8 55 0.18 5.3 �24.89 0.61

20 0.21 7.4 �23.93 �0.49 20 0.13 6.4 �22.19 1.09

5 0.12 6.5 �23.38 �1.08 5 0.09 5.9 �23.15 �0.36

1 0.08 8.7 �26.81 �2.74 1 0.05 5.2 �26.74 �2.55

Sum 1.44 6.1 �24.85 0.11 Sum 0.71 5.2 �24.48 1.01

Site B11 335 0.11 5.2 �23.25 1.18 Site C5 335 0.07 5.0 �24.98 3.39

date 29/1/05 210 0.28 5.9 �25.16 1.75 date 7/2/05 210 0.11 4.7 �25.41 2.76

depth 12771.1 55 0.04 6.4 �26.17 1.77 depth 126.573.5 55 0.05 6.3 �25.54 1.64

20 0.06 7.2 �24.71 �0.12 20 0.04 6.0 �24.14 0.93

5 0.12 6.5 �24.17 �1.36 5 0.05 6.5 �23.98 0.23

1 0.08 6.3 �26.98 �1.55 1 0.03 5.0 �26.67 �1.36

Sum 0.69 6.0 �24.92 0.67 Sum 0.35 5.3 �25.12 1.91

Site C1 335 0.29 6.4 �22.91 5.51

date 9/2/05 210 0.37 4.6 �23.24 3.70

depth �20 55 0.17 5.6 �24.24 2.39

20 0.17 7.6 �23.32 2.43

5 0.21 8.1 �24.10 0.67

1 0.14 5.7 �26.24 �0.94

Sum 1.36 5.9 �23.75 2.91

1. Sampling depth (dbar) precision is 1 sigma on the hose intake pressure. Depth for sample C1 estimated from hose length only.

2. Size-fractions were collected in series, with a 1000mm pre-screen.

3. Sum indicates the values for the total of all size fractions and is not a separate measurement.
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Fig. 4. Size-fractionated suspended-particle compositions: (A) POC (mM), (B) POC/PON, (C) d15N-PON (% vs. AIR), (D) d13C-POC (% vs. VPDB).

Grey bands indicate (B) autotrophic POC/PON (5.7–6.6), (C) d15N-PON from nitrate assimilation (1–3%), and (D) open Southern Ocean 13C-POC (�26

to �24%) for purposes of comparison (see text). Filter sizes are in mm.

T.W. Trull et al. / Deep-Sea Research II 55 (2008) 820–840832
bloom stations B5 and A3 (and the off-plateau moderate
biomass station A11) show greater contributions from the
diatom dominated 5, 20, and 55-mm fractions. In detail, the
bloom stations vary from a narrow size distribution at A3,
where the 55-mm fraction completely dominates the size
distribution, to broader distributions across the 20, 55, and
210-mm fractions at B5 (and the 5, 20, 55, and 210-mm
fractions at A11). These patterns hold for each depth
sampled (20, 60, 100, and 130m) except at station B5 where
the two deepest samples do not show the enrichment in the
diatom dominated middle size ranges.
The POC/PON ratios tend to decrease with increasing

size fraction for almost all of the samples, from values of
typically 7–9 in the smallest size fraction to 4–6 in the
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largest fraction (Fig. 4B). The grey bands in Fig. 4B
provide a reference for the range of expected values from
autotrophic production (Redfield POC/PON ¼ 6.6) to the
somewhat lower POC/PON values (�5.7) observed for
bulk suspended particles in many open Southern Ocean
waters (Copin-Montegut and Copin-Montegut, 1983;
Lourey and Trull, 2001). Most of the small fractions
(1 and 5 mm) have values above this band, while the large
fractions (210 and 335 mm) have values below this band,
and the intermediate sizes (20 and 55 mm) have values close
to the band. These patterns are suggestive of detrital
(N-poor) contributions to the small fractions, zooplankton
(N-rich) contributions to the large fractions, and auto-
trophic phytoplankton values for the intermediate sizes.
However, on closer examination, this view breaks down.
For example the diatom-dominated 55-mm fraction from
surface waters at the A3 (and A11) bloom site lies well
above the autotrophic band, while the same fraction from
surface waters at the B5 bloom site lies well below it. This
suggests that the POC/PON ratio reflects more than just
the autotroph/heterotroph balance but also physiological
status of the autotrophs. Samples taken from below the
mixed layer have a tendency towards higher POC/PON
ratios, consistent with preferential loss of organic nitrogen
during remineralization, although this trend was also not
observed at all sites.
3.5. d15N-PON of size-fractionated suspended particles:

iron induced increases in f-ratios

Almost all the samples exhibit monotonic increases in
d15N-PON with increasing particle size (Fig. 4C). The
magnitude of this increase is typically �4%, but ranges
from �3% at B5 to �5% at A3, which is equivalent to
approximately 1–1.5 trophic levels based on the typical
enrichment of 3–3.5% per trophic level (DeNiro and
Epstein, 1981; Minagawa and Wada, 1984). Similar
increases in d15N-PON with increasing size-fraction have
been observed previously and have been attributed to
trophic effects, with larger size classes containing propor-
tionately more zooplankton grazers, including the supposi-
tion of a relatively low trophic enrichment for marine
microbial trophic levels (Rau et al., 1990). However, the
increase in d15N-PON with particle size probably reflects
the combined effects of several processes. The higher values
in the larger fractions (210 and 335 mm) probably reflect
contributions from trophically 15N-enriched zooplankton.
The d15N-PON of the mid-size (20 and 55 mm) autotroph
dominated fractions may represent the source value as set
during photosynthesis from the nitrogen supply. The lower
d15N-PON of the smaller fractions may represent the
effects of greater uptake of recycled ammonium (which
supplies 15N-poor nitrogen) by small phytoplankton than
large phytoplankton (e.g., Altabet, 1988, 1996; Karsh et al.,
2003). The results for the shallow and deeper samples
are very similar, suggesting that remineralization has not
confounded the variations with size imprinted by produc-
tion and trophic structure.
In principle, the contributions of ammonium recycling to

the d15N-PON variations with size can be constrained by
knowledge of the isotopic composition of new production.
Combining the measured surface water d15N-NO3 values
with the closed system values for 15�NO3

(Section 3.1)
suggests that new production should produce PON with
d15N of �2–3% on the plateau and 1–2% off the plateau
(i.e. new production has d15N-PON ¼ d15N-NO3-

15�NO3
).

Accumulation of PON will lead to somewhat lower d15N-
PON than that estimated in this way (for discussion and
equations see Goericke et al., 1994; Sigman et al., 1999b;
Karsh et al., 2003), but this effect will be much less than
1% given the small fractional extent of nitrate depletion
(less than 30%) and PON accumulation (�1 mM and thus
o15% of the nitrate depletion) during KEOPS. Thus a
reasonable estimate for the d15N-PON of accumulated
PON derived from nitrate is in the range of 1–3%, as
indicated by the grey bars in Fig. 4C.
This reference point for the d15N-PON from new

production suggests that ammonium regeneration has
significantly contributed to primary production in the
small and mid-size fractions (1, 5, and 20mm), since the
d15N-PON values for those sizes lie below the range
expected for new production (i.e. below the grey bars in
Fig. 4C). In addition, these fractions have lower d15N-PON
at the off-plateau HNLC sites than at the on-plateau
bloom sites (Fig. 4C). This suggests that the increased iron
supply over the plateau leads to greater new production,
i.e. to higher f-ratios. We can estimate the relative use of
ammonium and nitrate from a two end-member mixing
model for the isotopic composition of the phytoplankton
dominated size fractions:X
ðPON d15N-PONÞi

.X
ðPONÞi

¼ f NO3
d15N-PONNO3

þ ð1� f NO3
Þd15N-PONNH4

and thus obtain estimates of the fraction of production
based on nitrate, f NO3

, i.e. f-ratios. Taking the sum Si over
the small and intermediate size-fractions (1, 5, 20, and
55 mm) and assuming that phytoplankton that assimilate
only nitrate have d15N-PONNO3

of +3% (i.e.
d15N-PONNO3

equivalent to the top of the grey reference
bars in Fig. 4C) and phytoplankton that assimilate only
ammonium have d15N-PONNH4

of �3% (i.e. the lowest
value observed in any fraction) we estimate an increase in
f-ratios from 0.4–0.6 off-plateau to 0.7–0.9 on-plateau
(Table 4, Model 1).
These f-ratio estimates are of course dependent on the

end-member values. If we use d15N-PONNH4
of �6% to

accommodate (i) the probability that we have not observed
the pure ammonium-based end-member in our size
fractions, and (ii) the fact that lower ratios of d15N-PON
have been observed in other Southern Ocean surface waters
(Lourey et al., 2003), we obtain higher f-ratios at all sites,
as well as a smaller increase from off-plateau 0.6–0.7 to



ARTICLE IN PRESS

Table 4

F-ratio estimates from size-fractionated d15N-PON compositions

Depth (m) Model 1 f-ratios Model 2 f-ratios Model 3 f-ratios

d15N-PONNO3
¼ þ3 d15N-PONNO3

¼ þ3 d15N-PONNO3
¼ þ5

d15N-PONNH4
¼ �3 d15N-PONNH4

¼ �6 d15N-PONNH4
¼ �3

Bloom sites

A3 20 0.66 0.77 0.50

60 0.70 0.80 0.52

B5 20 0.89 0.93 0.67

60 0.91 0.94 0.68

A11 20 0.70 0.80 0.53

60 0.77 0.85 0.58

HNLC sites

C11 20 0.45 0.64 0.34

60 0.58 0.72 0.44

B11 20 0.35 0.57 0.26

60 0.35 0.57 0.27

C5 20 0.52 0.68 0.39

60 0.56 0.71 0.42

Calculated for the summed fractions dominated by phytoplankton (1, 5, 20, and 55 mm).

T.W. Trull et al. / Deep-Sea Research II 55 (2008) 820–840834
0.8–0.9 on-plateau (Table 4, Model 2). Alternatively,
assuming a higher d15N-PONNO3

of 5%, based on
laboratory experiments that exhibit low 15�NO3

of 1–2%
(Waser et al., 1999; Needoba et al., 2003), we obtain
f-ratios of 0.3–0.4 off-plateau and 0.5–0.7 on-plateau
(Table 4, Model 3). This last choice necessarily implies
that the present isotopic fractionation accompanying PON
production differs from the seasonal average as con-
strained by the nitrate isotopic compositions. Overall, we
prefer model 1 because its end-member values are most
closely in accord with all our observations and require the
simplest set of assumptions.

While the best choice of end-members in the model is
debatable, all choices clearly identify a strong increase in
nitrate-based production over the plateau. This is in accord
with f-ratio estimates for surface waters (o20m depth)
from shipboard incubations with 15N-enriched ammonium
and nitrate (Mosseri et al., 2008; Raimbault et al., in
preparation), that suggest f-ratios of �0.3 off-plateau
(C11) and �0.6 on-plateau (A3). The tracer incubations
provide greater temporal resolution and suggest that values
on-plateau at A3 had declined to levels similar to off-
plateau values by the end of the shipboard observation
period. Temporal variations could also explain the lower
f-ratios obtained at A3 than at B5 from our data, if
senescing blooms proceed from nitrate towards ammonium
use over time. The bloom at B5 developed during the
KEOPS shipboard period (from about January 25, 2005
onward; Mongin et al., 2008; Mosseri et al., 2008)
presumably in response to increased iron supply, whereas
the A3 bloom was in decline. Our approach provides a
measure of the average f-ratio over the residence time of
PON in surface waters and thus complements the short-
term incubations, while avoiding the potential for incuba-
tion artefacts.
3.6. d13C-POC of size-fractionated suspended particles: iron

induced increases in phytoplankton growth rates

The structure of the size-fractionated d13C-POC compo-
sitions also varies between the off-plateau and on-plateau
sites (Fig. 4D). The grey bands in Fig. 4D provide a
reference for values found in open Southern Ocean HNLC
waters in the Polar Frontal Zone and ice-free Antarctic
Zone south of Australia (Trull and Armand, 2001; Lourey
et al., 2004). The off-plateau HNLC sites C11 and B11
have maximal values in the 20–55-mm size fraction. This
structure is also seen strongly at the plateau-periphery site
C5 and weakly at the A11 off-plateau site. At the on-
plateau bloom sites this structure is weaker at B5 and
disappears at A3 because the larger size fractions (55, 210,
and 335 mm) also have high d13C-POC.
As with the bulk samples (Fig. 3D), the individual size

fractions (especially the 20-mm fraction) show both
decreases (stations C11, B11, C5, B5) and increases
(stations A3 and A11) in d13C-POC with depth (Fig. 4D).
The decreases with depth could result from remineraliza-
tion, as some studies have suggested that lipids, which have
low d13C values, are not remineralized as fast as more 13C-
rich proteins and carbohydrates (e.g., as reviewed by
Altabet, 1996), but we do not have sufficient data to
confirm this. A speculative explanation for the opposite
patterns at A3 and A11, motivated by the presence of sub-
surface maxima in chlorophyll at these sites (Mosseri et al.,
2008) and total POC concentrations at A3 (Fig. 3A), is that
this represents biomass produced at higher growth rates at
an earlier time that has subsequently settled.
The off-plateau d13C-POC maximum in mid-size frac-

tions has been observed before in HNLC waters during the
SOIREE iron fertilization experiment (Trull and Armand,
2001). At that time the increase in d13C-POC with size in
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the smaller fractions (1, 5, 20, and 55 mm) was attributed to
variable fractionation during autotrophic assimilation
following the supply vs. demand model for diffusive CO2

limitation of isotopic fractionation (Laws et al., 1995; Popp
et al., 1998, 1999). That is, the higher d13C-POC of larger
phytoplankton derives from greater consumption of their
internal pool of carbon dioxide, because diffusive exchange
with seawater does not as readily keep up with consump-
tion in large cells as it does in small cells. The decrease in
d13C-POC in the largest size fractions (210, 355 mm) was
attributed to the presence of small copepods, which were
feeding on and thus had similar compositions to the
smallest phytoplankton size classes (1, 5-mm fractions).
Extending these analyses to the KEOPS sites would imply
that the zooplankton in the larger size classes (210, 335 mm)
were feeding on the smaller phytoplankton size classes (5,
20 mm) off-plateau, but on the larger phytoplankton size
classes (55 mm) that were more plentiful on-plateau. This
interpretation would be consistent with the tendency of the
zooplankton populations to include large copepods on-
plateau (Carlotti et al., 2008).

The variations of d13C-POC across the size-classes
(Fig. 4D) suggest that the higher total d13C-POC observed
on-plateau than off-plateau (Fig. 3D) is driven by the
presence of more large phytoplankton on-plateau and
probably also by higher growth rates. In order to quantify
these changes, we must first account for the greater
depletion of DIC over the plateau and its associated 13C
enrichment. d13C-DIC compositions were not measured,
but can be estimated from phosphate depletion (Lynch-
Stieglitz et al., 1995):

d13CDIC ¼ d13Co
DIC þ Dbio

ðPO4 � POo
4ÞðC : PÞbio

DICo

� �

The initial conditions can be estimated from observed
temperature-minimum estimates of Winter Water values
for DICo (2178 mM) and POo

4 (2.4 mM) from Jouandet et al.
(2008) and Blain et al. (2007). A reasonable estimate for
d13Co

DIC is that of the Circumpolar Deep Water Source of
nutrients to the Southern Ocean, which is close to 0.3%
at 2.4 mM PO4

3� (Lynch-Stieglitz et al., 1995). For the
observed summer PO4 concentrations at C11 (2.2 mM) and
A3 (1.25 mM), Redfield-ratio nutrient consumption, i.e.
(C:P)bio of 128, and associated isotopic fractionation of
�25% for Dbio (d13C-POC-d13CDIC), the expected values
for d13CDIC are 0.9% at C11 and 2% at A3.

These estimates are of course approximations, because
they do not include the effects of air–sea CO2 exchange or
seasonal alkalinity export, but are nonetheless close to
values observed in the Southern Ocean Polar Frontal and
Antarctic Zones (Lynch-Stieglitz et al., 1995; Trull and
Armand, 2001) and near Kerguelen Island, where d13C-
DIC values of 1.7–1.8% were observed in chlorophyll-rich
waters over the shelf in early autumn (Bentaleb et al.,
1998). Because we have used a Dbio estimate at the top of
the range suggested from the total d13C-POC (Fig. 3D) and
size-fractionated d13C-POC (Fig. 4D) observations, and
because alkalinity export is generally small in the Polar
Frontal and Antarctic Zone (Trull and Armand, 2001;
Trull et al., 2001a; Lourey et al., 2004), these estimates are
likely to be maxima, as is the difference between them of
1.1% for the DIC depletion-driven differences in on-
plateau and off-plateau d13C-POC compositions. This view
is confirmed by comparison to observations along a
transect from Kerguelen Island high biomass shelf waters
north into moderate biomass waters, which revealed a
decrease in d13C-DIC from approximately 1.8–1.2%
(Bentaleb et al., 1998). Thus the 13C enrichment associated
with DIC draw-down is expected to represent only a small
portion of the overall range in d13C-POC of more than 5%
observed during KEOPS (Fig. 3D).
The seasonal depletion of DIC also may lead to higher

13C contents of phytoplankton by another mechanism—
the associated reduction of molecular CO2 concentrations.
Laboratory and field studies have shown that phytoplank-
ton grown in the presence of low molecular CO2 tend to be
13C-rich (Laws et al., 1995; Bentaleb et al., 1998; Popp
et al., 1998), although debate continues about whether this
reflects greater consumption of the internal cellular CO2

pool, or increased utilization of HCO3
� (Tortell et al., 2000;

Cassar et al., 2002, 2004). The observed surface tempera-
tures and pCO2 values (Blain et al., 2007; Jouandet et al.,
2008) at C11 (370 matm) and A3 (315 matm) yield molecular
CO2 concentrations of 21.7 and 17.5 mM, respectively. This
is a relatively large difference in terms of its affects on d13C-
POC. For example, the correlation of d13C-POC with the
reciprocal of molecular CO2 concentrations observed in
Sub-Antarctic and Polar Frontal Zone waters south of
Australia (Lourey et al., 2004) suggests that the decreased
molecular CO2 concentration over the plateau would be
sufficient to increase d13C-POC by 1.8%. The magnitude of
this effect is very similar to predictions based on linear and
reciprocal correlations developed for waters near and north
of Kerguelen Island, which suggest an increase in d13C-
POC of 1.9% and 2.3%, respectively, (as calculated from
Eqs. (2) and (3) of Bentaleb et al., 1998). The model of Rau
et al. (1997), fit to a global compilation of surface d13C-
POC, suggests a similar increase of 2–2.5% over the
plateau (for cells of 10 mm equivalent spherical diameter
and increasing with growth rate from 0.5 to 1.0 d�1). The
model of Popp et al. (1998), based on laboratory results
adjusted for cell surface to volume ratios and varying
growth rates, suggests that we might expect to observe an
increase of 1.7–3.4% in d13C-POC (again for cells of 10 mm
equivalent spherical diameter and increasing with growth
rate from 0.5 to 1.0 d�1). Thus, based on the Southern
Ocean field results, the lower molecular CO2 concentra-
tions over the plateau may account for �2% of the �5%
increase in 13C-POC over the plateau, while the laboratory
experiments for rapidly growing cells suggest it may
account for somewhat more, �3% of the 5%. Thus other
factors must contribute, including phytoplankton size and
growth rate, as has also been found during the SOIREE
iron fertilization experiment (Trull and Armand, 2001) and
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in the highly productive waters near Kerguelen Island
(Bentaleb et al., 1998).

The 55–210-mm size-fraction exhibits the greatest eleva-
tion of d13C-POC over the plateau (Fig. 4D). In particular,
at station A3 where this size-fraction dominates biomass,
d13C-POC is ��20%, and thus 3–5% higher than values in
this size-fraction at the off-plateau stations. Correcting for
the effects of 13C-DIC enrichment and molecular CO2

depletion leaves 0–2% that may be attributable to
increased growth rates. Based on the models of Rau et al.
(1997) and Popp et al. (1998), a 25% increase in growth
rate would be sufficient to produce 2% enrichment in d13C-
POC. This inference is in keeping with only moderately
higher growth rates over the plateau (�0–40%) estimated
from the �8-fold higher 13C and 14C primary production
rates over the plateau (Lefèvre et al., 2008) when scaled to
�5–8-fold higher chlorophyll inventories (Mosseri et al.,
2008).

When fully dissected, it appears that the much higher
d13C-POC over the plateau may derive from the sum of all
the effects of the bloom, rather than enhanced phyto-
plankton production alone. These include the effects of
nutrient depletion (via both 13C-DIC enrichment and
molecular CO2 depletion) and higher phytoplankton
growth rates (via direct affects on phytoplankton isotopic
fractionation), but also the ecosystem scale implications of
higher growth rates, including the escape of large 13C-rich
phytoplankton from grazing pressure and the ensuing
development of a 13C-enriched phytoplankton community.

3.7. Sinking particles from the free-drifting sediment traps:

controls on export

One of the anticipated outcomes of KEOPS was a better
quantification of export processes than has been achieved
during artificial iron fertilization experiments. Failure to
recover most of the drifting sediment traps has frustrated
this goal to some degree and increased the reliance on
Table 5

Drifting sediment trap particle fluxes and compositions

Sitea Date Cup no. Cup duration

(h)

Size-fraction

(mm)

A3i 4 Feb. 05 1 2 4350

2 2 1-350

3 6 4350

4 6 1-350

C5 7 Feb. 05 5 4 4350

6 4 1-350

7 6 4350

8 6 1-350

A3f 12 Feb. 05 9 3 4350

10 3 1-350

11 8 4350

12 8 1-350

aAll samples collected at 200m depth using the Technicap PPS3/3 trap—se
indirect measures. The 234Th deficit method suggests that
POC export over the plateau was approximately double
that of surrounding HNLC waters (Blain et al., 2007;
Savoye et al., 2008). The increase in primary production
over the plateau was larger than this, �3–4 times higher
than off the plateau (as estimated from 13C and 14C uptake
experiments, (Mosseri et al., 2008). The elevation of net
community production was even larger, up to 10-fold
higher over the plateau, although this enhancement did not
persist to the end of the field programme (as estimated
from O2 and DIC changes in bottle incubations; Lefèvre
et al., 2008). The smaller increase in export than in primary
production and net-community production may partly
reflect greater biomass accumulation but also stronger
recycling over the plateau, which is consistent with greater
bacterial activity over the plateau (Obernosterer et al.,
2008). Examination of particulate barium distributions
also shows differences on and off the plateau, and has
been suggested to indicate smaller fractional export of
the standing stock of particles on-plateau than off-
plateau, but subsequently greater remineralization of these
particles off-plateau at mesopelagic depths (Jacquet et al.,
2008).
We can only compare trap samples from the central

bloom site (A3i and A3f deployments) with those at the
plateau periphery site (C5 deployment). The flux of POC
was highest during the A3i deployment, and lower during
A3f and at C5 (Table 5). The 2–3-fold higher flux at A3i
than at C5 is consistent with results based on 234Th, which
suggest a 4-fold difference between these sites (Savoye
et al., 2008). However, the absolute fluxes measured by the
traps were considerably lower than expected from the 234Th
results (3-fold for A3i; 8-fold for C5). This difference could
represent real short-term variations in the sinking flux
during the demise of the bloom as seen in satellite images
(Blain et al., 2007; Mongin et al., 2008) since the trap
collected for �1 day (Table 5) and the establishment of the
234Th disequilibria represents export over several weeks.
POC flux

(mmolm�2 h�1)

POC/PON

(mol/mol)

d13C-POC %
PDB

d15N-PON %
AIR

289 6.0 �21.20 7.63

141 7.3 �21.58 2.27

140 5.6 �22.81 5.91

166 7.4 �20.97 3.27

423 4.7 �25.10 5.10

63 6.9 �23.57 0.01

200 4.5 �25.09 4.58

68 6.6 �23.24 0.43

80 5.1 �21.54 5.67

45 9.4 �22.54 2.57

63 5.1 �20.97 6.06

68 6.3 �23.74 4.01

e Section 2 for details.
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Alternatively, it may reflect non-ideal collection, since traps
are known to experience 2–3-fold flux variations in
response to hydrodynamic effects (Gardner, 2000; Buesse-
ler et al., 2006). The need for caution in interpreting the
flux variations is reinforced by the large fraction of the
total trap material, which was discounted as having entered
the trap as ‘‘swimmers’’ (50–65% at A3i and up to 90% at
C5). In this light, the variability of the individual cup POC
fluxes for each deployment is surprisingly small (less than a
factor of two; Table 5), although good precision is of
course not an indication of accuracy.

Differences in the controls on export between the A3 and
C5 sites is suggested by comparing the trap results with the
total suspended particle compositions. At A3, the sinking
materials were enriched in d15N-PON in comparison to
suspended compositions in the mixed layer (Fig. 3C). This
is similar to observations from many open-ocean locations,
and has been generally interpreted as preferential export of
large nitrate assimilating 15N-rich phytoplankton in
comparison to ammonium-regeneration derived 15N-poor
small phytoplankton (Altabet, 1988, 1989, 1996). Compar-
ison of d15N-PON in exported material to the size-
fractionated suspended d15N-PON shows that at the bloom
site A3, the export of larger autotrophs (20, 55 mm
fractions) would be consistent with the export of PON
with d15N that is higher than the bulk suspended PON.
Alternatively, given that faecal pellets tend to be enriched
by �2.2% with respect to the food source (Altabet and
Small, 1990), the export of faecal pellets from zooplankton
that feed on the bulk autotroph community would also
offer a good match with the trap compositions (Figs. 3C
and 4C). Examination of the forms of the sinking particles
as revealed by particles collected in polyacrylamide gels
(Ebersbach and Trull, 2008) favours control by zooplank-
ton faecal pellet flux and associated 15N enrichment.

In contrast, at the C5 bloom periphery trap site, the
sinking particles have lower d15N-PON (0.0–0.4%) than
the mixed-layer total suspended d15N-PON (1.0–1.2%),
suggesting a preferential contribution from smaller (1 and
5 mm) size fractions, which have lower values (0.3 to as low
as �3.1; Table 3). Export of small phytoplankton within
large aggregates has been documented in Sub-Antarctic
waters east of New Zealand (Waite et al., 2000) and pico-
phytoplankton did dominate C5 surface waters in contrast
to all other stations (Griffiths and Uitz, 2006). However,
the d13C-POC compositions also show differences between
the A3 and C5 sites that contrast with the d15N-PON
patterns between the sinking and suspended particle
compositions. For d13C-POC, lower values were observed
in the sinking flux at A3 and higher values in the sinking
flux at C5 (Fig. 3D). This is the opposite of what would be
expected if large 13C-rich phytoplankton dominated export
at A3 and small 13C-poor phytoplankton influenced export
at C5. Thus, control by zooplankton grazing that
fractionated compound classes (e.g., consuming varying
amounts of 13C-poor lipids) appears more likely. In
addition, bacterial remineralization can decrease marine
d13C-POC values by �1% via selective degradation of
some compound classes (Altabet, 1996; Freeman, 2001).

4. Conclusions

Our observations are consistent with an influence of
natural iron fertilization on nitrogen and carbon metabo-
lism in the Southern Ocean in late summer. The
phytoplankton isotopic compositions indicate faster
growth rates, and a shift from ammonium towards
assimilation of nitrate as a nitrogen source. The size
structure of the microbial community becomes biased
towards greater numbers of larger phytoplankton, and an
increase in the ratio of autotrophs to heterotrophs (at least
for the o1000 mm ecosystem components studied here).
This restructuring of the food-web leads to greater export
fluxes, although the efficiency of export as a fraction of
primary production appears to have somewhat decreased
(Savoye et al., 2008). Similar conclusions have also been
reached from incubation-based metabolic rate measure-
ments (Lefèvre et al., 2008; Mosseri et al., 2008), and
microscopic examination of microbial and zooplankton
community structure (Armand et al., 2008; Obernosterer
et al., 2008; Carlotti et al., 2008). Our approach comple-
ments those efforts. In contrast to the microscopic studies,
it offers the advantage of direct quantification of the
nutrient elements (C and N) assimilated by the microbial
ecosystem. It also avoids the possibility of incubation
artefacts. However, the stable isotope approach requires
detailed knowledge of isotopic fractionation processes and
factors and will become more precise as this knowledge
increases.
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