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Abstract

Marine productivity is often higher downstream than upstream of islands. This so-called island mass effect was tested
and quantified with respect to biological carbon uptake and air-sea exchange of carbon dioxide (CO,) at the Crozet
Plateau between November 2004 and January 2005 during two CROZEX cruises. The remote plateau is situated at
45.5-47.0°S 49.0-53.0°E, south of the Subantarctic Front (SAF) in the Polar Frontal Zone (PFZ). Surface waters upstream
(south) of the plateau had high nutrient and low chlorophyll (HNLC) concentrations. The fugacity of carbon dioxide
(fCO,) in surface water was just below the atmospheric value and oceanic CO, uptake was small (0.2+0.1 molm™2)
throughout CROZEX. The mixed-layer concentration of dissolved inorganic carbon (DIC) decreased by 15umolkg™"
from November to January in these HNLC waters, indicating significant biological carbon uptake. Extensive
phytoplankton blooms occurred downstream (north) of the plateau in austral spring. These reduced surface water fCO,
by 30-70patm and DIC by 30-60pmolkg™' and created an important oceanic sink for atmospheric CO, of
0.6-0.8 +0.4molm~>, corresponding to a total uptake of 1.3+0.8 TgC (1 Tg = 10'>g). The reduction of DIC in the
upper 100m was much larger downstream (2-3molm™2) than upstream (I molm~2) of the plateau in January, further
confirming the existence of the island mass effect for the Crozet Archipelago. An additional finding is the sizeable DIC
deficit in the HNLC waters upstream (south) of the plateau, suggesting that some HNLC waters of the PFZ are more
productive than commonly thought. Deep mixed layers of 60—90 m may hide such sustained, modest marine productivity
from detection by satellite.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The remote Polar Frontal Zone (PFZ), between
the Subantarctic Front (SAF) and the Polar Front
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(PF) (Fig. 1A) (Pollard et al., 2002), is a frontier in
marine carbon cycle research. Deep-ocean waters
reach the surface south of the PF, travel northward
across the PFZ, and leave the surface north of
the SAF as Antarctic Intermediate Water (AAIW).
The circumpolar PFZ is an important area for the
exchange of heat, moisture and biogeochemical
properties between the ocean and the atmosphere
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Fig. 1. (A, B) The Crozet Plateau is in the Polar Frontal Zone in a northward bend of the Subantarctic Front (SAF). (A) Other fronts are
the Subtropical Front (STF), the Polar Front (PF) and the southern Front of the Antarctic Circumpolar Current (SACCF) (Orsi et al.,
1995). (B) Arrows indicate currents in the Crozet area (from Pollard et al., 2007): the fast-flowing SAF (heavy line) with its large meanders
(dashed lines); weak currents between the SAF and the plateau; anticyclonic flow around the plateau, and eastward flow south of the
plateau. Circles correspond to stations upstream (south) (open circles) and downstream (edge, north, east) (closed circles) of the plateau
(Table 1). The closed rectangle indicates area N1. The labels of highly productive sites are in bold. Depth contours are at 1000 and 2000 m

(Smith and Sandwell, 1997).

(Speer et al., 2000; Rintoul et al., 2001). Funda-
mental uncertainties exist on the size of marine
productivity, carbon export, uptake of atmospheric
carbon dioxide (CO,), and the storage of anthro-
pogenic CO, in the PFZ and adjacent areas
(Antoine et al., 1996; Banse, 1996; Behrenfeld and
Falkowski, 1997; Rayner et al., 1999; Caldeira and

Duffy, 2000; Moore and Abbott, 2000; Gurney
et al., 2002; Schlitzer, 2002; Takahashi et al., 2002;
Sabine et al., 2004; Lo Monaco et al., 2005; Peylin
et al., 2005; Metzl et al., 2006). Undersampling of
the marine carbon system is an important factor in
the above uncertainties, in particular with high
variability of biogeochemical properties in summer
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and low data availability in austral winter (Metzl
et al., 2006).

Surface waters in the PFZ typically have high
concentrations of nitrate and phosphate, while
silicate concentrations become low during the
growing season (Nelson et al., 2002; Pollard et al.,
2002). Large parts of the PFZ have low phyto-
plankton growth (Banse, 1996). Purposeful iron
fertilization experiments have demonstrated that
low iron concentrations may limit phytoplankton
growth in the high-nutrient low-chlorophyll
(HNLC) waters of the PFZ (Gervais et al., 2002;
Coale et al., 2004). Other factors, notably the
amount of incoming solar irradiance, the mixed-
layer depth, and grazing intensity may also limit
phytoplankton growth (Nelson and Smith, 1991;
Banse, 1996; Platt et al., 2003). Co-limitation of iron
and light may occur at low light levels (Sunda and
Huntsman, 1997; Boyd et al., 1999). Thus, a
complex interplay of factors controls the timing
and size of phytoplankton growth, inorganic carbon
uptake, CO, air—sea exchange, and carbon export in
the PFZ.

High marine productivity occurs near frontal
systems and downstream of islands and shallow
topography in the Antarctic Circumpolar Current
(ACC) in austral summer (Sullivan et al., 1993;
Moore and Abbott, 2002; Tyrrell et al., 2005). High
iron concentrations have been found in spring
blooms at the PF at 6°W, and it has been suggested
that the iron originated from an upstream sediment
source, potentially the Scotia Ridge or the North-
east Georgia Rise at 1600km distance (De Baar
et al., 1995; Korb et al, 2004). High iron
concentrations downstream of the Kerguelen and
Crozet Plateaus originated from shallow sediments
on the plateaus (Bucciarelli et al., 2001; Planquette
et al., 2007). The above observations indicate
that natural iron sources fuel marine productivity
downstream.

This study tests and quantifies the ‘island mass
effect’, the occurrence of higher marine productivity
downstream than upstream of an island (Doty and
Oguri, 1956; Gilmartin and Revelante, 1974), with
respect to the marine carbon cycle and CO, air-sea
exchange at the Crozet Plateau. In the presence of
an island mass effect, we expect higher biological
carbon uptake and a stronger oceanic CO, sink
(or a weaker oceanic CO, source) downstream than
upstream of the plateau.

The study area, the waters upstream and down-
stream of the Crozet Plateau, is in the PFZ (Fig. 1A)

(Pollard et al., 2002, 2007). The volcanic Crozet
Plateau (45.5-47.0°S 49.0-53.0°E) 1is situated
2500 km southeast of South Africa and rises steeply
out of the neighbouring, 3800 m deep ocean basins
(Fig. 1B). Ile de la Possession and Ile de I’Est are
islands on the eastern side of the plateau. The SAF
passes northward between the Del Cafio Rise and
the Crozet Plateau before resuming its eastward
flow ~250km north of the plateau (Pollard and
Reid, 2001; Pollard et al., 2007). Water south of the
plateau at 47.5-49.0°S flows eastward and has not
been influenced by the plateau. Surface waters in
this region have high concentrations of the major
nutrients, nitrate and phosphate, and chlorophyll a
concentrations, as seen by satellite (Fig. 2) (Sanders
et al.,, 2007; Sanders, personal communication;
Venables et al., 2007). The waters upstream or
south of the plateau meet the definition of HNLC
waters.

Water moves anticlockwise around and over the
Crozet Plateau (Fig. 1B). Small phytoplankton
blooms develop on the edges of the plateau in
most years, some as late as December and January
(Fig. 2) (Venables et al., 2007).

Extensive seasonal phytoplankton blooms occur
every year north of the plateau (Fig. 2) (Venables et
al., 2007). The blooms develop from September to
October, peak in October—November, and decline
afterwards. Low chlorophyll ¢ concentrations in
the SAF form the western and northern limits of the
blooms (Venables et al., 2007). Currents in the
bloom area are weak and water resides here for
approximately 60 days (Pollard et al., 2007).
A substantial fraction of the waters north of the
plateau has passed over or along the plateau, such
that these waters are downstream of the plateau.
Low chlorophyll waters enter the bloom area from
the SAF by detrainment and from the south by
anticyclonic flow around the plateau (Figs. 1B and
2) (Pollard et al., 2007; Venables et al., 2007).

Mixed-layer depths are deeper south than north
of the plateau throughout the year, as indicated by
Argo floats (Venables et al., 2007). Winter mixing
depths vary from 100 to 250 m south of the plateau
and from 75 to 150m to its north. Summertime
mixed-layer depths are 40-100m south of the
plateau and mostly less than 60m north of it
(Venables et al., 2007).

This study uses shipboard measurements for the
quantification of the island mass effect on the
cycling of dissolved inorganic carbon (DIC) and
CO, air-sea transfer in the vicinity of the Crozet
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Fig. 2. Surface-water chlorophyll a (mgm™2) for 14-18 November 2004 from the MODIS satellite. This real-time image has the highest
resolution at 1 km x 1 km available for the Crozet area. The zigzag line corresponds to the ship’s track from 10 to 18 November. The thick
arrow indicates the approximate position of the Subantarctic Front (SAF) (after Pollard and Reid, 2001). Depth contours are at 1000 and
2000 m (curved lines) (Smith and Sandwell, 1997). The image is courtesy of the National Aeronautics and Space Administration (NASA)

and the Remote Sensing Data Analysis Service (RSDAS).

Plateau. The data were collected during two
CROZEX (CROZet natural iron bloom and EX-
port experiment) cruises on RRS Discovery from 3
November to 10 December 2004 (D285) and from
13 December 2004 to 21 January 2005 (D286).
Observations upstream (south) (stations M2, M6) of
the Crozet Plateau are contrasted to those down-
stream of the plateau in Sections 3.1 and 3.2
(Fig. 1B; Table 1). The area downstream is
separated into waters on the edge (station M3),
north (stations M1, M7, M8, M9, 15556, M10,
15565), and east (station MS5) of the plateau.
Oxygen (O,) is used as an additional parameter.
Surface waters are typically supersaturated by a
few percent with O,, as a result of bubbles injected
into the water (Broecker and Peng, 1982). High

primary productivity increases the O, saturation
above this level.

2. Methods
2.1. Sampling during the CROZEX cruises

The position and timing of the stations are in
Table 1 (Fig. 1B). Decimals indicate repeat occupa-
tions of the key stations in CROZEX, e.g. M3.1,
M3.2, etc. Areas of 0.4° latitude by 0.4° longitude
have been selected around the stations for averaging
of surface water data (Table 1).

The ship’s seawater supply collected large vo-
lumes of water from 5m depth. Water from this
supply was used for the continuous analysis of
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Table 1

The position, timing and mixed layer depth (MLD) of the CROZEX stations (Fig. 1B), as well as the location of areas of 0.4° longitude by

0.4° latitude around the stations

Code in Station Date Latitude Longitude MLD (m) Latitude box Longitude
text “S) (°E) “S) box (°E)
South M2.1 15504 20/11/2004 —47.77 52.88 133 —48.0/—47.6 52.7/53.1
M2.2 15606 07/01/2005 —47.80 52.85 63 —48.0/—47.6 52.7/53.1
M6.1 15507 21/11/2004 —49.00 51.49 140 —49.2/—48.8 51.3/51.7
M6.2 15596 03/01/2005 —49.00 51.53 93 —49.2/—48.8 51.3/51.7
Edge M3.1 15494 13/11/2004 —46.06 51.79 11 —46.3/—45.9 51.7/52.1
M3.2 15498 18/11/2004 —46.05 51.79 75 —46.3/—45.9 51.7/52.1
M3.5 15589 31/12/2004 —46.07 51.78 60 —46.3/—45.9 51.7/52.1
M3.6 15614 09/01/2005 —46.16 51.85 28 —46.3/—45.9 51.7/52.1
East M5 15582 27/12/2004 —46.00 56.15 104 None None
P-North Mg&East 15532 30/11/2004 —44.92 49.90 59 None None
M8West 15538 02/12/2004 —44.86 49.65 45 None None
M10.1 15562 20/12/2004 —44.53 49.96 19 —44.7/—-44.3 49.8/50.2
M10.2 15632 15/01/2005 —44.50 49.99 28 —44.7/—-44.3 49.8/50.2
15565 15565 21/12/2004 —45.14 51.19 n.d. —45.3/—44.9 51.0/51.4
HP-North Ml 15490 11/11/2004 —43.88 50.25 85 —44.1/—-43.7 50.0/50.4
N1 None 16/11/2004 None None None —44.7/—44.3 52.1/52.5
M7 15525 27/11/2004 —45.49 49.00 79 —45.7/-45.3 48.8/49.2
Mo.1 15544 04/12/2004 —43.12 47.18 48 —43.3/—-42.9 46.9/47.3
M9.2 15553 19/12/2004 —43.00 47.00 22 —43.3/—42.9 46.9/47.3
15556 15556 19/12/2004 —43.50 48.00 n.d. —43.7/—-43.3 47.8/48.2

n.d. indicates that a value has not been determined.

temperature, salinity, the fugacity of CO, (fCO,),
the O, concentration, and for discrete sampling of
DIC. Regular casts from the CTD rosette provided
seawater for the analysis of DIC and O,. Wind
speed, atmospheric pressure and air temperature
were determined by sensors at 18 m height and were
reported at 10-min intervals. Wind speed and
atmospheric pressure were corrected to 10m above
sea level (Large and Pond, 1981) and to sea level
(Weiss and Price, 1980), respectively. Marine air
was collected from an air inlet at the ship’s ‘monkey
island’. The cruise data are stored at the British
Oceanographic Data Centre (http://www.bodc.
ac.uk/). Inorganic carbon and oxygen data are
also in the CARBOOCEAN data base (http://www.
carboocean.org).

The mixed-layer depth is defined here as the depth
where the density exceeds that at 10m depth by
0.05kgm™? (after Brainerd and Gregg, 1995; Ven-
ables et al., 2007). This definition provides an
instantaneous value, which is between the depths
of the actively mixed layer and the seasonal
mixed layer. The mixed-layer depth has been
calculated from 2dbar depth profiles of salinity
and temperature.

2.2. The fugacity of CO, in surface water and
marine air

Measurements of fCO, in surface water and
marine air were made by infrared detection with a
system developed by Schuster and Watson (2007)
and a fast-response equilibrator (Bakker et al.,
2001). Mixing ratios of CO, and moisture were
detected in the equilibrator headspace (every
minute), in marine air (every 6h), and in two
secondary standards (every 6 h). The measurements
were made with a continuous gas flow across an
infrared LI-COR 6262. No difference in CO,
readings was observed for flow and no flow
conditions. Samples from the equilibrator head-
space and marine air were partly dried before
analysis. The first set of secondary standards
had mixing ratios of 266.5+0.1 and 481.1+
0.2 umol CO,mol™'; the second set of 267.8+0.3
and 479.7+0.3 umol CO, mol™!. These secondary
standards were calibrated against certified NOAA
standards before and after the cruises. Warming of
the water between the seawater intake and the
equilibrator was on average 0.4°C (¢ =0.1°C;
10,000 data points). The equation by Takahashi
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et al. (1993) was used to correct fCO, in seawater
for this warming. The time delay between sampling
and analysis was 1 min for fCO, in air and water.
The precision and accuracy of the fCO, data was
1.0 patm (Bakker et al., 2001).

Air—sea fluxes of CO, were calculated from fCO,
in water and marine air and the 10-min shipboard
wind speed at 10m height. The equation of
Wanninkhof (1992) for short-term shipboard wind
speed was used.

2.3. The dissolved inorganic carbon concentration

Samples for DIC were collected in 500-ml glass
bottles from the CTD rosette and the surface water
supply. Typically six samples were collected in the
upper 100m, and three samples between 100 and
200 m. Most analyses were made within 1 day of
collection, the remainder within 6 days. Upon
sampling, 100l of a saturated mercuric chloride
solution were added to samples that were not
analysed within 24 h. Samples were stored in the
dark at 5 °C before analysis. The DIC concentration
was determined by coulometric analysis (Johnson et
al., 1987). Three or more replicate analyses were
made on each glass bottle. At least one certified
reference material (CRM) from batches 65 and 66
(DOE, 1994) was used per coulometric cell and per
CTD cast. The precision is taken as 1.3 umolkg™'
from the maximum difference in DIC between
replicate surface water samples. The accuracy is

estimated as better than 2.0 umolkg™'.

2.4. The oxygen concentration in surface water

The O, concentration of surface water was
measured every minute with an Aanderaa optode
3930 positioned in the continuous seawater supply.
The O, concentration in seawater was calculated
from the raw optode signal, calibration coefficients
and equations in the manual (Aanderaa, 2003).
Oxygen concentrations determined by Winkler
titration (Williams et al., 2004) in CTD samples
from the upper 15m exceeded those from the
optode by 10-20 uM according to this relationship:
[O2]winkier = [O2]optode T0.22 7°—4.01T+30.98
(37 data points, root mean square error = 1.3 uM)
for temperature (7). The equation was used for
calibration of the optode values. The O, saturation
of surface water was calculated from the corrected
O, concentrations with equations by Garcia and
Gordon (1992).

3. Results
3.1. Carbon uptake upstream of the Crozet Plateau

Marine productivity and inorganic carbon cycling
are described for sites upstream (south) and down-
stream (on the edge, north, east) of the Crozet
Plateau for November 2004 to January 2005
(Sections 3.1 and 3.2). Subsequently, CO, air-sea
transfer and inorganic carbon uptake are quantified
for both sides of the plateau (Section 3.3). The
occurrence of an island mass effect is discussed
afterwards (Section 4.1).

Upstream (south) of the plateau, the surface
water chlorophyll @ concentrations were mostly
below 0.5mgm ™ from September 2004 to January
2005, as seen in satellite observations and confirmed
by shipboard measurements (Fig. 2) (Seeyave et al.,
2007; Venables et al., 2007). Chlorophyll a concen-
trations were up to 0.8mgm > in a mesoscale
structure in mid-November south of the plateau
(Fig. 2). The waters in the feature had probably
been influenced by the plateau, since the SAF
typically had low chlorophyll a concentrations
(Venables et al., 2007).

Surface water fCO, was slightly below its atmo-
spheric value south of the plateau in late November
(Figs. 3-5). Six weeks later, AfCO,(w—a) (the
difference between fCO, in water and air) and
DIC had decreased by 13 patm and 15pumolkg ™",
respectively, while the O, saturation had increased
by a few percent (Figs. 5 and 6). The reduction in
AfCO,(w—a) would have been larger by 24 patm, if
surface water warming of 1.5°C had not counter-
acted the change (Fig. 5).

3.2. Biological carbon uptake downstream of the
Crozet Plateau

3.2.1. Productive waters north of the plateau

Extensive phytoplankton blooms developed
south of the SAF and at some distance north
(downstream) of the Crozet Plateau from late
September 2004 onwards, as shown by ocean colour
images from the MODIS satellite (Venables et al.,
2007). The blooms gradually extended southwards
towards the plateau, reaching their maximum
intensity and extent in late October and decreasing
in size until early December (Venables et al., 2007).
The RRS Discovery reached the Crozet Archipelago
in mid-November, shortly after the maximum
extent of these blooms.
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Fig. 3. (A) The difference of fCO, between surface water and air,
AfCOy(w—a), (B) DIC in surface water, and (C) the oxygen
saturation near the Crozet Plateau between 8 and 24 November
2004. Depth contours are at 1000 and 2000m (Smith and
Sandwell, 1997).

The ship surveyed an area with high and low
chlorophyll a concentrations north of the Crozet
Plateau from 10 to 18 November (Fig. 2). Phyto-
plankton growth had locally decreased AfCO,(w—a)
by 70 patm and DIC by 60pmolkg™' and had
increased the O, saturation by 8% relative to nearby
waters with a lower chlorophyll ¢ concentration
(Fig. 3). The reduction in AfCO,(w—a) and DIC

were largest at some distance north of the plateau
(sites M1, N1), in the area with the earliest, longest
lived, and most active phytoplankton blooms
(Figs. 2-4). The reductions decreased via an area
with shorter lived, less intense blooms (stations
M10, 15565) towards the plateau, reflecting a
gradient in phytoplankton CO, uptake from the
northernmost bloom area towards the plateau.
Temperature was not a major factor in creating
this spatial variation of AfCO,(w—a), as indicated
by AfCO,(w—a) corrected to a constant temperature
(not shown).

Intense phytoplankton growth had strongly
reduced AfCO,(w—a) and DIC at station M7 on
the northwestern side of the plateau in late
November (Figs. 1B and 5). Biological carbon
uptake was as large at M7 as at the most productive
bloom sites north of the plateau (M1, N1). Two
stations, M8West and M8East, which were 20km
apart, showed striking differences in primary
productivity (Seeyave et al., 2007) and AfCO,(w—a),
thus highlighting the high spatial variability in the
bloom area.

By late December, the bloom signature had largely
disappeared in satellite chlorophyll @ and AfCO,(w—a)
(Figs. 4 and 5) (Venables et al., 2007). The increase in
AfCO,(w—a) of 040 patm had mainly resulted from
surface water warming by 0.2-2.0 °C (corresponding to
a change of 3-32patm) and CO, air-sea exchange.
North of 45°S surface water warming continued from
December to January (2.4 °C), resulting in a further
increase of AfCO,(w—a) (Fig. 4).

Arbitrarily we henceforth describe the highly
productive northerly sites as HP-north (M1, NI,
M7) and the productive sites as P-north (M10,
M8West, M8East) with a continuum of algal carbon
uptake between the two areas (Fig. 1B; Table 1).
The small number of repeat visits to the productive
and highly productive regions complicates a time
series of events in these waters during CROZEX.
The two most northerly stations (M9, 15556) were
close to the strongly meandering SAF, in an area
with strong spatial variability (Fig. 1B). Vertical
salinity profiles indicate that these two stations
were south of the SAF during site visits. Spatial
variability may have exceeded temporal variability
at these two stations.

3.2.2. Local phytoplankton blooms on the edges of
the plateau

Local phytoplankton booms promoted algal
carbon uptake on the edges of the Crozet Plateau.
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Fig. 4. (A) The difference of fCO, between surface water and air, AfCO,(w—a), and (B) sea surface temperature along the ship’s track,
roughly from stations M6 via M2 and M3 to M9. The parameters are shown for four different passages of the ship. The cruise track varied

between passages.

For example, a band with satellite chlorophyll a
concentrations of 2mgm ™ and AfCO,(w—a) of
—40 patm was observed on the plateau’s southern
edge in November (Figs. 2 and 3).

Station M3 on the northeastern edge of the
plateau was visited repeatedly. Satellite chlorophyll
a concentrations were low at M3 from September to
December 2004 (Venables et al., 2007). The
AfCOy(w—a) was just below zero, while the O,
saturation was 102% in November and December
(Figs. 3 and 5).

Maxima in AfCO,(w—a) and DIC, and minima in
the O, saturation and sea surface temperature (SST)
were observed at M3 on 18 November (Figs. 5 and
6). Similar reductions in SST (—0.5°C) and the O,
saturation (—5%), and an increase in AfCO,(w—a)
(+ 5 patm) were occasionally encountered elsewhere
in the immediate vicinity of the Crozet Plateau, e.g.
north of Ile de la Possession (46.29°S 51.67°E) on 10
and 12 January. These phenomena, as well as an
uplift of the isotherms by 50m (J. Allen, personal
communication), also were observed between the
two eastern islands on 31 December. The reduction
in SST and the O, saturation and the increase in
AfCO,(w—a) point to the presence of water with an
origin below the mixed layer. We suggest that
mixing on the plateau introduced subsurface water

into the mixed layer and that some of this water had
reached M3 on 18 November.

A highly productive bloom of small diatoms was
present in a cyclonic eddy near M3 in early January
(Seeyave et al., 2007). The bloom had low
AfCO,5(w—a) (—60patm) and DIC and an O,
saturation of 111% in a shallow mixed layer
(Figs. 5 and 6; Table 1). Surface waters of the M3
bloom may well have been influenced by horizontal
or vertical advection, as suggested by the increase in
DIC below the mixed layer (Fig. 6). The significant
changes in water mass composition at M3 during
CROZEX make it difficult to ascribe temporal
changes in biogeochemical parameters to in situ
processes.

3.3. Air-sea CO, transfer and the DIC deficit for the
Crozet Archipelago

Comparisons of CO, air-sea transfer and the
DIC deficit in the upper water column upstream and
downstream of the plateau provide tools for testing
and quantifying the island mass effect for the Crozet
Plateau. Air-sea exchange of CO, has been calcu-
lated along the ship’s track from shipboard wind
speed and the gas transfer relationship for short-
term shipboard wind speed by Wanninkhof (1992).
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column.

Average CO, air-sea fluxes upstream and down-
stream of the plateau have been calculated from
daily averages for four periods, similar to those in
Fig. 4 (Tables 2a and 2b).

Oceanic CO, uptake was low (on average
1-6 mmolm>d ") upstream (south) of the plateau

throughout CROZEX (Table 2a). The bloom area
north (downstream) of the plateau was a strong sink
for atmospheric CO, (on average 9-24 mmol
m—2d™") in November, as a result of the under-
saturation of surface water fCO, with respect to the
atmospheric value. This oceanic CO, sink decreased
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Table 2a

Mean CO, air-sea fluxes and the standard deviation of the means for the regions in Table 2b during CROZEX

Period 08/11-24/11 (17d) 25/11-04/12 (10d) 18/12-31/12 (14d) 01/01-16/01 (16d) 08/11—16/01 08/11-16/01
(length) (75d) (75d)

Region Flux Flux Flux Flux Flux (molm~2)  Total flux (TgC)

(mmolm™2d~1) (mmolm=2d~) (mmolm™2d~) (mmolm™2d~!)

South —-1.240.8 n.d. (—=0.6+0.0) —5.8+2.6 —0.24+0.12 —0.30+0.14
P-North -9.2+9.1 —10.3+5.1 —4.4+3.4 —8.2+5.4 —0.58+0.42 —0.67+0.48
HP-North —24.4+10.7 —11.5+6.6 54427 —2.2+40.6 —0.814+0.39 —0.65+0.31
Total —1.62+0.93

The Wanninkhof relationship (1992) for short-term wind speed has been used. The fluxes have been calculated from daily flux averages
along the cruise track. The periods are similar to those in Fig. 4. TgC is 10'?gC. n.d. indicates that a value has not been determined.

Table 2b

Mean DIC deficit in the upper 100m and the standard deviation of the mean at final visits to the stations in regions upstream and
downstream of the Crozet Plateau

Region Latitude (°S) Longitude (°E) Area (10° km?) DIC deficit (molm™2) Total DIC deficit (TgC)
South —49.0/—46.5 48.5/53.5 104 1.340.1 1.6+0.1

East —46.5/—45.5 54.0/56.5 21 1.64+0.2 0.4+0.2

Edge None None 0 3.0+0.1 0

P-North —46.5/—44.5 48.5/54.0 95 2540.1 2.9+0.1

HP-North —44.5/-43.0 47.0/52.0 67 3.4+0.2 2.7+0.1

Total 287 2.140.1 7.6+0.5

TgC is 102 g carbon.

in strength, as AfCO,(w—a) became less negative at
the bloom stations in December. The average
oceanic CO, sink downstream of the plateau was
0.6-0.8 mol m 2 during CROZEX, which corresponds

to a sink for atmospheric CO, of 1.34+0.8TgC
(1Tg = 10"%g) (Table 2a).

The DIC deficit in the upper 100m has been
calculated from vertical DIC profiles relative to the
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DIC concentration at 100 m depth. Vertical profiles
have been obtained by interpolation at 0.1m
resolution between the DIC values. A 100 m depth
range was chosen as mixed layers were shallower
than 100 m north of the plateau, while no significant
change in the DIC profiles was detected below
100m at the southern stations during CROZEX
(Fig. 6; Table 1). For consistency, the same depth is
used for all stations. A 100m depth range also has
been used in other CROZEX and Southern Ocean
studies (Table 3) (Sweeney et al., 2000; Bishop et al.,
2004; Buesseler et al., 2004; Sanders et al., 2007).
The DIC deficit has been calculated for regions
upstream and downstream of the Crozet Plateau by

Table 3

averaging the DIC deficit at final visits to the
stations. The DIC deficit increased from upstream
(south) (1.34+0.Imolm~2) to downstream (north)
(2.5-3.4molm~?) of the plateau (Fig. 7; Table 2b).
The DIC deficit decreased further downstream, east
of the plateau (1.6+0.2molm~2). Addition of the
DIC deficit in each region provides a total DIC
deficit in the Crozet area of 7.6+0.5TgC.
Air-sea gas transfer supplied 0.6-0.8molCm™
to the mixed layer of the main bloom area over 75
days, or 23-24% of the DIC deficit in January
(Tables 2a and 2b). This resupply of DIC by air-sea
gas exchange is slightly higher than observations in
other actively growing Southern Ocean blooms,

2

The mixed layer depth (MLD), average changes in fCO, across the air—sea interface and in DIC, and the DIC deficit at Southern Ocean

sites and in iron fertilization experiments

Month MLD (m) —AfCOy(w—a) —ADIC DIC deficit Reference
(natm) (umolkg™")  (mol m2)
PFZ, Crozet HP north  11-12 22-85 55+11 60 3.4+0.2% This study
PFZ, Crozet P north 12-01 19-59 42+14 60 2.540.1% This study
PFZ, Crozet edge 01 20-33 60 30 3.0+0.1% This study
PFZ, Crozet east 12 104 2245 20 1.6+0.2% This study
PFZ, Crozet south 01 63, 93 2142 30 1.340.1* This study
PFZ, Crozet Basin, 02 50 n.a. n.a. 1.54+0.2¢8 Leblanc et al. (2002)
62°E 45°S
PFZ, 170°W 58-60°S ~ 01/03 53/96 50/26 35/30 1.59-2.5% Morrison et al. (2001), Green
2.8" and Sambrotto (2006)
PF, 170°W 60-61°S 01/03 58/85 69/28 60/45 1.79-2.17/ Morrison et al. (2001), Green
2.0 and Sambrotto (2006)
PF, 6°W 47-51°S 11 80 21 7 1.4° Bakker et al. (1997)
MIZ, 140°E 65°S 12-01 10-20 n.a. 70-80 0.9 Ishii et al. (2002)
(0.3-2.5)°
SIZ, 30-150°E 02-03 <40-60 n.a. (120) 2.2 Ishii et al. (1998)
64-70°S (0.8-4.0)°
Prydz Bay, 79°E 68°S ~ 01-03 5 250 600 2.8 Ishii et al. (1998), Gibson and
(1.3-4.0)° Trull (1999)
Ross Sea, 169-186°E 01-02 10-80 80150 70-150 4.8 Bates et al. (1998), Sweeney et
77°S (1.2-10.8)* al. (2000)
Iron addition
SOFeX_N, 55°S 01-02 40 n.a. 1542 0.1-1.2" Bishop et al. (2004), Buesseler
et al. (2004), Coale et al.
(2004)
PFZ, EisenEx, 48°S 11 10-100 18 12 0.7 Bakker et al. (2005)
sACC, SOIREE, 61°S 02 65 38 18 0.8° Bakker et al. (2005)
SACC, SOFeX_S, 01-02 45 n.a. 16+6 0.1-0.2" Bishop et al. (2004), Buesseler

66°S

et al. (2004), Coale et al.
(2004)

Results are shown for the Crozet Plateau, the Crozet Basin, 170°W, 6°W, the marginal (MIZ) and seasonal ice zones (SIZ) of the Indian
Ocean, the Ross Sea and Pryzd Bay. Data are also presented for the SOIREE, EisenEx and SOFeX iron enrichment experiments.
Hydrographic regions include the Polar Frontal Zone (PFZ) and the Polar Front (PF). Notes: *DIC deficit in the upper 100 m, °DIC deficit
in the summer mixed layer with a depth of 40-60 m (Ishii et al., 1998), “DIC deficit relative to the depth with the temperature minimum,
IDIC deficit from fCO, change, “net community production (NCP) from fCO, change in the mixed layer and other terms, 'NCP from the
DIC deficit in the Ekman layer and other terms, 8POC surplus in the upper 150 m, "POC flux from upper 100 m from an autonomous float,
'POC flux in upper 100 m from the thorium deficit. ‘n.a.” indicates that the value is not available.
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where changes in DIC by air-sea transfer and
vertical diffusion were equivalent to less than 15%
of net community production (Bakker et al., 2006;
and references therein). South of the plateau,
air—sea gas exchange supplied 18% the DIC deficit
during CROZEX (Tables 2a and 2b).

4. Discussion

4.1. The island mass effect for the Crozet
Archipelago

The marine cycles of carbon and oxygen differed
considerably upstream (south) and downstream (north,
edges, east) of the Crozet Plateau in austral spring and
summer (Figs. 2-7). Marine productivity was low
upstream (south) of the plateau, while extensive
phytoplankton blooms strongly reduced DIC and
AfCO,(w—a) and increased the O, saturation down-
stream (north, on the edges) of the plateau. Oceanic
uptake of atmospheric CO, was small upstream of the
plateau, while the blooms north of the plateau created
an important sink for atmospheric CO, (Table 2a).
Importantly, the data indicate a difference from
upstream to downstream of the plateau in the size
and timing of DIC uptake by phytoplankton (Fig. 7):

® Upstream (south) of the plateau (M2, M6):
HNLC waters. Little DIC uptake by November.
Significant DIC uptake by January.

® FEdge of the plateau (M3 ): Some DIC uptake from
November to December. A local phytoplankton
bloom with a large DIC deficit in January.

® Downstream (north) of the plateau I (MIO0,
15565): Productive waters with sizeable DIC
uptake in phytoplankton blooms by mid-
November.

® Downstream (north) of the plateau II. Highly
productive waters with extensive phytoplankton
blooms at some distance north of the plateau
(M1, N1, M9, 15556), as well as northwest of the
plateau (M7). Large DIC uptake by November.

These observations confirm the occurrence of an
island mass effect for the Crozet Plateau. The island
mass effect increased the DIC deficit by a factor
1.9-2.6 downstream of the plateau relative to
upstream and created on oceanic CO, sink of
1.34+0.8 TgC downstream of the plateau.

The island mass effect reflects the supply of iron
from a source on the Crozet Plateau to waters
downstream prior to the bloom event (Planquette et
al., 2007). Evidence of iron supply from the island
shelf system was found near Ile de la Possession
(Planquette et al., 2007). Iron inputs by horizontal
advection from the plateau (71%), atmospheric
inputs (18%) and vertical mixing (11%) have been
estimated to increase the dissolved iron concentra-
tion to 0.55nM in the surface waters of the bloom
area by the end of winter (Planquette et al., 2007).
The relatively weak currents and the long residence
time of the water (60 days) allow a supply of iron to
the whole bloom area over the winter period. The
iron demand for new production in the bloom
region has been independently estimated as 0.75nM
(Lucas et al., 2007). These values compare to an
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iron concentration upstream (south) of the plateau
of roughly 0.17nM in late winter by iron inputs
from atmospheric input and vertical mixing (Plan-
quette et al., 2007).

4.2. North—south gradients in the DIC uptake north
of the plateau

The data indicate a latitudinal gradient in the
timing of the DIC uptake north of the plateau,
where iron supply over the winter period increased
the iron concentration to a level favourable for
phytoplankton growth (Planquette et al., 2007). In
2004, similar to most years since 1997, the
phytoplankton blooms started at some distance
north of the plateau, south of the SAF, and spread
southwards towards the plateau at an average rate
of 4-7 days per degree latitude (Venables et al.,
2007). Currents were weak in the bloom area
(Pollard et al., 2007), such that horizontal advection
of the blooms does not explain this southward
progression. Latitudinal differences in the mixed-
layer depth and the incoming solar irradiance in
spring promoted the north—south gradient in the
timing of the phytoplankton blooms (Venables
et al., 2007). The most northerly sites (M1, N1)
had shallower mixed-layer depths and received
higher solar irradiance than those further south
(M10), resulting in an earlier start of the blooms
and algal DIC uptake further north. Thus, physical
conditions controlled the southward progression
of the bloom in the iron enriched waters (Venables
et al., 2007).

The island mass effect does not explain why regions
at some distance north of the plateau (M1, N1) were
more productive and had a higher DIC deficit than
waters closer to the plateau (M10). The blooms in
2004/2005 were atypical in this respect, as blooms in
other years since 1997 had their maximum intensity
along the northern edge of the plateau (Venables et
al., 2007). A possible explanation is that HNLC water
from south of the plateau travelled anticlockwise
around the plateau in spring 2004, roughly following
the trajectory in Fig. 1B, and reduced phytoplankton
productivity just north of the plateau (Venables et al.,
2007). Evidence of the advection of HNLC waters
from the south was found north of the islands in mid-
November (Pollard et al., 2007).

4.3. The HNLC waters upstream of the plateau

Satellite and shipboard surface chlorophyll a
concentrations suggested low phytoplankton activity

at M2 and M6 upstream (south) of the plateau
(Fig. 2) (Seeyave et al., 2007). Primary productivity
at M2 and M6 was modest, 0.2-0.4gCm>d~! in
November and January (Seeyave et al., 2007).
Phytoplankton uptake reduced the DIC concentra-
tion by 15 umolkg™', resulting in a significant DIC
deficit of 1.3+0.1 molm™? at the southerly stations
in January (Figs. 6 and 7). A reduction of the
silicate  concentration occurred in  parallel
(R. Sanders, unpublished results). The O, satura-
tion and AfCO,(w—a) were poor indicators of this
modest phytoplankton growth, as surface water
warming and air-sea gas transfer, counteracted its
effects on these parameters.

Circumstantial evidence suggests that M2 and M6
received some inputs of the Crozet Plateau or other
shallow topography. Kelp strands were observed at
M2 and M6 in January and a few individuals of the
neritic copepod Drepanopus pectinatus were caught at
M2 (Fielding et al., 2007), but contamination of the
net cannot be excluded (S. Fielding, personal com-
munication). Much higher numbers of this copepod
were found in the vicinity of the Crozet Plateau
(Fielding et al., 2007). If the southerly stations
received significant inputs from shallow topography,
marine productivity at the stations would have been
slightly higher than in typical HNLC waters.

In addition, seasonally integrated marine produc-
tivity and algal DIC uptake may be higher in the
HNLC waters of the PFZ than commonly thought.
The DIC deficit at M2 and M6 (1.3+0.1 molm™?)
was similar to the build-up of POC in the upper
150 m in the Crozet Basin (Leblanc et al., 2002) and
to the DIC deficit at other sites in the PFZ and at
the PF (Table 3). Low, but persistent, marine
productivity over a deep mixed layer (133—-140m
in November and 63-93m in January at M2 and
Mb6) (Table 1) may appear unproductive from space
and in short time series of shipboard data. An
underestimation of surface chlorophyll @ in ocean
colour observations, as seen for CROZEX (Ven-
ables et al., 2007), may contribute to the perception
of low marine productivity in HNLC waters.
Inverse modelling of nutrients suggests that satellite
chlorophyll underestimates marine productivity and
carbon export south of 50°S (Schlitzer, 2002).

4.4. A Southern Ocean perspective
The Crozet blooms were highly productive

blooms in a Southern Ocean context. Only blooms
in the Ross Sea, Prydz Bay, and the Seasonal Ice
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Zone had a higher DIC deficit (Fig. 8; Table 3).
Phytoplankton blooms, which developed upon
purposeful iron fertilization, had a noticeably lower
DIC deficit (0.1-1.2molm~?) than natural blooms,
which may be explained by the relatively short
duration of the iron fertilization experiments.

The DIC deficit in the Southern Ocean studies
does not exhibit a clear relationship with, latitude,
or month of the year (Fig. 8; Table 3). However, it
shows a broad dependence on the distance down-
stream of land and shallow topography and to a
lesser extent with mixed layer depth. Note that this
distance downstream has been calculated rather
crudely here, while assuming that water in the ACC
flows eastward, with exceptions near the Crozet
Plateau. The DIC deficit at sites at 10*km down-
stream of shallow topography (e.g. along 170°W)
(0.9-2.2mol Cm™) is a third to half of that at sites
within 500km from land (2.5-4.8 mol Cm™?). The
DIC deficit upstream (south) of the Crozet Plateau
(1.3 mol C m~?) fits well with values at sites 10*km
downstream of land.

5. Conclusions

The island mass effect has been quantified for
inorganic carbon changes and CO, air-sea fluxes in
waters near the Crozet Plateau for November 2004
to January 2005. The maximum DIC deficit in the
upper 100m ranged from 3.4+0.2molm™2 in the
highly productive waters downstream (north) of
the plateau to 1.3+0.1 molm 2 upstream (south) of
the plateau (Fig. 7; Table 2b). Extensive phyto-
plankton blooms downstream (north) of the plateau
created an oceanic CO, sink of 1.3+0.8 Tg C during
CROZEX. The island mass effect reflects differ-
ences in the supply of iron to these waters
(Planquette et al., 2007). A north-south gradient
in the timing of algal DIC uptake north of the
plateau is explained by latitudinal differences in the
mixed-layer depth and in incoming solar irradiance
(Venables et al., 2007). The DIC deficit in the
HNLC waters upstream (south) of the plateau was a
third to half of that in the highly productive waters
downstream (north) of the plateau, suggesting that
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HNLC waters of the PFZ are more productive than
commonly thought. The Crozet blooms are among
the most productive blooms studied in the Southern
Ocean.

The DIC deficit in phytoplankton blooms upon
purposeful iron fertilization is considerably lower
than in natural blooms and in HNLC waters,
suggesting that relatively short studies of artificial
iron fertilized blooms are not perfect analogues for
the natural world. The DIC deficit at Southern
Ocean sites shows a broad dependence on the
distance downstream of shallow topography and to
a lesser extent with mixed layer depth. The factors
controlling phytoplankton growth and DIC uptake
in the Southern Ocean are complex. Time-series
studies at key sites, encompassing at least one
growing season and a winter season, are essential
for a better understanding of marine carbon and
oxygen cycling in the Southern Ocean. Studies in the
vast expanse of subantarctic HNLC waters are
particularly important (Banse, 1996, 2004).
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