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Abstract. During the 1999 Marion Island Oceanographic
Survey (MIOS 4) in late austral summer, a northbound and
reciprocal southbound transect were taken along the South-
west Indian and Madagascar Ridge, between the Prince Ed-
ward Islands and 31◦ S. The sections crossed a number
of major fronts and smaller mesoscale features and cov-
ered a wide productivity spectrum from subtropical to sub-
antarctic waters. Associated with the physical survey
were measurements of size fractionated chlorophyll, nu-
trients and nitrogen (NO3, NH4 and urea) uptake rates.
Subtropical waters were characterised by low chlorophyll
concentrations (max = 0.27.3 mg m−3) dominated by pico-
phytoplankton cells (> 81%) and very low f-ratios (< 0.1),
indicative of productivity based almost entirely on recy-
cled ammonium and urea. Micro-phytoplankton growth
was limited by the availability of NO3 (< 0.5 mmol m−3)

and Si(OH)4 (< 1.5 mmol m−3) through strong vertical strat-
ification preventing the upward flux of nutrients into the
euphotic zone. Biomass accumulation of small cells was
likely controlled by micro-zooplankton grazing. In sub-
antarctic waters, total chlorophyll concentrations increased
(max = 0.74 mg m−3) relative to the subtropical waters and
larger cells became more prevalent, however smaller phy-
toplankton cells and low f-ratios (< 0.14) still dominated,
despite sufficient NO3 availability. The results from this
study favour Si(OH)4 limitation, light-limited deep mixing
and likely Fe deficiency as the dominant mechanisms con-
trolling significant new production by micro-phytoplankton.

Correspondence to:S. J. Thomalla
(sandy.thomalla@gmail.com)

The percentage of micro-phytoplankton cells and rates of
new production did however increase at oceanic frontal re-
gions (58.6% and 11.22%, respectively), and in the region
of the Prince Edward archipelago (61.4% and 14.16%, re-
spectively). Here, water column stabilization and local Fe-
enrichment are thought to stimulate phytoplankton growth
rates. Open ocean regions such as these provide important
areas for local but significant particulate organic carbon ex-
port and biological CO2 draw-down in an overall high nutri-
ent low chlorophyll Southern Ocean.

1 Introduction

The “biological carbon pump” (Volk and Hoffert, 1985;
Longhurst, 1991; Falkowski and Raven, 1997) provides a
link between the atmospheric and oceanic carbon cycles,
primarily through phytoplankton photosynthesis and carbon
export processes. The biological pump plays an important
role in ameliorating current increases in atmospheric CO2
by removing an estimated 11 to 16 Pg (1 Pg = 1015 g of car-
bon) from surface waters of the world’s oceans each year
(Falkowski et al., 2000). The rate at which inorganic car-
bon is fixed into particulate and dissolved organic carbon
(POC, DOC) that sinks, or is otherwise transported through
the water column to below the seasonal thermocline, sets
the strength of the biological carbon pump. Thus, factors
that regulate phytoplankton growth (light, nutrients), parti-
cle formation and rates of sinking (aggregation, ballasting,
senescence, grazing) and remineralisation (bacterial activity,
chemical dissolution) all modify POC and DOC fluxes and
therefore the strength of the biological carbon pump.
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The sub-Antarctic region of the Southern Ocean is one of
the largest oceanic sinks for atmospheric CO2 (Metzl et al.,
1999). The SW Indian Ocean region is infrequently sam-
pled (Lucas et al., 2007) and for both regions, measurements
of carbon export are relatively few. In this paper, indirect
estimates of carbon export are made using15N stable iso-
topes that differentiate between “new” (export) and “regen-
erated” (recycled) production (Dugdale and Goering, 1967;
Eppley and Peterson, 1979; Bury et al., 1995; Waldron et al.,
1995). Partitioning between new and regenerated nitrogen
uptake is quantified by the f-ratio, a measure of that frac-
tion of “new” primary production that is available for ex-
port to the deep ocean or to higher trophic levels, relative
to “regenerated” production which supports planktonic com-
munity maintenance requirements (Tremblay et al., 1997).
f-ratio calculations rely on assumptions of steady state, no
storage of nitrogen (N) in surface waters (Eppley and Peter-
son, 1979; Eppley, 1989; Knauer et al., 1990) and minimal
euphotic layer nitrification (Fernandez and Raimbault, 2007;
Yool et al., 2007). Although rates of euphotic nitrification are
significant in the oligotrohpic, hindering the use of the f-ratio
for diagnosing export production, this is not the case in the
nutrient-rich polar oceans (Dore and Karl, 1996; Raimbault
et al., 1999; Diaz and Raimbault, 2000; Rees et al., 2002;
Fernandez and Raimbault, 2007; Yool et al., 2007). Further
problems arise when expressing particulate organic nitrogen
(PON) export in carbon terms as phytoplankton growth fre-
quently follows non-Redfield ratios because of disturbances
to cellular Redfield elemental stoichiometry by light and/or
available Si and Fe (Geider and La Roche, 2002; Timmer-
mans et al., 2004; Hoffmann et al., 2006; Moore et al.,
2007b). Thus use of the f-ratio to estimate export production
from the euphotic layer must be considered with circumspec-
tion, although in high nutrient low chlorophyll (HNLC) en-
vironments, the f-ratio can be an instructive diagnostic tool
for evaluating the potential for carbon export.

In this paper, we report on new and regenerated produc-
tion measurements made along a transect from 31◦ S (just
SW of Madagascar) to the Prince Edward Islands (45◦ S)
following the Madagascar and SW Indian ridge (Fig. 1).
The transect progresses across regions of complex frontal
boundaries and variable biogeochemistry, phytoplankton dis-
tribution and productivity associated with the transition from
oligotrophic and nutrient impoverished subtropical gyres to
macro-nutrient replete but iron deficient subantarctic do-
mains (Barange et al., 1998; Bathmann et al., 2000; Read
et al., 2000; Pollard et al., 2007). The major frontal sys-
tems crossed south of Africa include the Agulhas Front (AF),
the Subtropical Front (STF) the sub-Antarctic Front (SAF)
and the Antarctic Polar Front (APF) (see Belkin and Gordon,
1996; Pollard and Read, 2001; Pollard et al., 2002). Col-
lectively they create one of the most energetic and important
hydrographic regions of the world oceans (Lutjeharms and
Ansorge, 2001) and one that is likely to have strong iron (Fe)
gradients (Planquette et al., 2007). This environment there-
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Fig. 1. Cruise tracks overlaid on bathymetry of the Northbound
transect, showing XBT station positions as black dots. Together
with the reciprocal Southbound transect, showing CTD station po-
sitions as white circles. The cruise tracks followed the Southwest
Indian and Madagascar Ridge, between the Prince Edward Islands
(PEI) and 31◦ S. Productivity stations are shown as pink circles
and labelled (NP1–NP6). Black arrows mark the position of the
Agulhas current (AC), the Agulhas Return Current (ARC) and the
Antarctic Circumpolar current (ACC). Grey lines indicate the mean
frontal positions of the Sub Tropical Front (STF), the Sub Antarctic
Front (SAF) and the Polar Front (PF) according to Orsi et al. (1995).

fore provides a unique location in which to explore the rela-
tionships between nutrient and hydrographic controls of phy-
toplankton distribution and new production. This study aims
to identify and characterise different hydrographic regimes
wherein the observed phytoplankton distribution and pro-
duction is interpreted in terms of both the physical and bio-
geochemical control mechanisms regulating phytoplankton
growth. Regions of enhanced biomass and production are
similarly investigated in order to better understand the rela-
tionship between the physical forcing mechanisms responsi-
ble for an improved biological response.

2 Sampling and analytical methods

The Prince Edward Island archipelago, comprising Marion
and Prince Edward Islands, lies due south of Africa within
the subantarctic zone at latitude 46◦ S and longitude 37◦ E.
A five-year Marion Island Oceanographic Survey (MIOS) of
the island region was run between 1996 and 2000 using the
M/V SA Agulhas.The survey consisted of routine annual un-
derway transects (April/May; at the end of the austral sum-
mer) between Cape Town and the islands to determine the
variability and biological signature of meandering fronts in
this region of the Southern Ocean (Pakhomov et al., 1998).
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During the 1999 cruise (MIOS 4), an additional northbound
and a reciprocal southbound transect followed the South-
west Indian and Madagascar Ridge, between the Prince Ed-
ward Islands and 31◦ S (Fig. 1). Associated with this phys-
ical survey, measurements of chlorophyll-a (chl-a), nutrient
concentrations and phytoplankton nitrogen uptake were also
performed.

2.1 Northbound transect

During the northbound transect, the water column temper-
ature structure was determined from 68 Sippican T-7 (to
760 m) XBT deployments at 15′ latitude intervals (Fig. 1).
Temperature profiles were plotted as sections in Ocean Data
View (ODV) (Schlitzer, 2002) to locate the frontal positions
and hence plan the CTD station spacing for the southbound
leg. To identify the major features along the Madagascar
Ridge section, the definitions of the frontal positions out-
lined by Park et al. (1993) were adopted. They defined these
features using the subsurface (200 m) cross frontal ranges of
temperature. The fronts were identified as the maximum gra-
dient in a temperature range from 12–16◦C for the AF, 8–
12◦C for the STF and 4–8◦C for the SAF. On this north-
bound transect, surface samples were taken for total and size
fractionated chl-a determinations.

2.2 Southbound transect

The southbound section consisted of 33 CTD profiles (to
∼ 2000 m) that were worked close to the crest of the ridge
running south from Madagascar to the crest of the Southwest
Indian Ridge before turning south-west and terminating west
of the Prince Edward Islands (Fig. 1). Station spacing var-
ied from 1◦ over the subtropical gyre between 31◦ and 37◦ S
to every 20′ latitude over the frontal regions. Water sam-
ples were collected from 12 standard depths between 2000 m
and the surface. Productivity stations were carried out at se-
lected locations (Fig. 1, NP1–NP6) where a second CTD cast
was deployed and samples collected from six light depths.
For each production station, the light depths were calculated
from light attenuation (Kirk, 1994) estimated by Secchi disk
due to a malfunctioning underwater PAR sensor. The extinc-
tion coefficient Kd was used to calculate the 100, 50, 25, 10,
1 and 0.1% light depths from:

Z(x%) =
Z(sd)

1.44(−ln(x/100))

Where: Z(x%) is the depth (m) of a particular light level
(x%), Z(sd) is the Secchi depth (m) andx is the light level
to be determined.

2.3 Chlorophyll-a

Samples from six standard depths to 150 m were pre-
screened through a 200 µ m mesh to exclude zooplank-
ton grazers, after which they were gently filtered (<

5 cm Hg) through a serial filtration unit and fractionated into
pico- (< 2.0 µm), nano- (2–20 µm) and micro-phytoplankton
(> 20–200 µm) size fractions and collected on 25 mm What-
man GF/F filters. After extraction in 90% acetone for 24 h,
chl-a was measured on an AU-10 Turner Designs fluorome-
ter, calibrated against a standard chl-a solution (Sigma).

2.4 Nutrients

For each productivity station, on board analyses of ammo-
nium and urea were carried out in triplicate for each light
depth according to the manual method described in Grasshoff
et al. (1983), but scaled down to 5 ml sample volumes.
The method for ammonium analyses covers the range 0.05–
150 mmol m−3 with a relative standard deviation of±4.8%
(Grasshoff et al., 1983). The range of the urea method
is 1–10 mmol m−3, the precision at 2 mmol m−3 is ±4.5%
whereas at the 0.5 mmol m−3 the coefficient of variation is
estimated to be±15% (Grasshoff et al., 1983). A 15 ml sam-
ple from every depth was stored frozen for later nutrient anal-
ysis back at the University of Cape Town (UCT) where man-
ual analyses were performed for NO3 and Si(OH)4 according
to the methods described in Grasshoff et al. (1983) and Par-
sons et al. (1984), but scaled to a 5 ml sample size. If no sys-
tematic sampling errors are involved, the relative accuracy of
the NO3 determinations is±3% in the 0–10 mmol m−3 range
(Grasshoff et al., 1983). The range for Si(OH)4 determina-
tions is 0.1–200 mmol m−3, the precision at 4.5 mmol m−3 is
±4% and±2.5% at 45 mmol m−3 (Grasshoff et al., 1983).

2.5 15N incubations

Bulk water samples were obtained from each of the six
light depths and dispensed into three 2 L acid cleaned glass
Schott bottles for NO−3 , NH+

4 and urea uptake measurements.
Spikes at∼ 10% of ambient concentration for15N-NO3,
15N-NH4 and 15N-urea were added to one of each of the
three 2 L incubation bottles. As no on board measurements of
NO3 were available, spikes were estimated according to dif-
ferent oceanic regimes using historical data (Schlitzer, 2000).
The spiked samples were transferred to on-deck perspex tube
incubators, screened with neutral density filters to simulate
in situ light at the appropriate depths. The incubators were
cooled with a constant supply of surface seawater to sim-
ulate in situ temperatures. In subantarctic stations, where
mixed layers were isothermal to below the euphotic zone,
no temperature differential is expected to affect uptake rates.
However, in the subtropics, it is possible that subsurface sam-
ples are exposed to higher than ambient in situ temperatures.
Although the effect of this temperature differential on phy-
toplankton uptake rates was not measured, one can expect it
to be small. The samples were incubated for between 10–
24 h, centred around local midday. Isotopic-dilution of15N-
NH4 in particular by NH4 excretion in vitro will underesti-
mate the computed NH4 uptake rates (Harrison and Harris,
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1986; Donald et al., 2001; Varela et al., 2005), particularly
in oligotrophic oceans (Harrison and Harris, 1986). Uptake
experiments were terminated by filtration onto ashed 47 mm
GF/F filters that were then stored at−20◦C for later analy-
sis at the Plymouth Marine Laboratory (PML) for particulate
nitrogen and atom%15N analyses on a Europa Tracermass
continuous flow mass spectrometer (Europa Scientific Ltd.)
using methods described by Barrie et al. (1989) and Owens
and Rees (1989).

Nitrate, urea and ammonium uptake rates were calculated
according to Dugdale and Goering (1967):

ρNO3, ρNH4 andρurea(mmol m−3 h−1) = (PE×PN)/(R0×T )

Where PE = %15N enrichment of the PON fraction in excess
of the natural abundance; PN = particulate N concentration
(mmol m−3); T =experimental duration (h) andR0 is the cal-
culated aqueous15N enrichment at time zero.

3 Results

3.1 Northbound Transect

3.1.1 Temperature distribution and frontal positions

On the Northbound transect, the AF was positioned at ap-
proximately 40◦ S, while the STF was located at 43.5◦ S
(Fig. 2a), further south than the range given by Lutjeharms
and Valentine (1984). The SAF was located at 45.5◦ S. The
bottom topography (Fig. 2b) illustrates the extent to which
the ridge shallows in certain places (< 1000 m).

3.1.2 Chlorophyll distribution

North of the AF, chl-a concentrations did not exceed
∼ 0.2 mg m−3, while south of the AF, maximum concen-
trations of 0.4 mg m−3 were associated with the STF
(Fig. 2c). There was no marked change in chl-a concentra-
tions within the SAF region, although at∼ 46◦ S, in the shal-
low (< 1000 m) region of the Prince Edward Island plateau,
chl-a concentrations rose sharply to∼ 1.6 mg m−3. Nano-
and pico-phytoplankton dominated (93%) phytoplankton
biomass throughout the transect, except over the plateau
where micro-phytoplankton dominated (81%) (Fig. 2d).

3.2 Southbound transect

3.2.1 General hydrography

On the Southbound transect, the position of the AF (40◦ S)
was similar to that found on the northbound leg, however it
had now merged with the STF which had migrated equator-
ward during the intervening ten days. On this transect the
STF could be placed at the northern (42.5◦ S) or southern
(43.25◦ S) edge of a transitional region where temperatures at
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Fig. 2. (a)XBT temperature section during the Northbound Tran-
sect, data points for all XBT stations are marked and appear as ver-
tical lines on the temperature section,(b) topography section shows
the position and depth of each XBT station,(c) surface chlorophyll
(mg m−3) and sea surface temperature (◦C) distribution and(d) size
fractionated distribution (mg m−3) of surface chlorophyll along the
Northbound Transect. The position of the Agulhas Front (AF), Sub-
tropical Front (STF) and Subantarctic Front (SAF) are indicated as
bold lines. Plots made using Ocean Data View (Schlitzer, 2002).

the base of the mixed layer (∼ 12◦C at∼ 80 m) were signifi-
cantly less than those of Agulhas (15◦C) or Subtropical (19–
20◦C) Water but higher than Subantarctic Waters (<9◦C).
The more northerly edge marks the greatest change in water
mass characteristics and concurs with the definitions outlined
by Park et al. (1993), hence the STF was placed at 42.5◦ S
(Pakhomov et al., 1999).

South of 43◦ S, no frontal features were obvious. The wa-
ter masses are typical of the subantarctic region, but temper-
ature and salinity showed considerable mesoscale structure
at∼ 200 m superimposed on the general regime (Fig. 3a and
b). There is a sequence, from north to south, of cold, fresh
(44.5◦ S); warm, salty (45.33◦ S); cold, fresh (45.75◦ S); and
warm, salty (46◦ S) features. South of 46◦ S the mesoscale
structures were no longer present and the temperature and
salinity characteristics were those of Subantarctic Surface
Water.

Ocean Sci., 7, 113–127, 2011 www.ocean-sci.net/7/113/2011/
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a)

b)
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Fig. 3. CTD sections to 800 m of(a) temperature (◦C) and(b) salin-
ity for the Southbound Transect between 31◦ S and the Prince Ed-
ward Islands, data points for all CTD stations are marked and ap-
pear as vertical lines on the temperature section. The position of
the Agulhas Front (AF), Subtropical Front (STF) and Subantarctic
Front (SAF) are marked as bold vertical lines. The white space rep-
resents a data gap in the CTD transect. Plots made using Ocean
Data View (Schlitzer, 2002).

North of 45◦ S there is a subsurface salinity minimum
(∼ 300 m) associated with subducting Antarctic Intermediate
Water (AAIW). South of 45◦ S however, the lowest salinity
water is in the surface layer and continues to decrease, reach-
ing a minimum at the southern end of the section (Fig. 3b).
According to Whitworth and Nowlin (1987), this change in
vertical structure is the major identifier of the SAF, which for
this transect is placed at 45◦ S. The positioning of the SAF
agrees with that of Pakhomov et al. (1999), who used defini-
tions outlined by Park et al. (1993).

3.2.2 Nutrient distribution

A strong gradient of increasing surface nitrate concentration
is evident with a progression from north to south across the
region (Fig. 4a), concurrent with the decreasing temperature
gradient (Fig. 3a). Nitrate values in subtropical surface wa-
ters are low (0.01–0.49 mmol m−3 in the surface 50 m) and
intensify southwards, with sharp increases in surface con-
centrations across the STF (2–4 mmol m−3) and SAF (8–
11 mmol m−3). By contrast, surface silicate values remain
low (< 2 mmol m−3) throughout the transect, with mini-
mum concentrations (< 1 mmol m−3) at the STF and SAF
(Fig. 4b). South of the SAF, surface (<∼ 200 m) nitrate con-
centrations rise to 12–14 mmol m−3, but Si concentrations
remain low (∼ 2 mmol m−3). As expected, deeper waters
below∼ 200 m are characterised by increasing nutrient con-
centrations that rise steadily with depth.

a)

b)

AF STF SAF

Fig. 4. CTD sections of(a) nitrate (mmol m−3) and (b) silicate
(mmol m−3) for the Southbound Transect to 800 m. Data points are
indicated as black dots. The position of the Agulhas Front (AF),
Subtropical Front (STF) and Subantarctic Front (SAF) are marked
as bold vertical lines. Plots made using Ocean Data View (Schlitzer,
2002).

Ambient nitrate, ammonium and urea concentrations from
the six productivity stations are integrated over the euphotic
zone (1% for NP1 and 0.1% for NP2–NP6) and represented
as a percentage of the total nitrogen pool (NO3 + NH4 + urea)
(Fig. 5a–f). In subtropical waters (NP1–NP3) integrated NO3
ranges from∼ 20 to 60 mmol m−2 and comprises 20–30%
of the total N pool. Further south, beyond the SAF, NO3
concentrations continue to increase with latitude to a maxi-
mum of 1075 mmol m−2 at the southern most station (NP6),
where it constitutes 94% of total N. Conversely, ambient urea
decreased with southerly latitude, from a maximum in the
north (NP1, 130.2 mmol m−2; 68% of total N), to a mini-
mum in the south (NP6, 11.5 mmol m−2; just 1% of total N).
Ambient NH+

4 concentrations were variable and displayed
no obvious spatial trends. Station NP1 had the lowest am-
bient NH+

4 (2.2 mmol m−2), and comprised just over 1% of
total N. The highest integrated values of 39.2 mmol m−2 and
59.9 mmol m−2 were found at the AF (NP3) and over the
Prince Edward Island plateau (NP6).

3.2.3 Chlorophyll distribution

The unfractionated (total) chl-a section for the water col-
umn (150 m) shows very low chl-a concentrations (< 0.1–
0.2 mg m−3) in subtropical waters north of the STF and a
deep (but still low) subsurface maximum (∼ 0.2 mg m−3)

at ∼ 75 m (Fig. 6a). South of the STF, total chl-a dis-
tribution showed considerable variation with a series of
higher and lower concentrations. These changes in chl-a
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Figure 5a-f). Thomalla et al. 

Integrated nitrogen concentration  

Fig. 5. (a–f) Nitrate, ammonium and urea (mmol m−2) concen-
trations integrated (to the 1% light depth for NP1 and 0.1% for
NP2–NP6) and represented as a percentage of the total ambient
nitrogen (NO3 + NH4 + urea), for each of the six productivity sta-
tions. Numbers at the top of each bar represent the integrated nutri-
ent concentration for each nutrient, with the total N concentration
(NO3 + NH4 + urea) at the bottom of each figure.

appear to be related to the temperature and salinity struc-
ture (Fig. 3a and b), with enhanced biomass coinciding with
cold, fresh waters and vice versa. Enhanced chl-a concentra-
tions were strongly coincident with all three frontal regions;
i.e. the AF (∼ 0.2 mg m−3), the STF (∼ 0.4 mg m−3), SAF
(∼ 0.7 mg m−3) as well as over the Prince Edward Island
plateau (∼ 0.74 mg m−3). These peaks in chl-a concentra-
tion were evident in all three size fractions (Fig. 6b). Pico-
phytoplankton are ubiquitous and the dominant size fraction
on the transect apart from at the SAF and the Prince Ed-
ward Island Plateau, where micro-phytoplankton dominate
(Fig. 6b).

Size fractionated chl-a concentrations for the six produc-
tivity stations are integrated over the euphotic zone (1% for
NP1 and 0.1% for NP2–NP6) and represented as a percent-
age of total integrated chl-a (Fig. 7a–f). As chl-a concen-
trations were collected at standard depths as opposed to %
light depths, the chl-a concentration at 0.1% light (1% for
NP1) had to be interpolated to allow a euphotic zone inte-

   

   

b)

a)

AF STF SAF

Fig. 6. (a)CTD total chlorophyll (mg m−3) section to 150 m with
data points indicated as black dots and(b) size fractionated chloro-
phyll distribution (mg m−3) integrated over the top 150 m for the
Southbound Transect. The position of the three frontal systems are
marked as bold vertical lines. The section was made using Ocean
Data View (Schlitzer, 2002).

gration. Within subtropical waters (NP1, NP2), total chl-a

biomass was low (7.5 and 8.6 mg m−2) and dominated by
pico-phytoplankton (∼ 80%). Micro-phytoplankton on the
other hand only accounted for 2-4% of total chl-a (Fig. 7a
and b). The AF (NP3) was marked by a sharp increase in
biomass to 19.6 mg m−2, but with little change in commu-
nity structure (Fig. 7c). At the STF (NP4), biomass increased
slightly with a shift towards nano-phytoplankton (∼33%),
the highest percentage recorded (Fig. 7d). Further south at
stations NP5 and NP6, biomass rose to∼ 26 and 45 mg m−2

respectively, and is attributable to larger micro- phytoplank-
ton that dominated the community, accounting for 58.6% and
61.4% of total chl-a (Fig. 7e and f). The pico- (∼ 22%) and
nano-phytoplankton (∼ 16%) size classes followed in rela-
tive abundance.

3.2.4 Nitrogen uptake

Nutrient (NO−

3 , NH+

4 , urea) uptake data (ρN) are presented
for the nominal euphotic zone to the 0.1% light depth (1% for
Station NP1) (Table 1).ρN uptake rates were typically high-
est in surface (NP1, NP2, NP6) or subsurface (NP3, NP4,
NP5) waters and decreased with depth to minimum values
at the base of the euphotic layer (Table 1).ρN uptake rates
were integrated to the 0.1% light depth for four of the six
productivity stations (NP2–NP5). Exceptions occur at sta-
tions NP1 where data at the 0.1% light depth is absent and
station NP6, where regenerated uptake rates were relatively
low at the 0.1% light depth, compared to the remaining water
column and new production rates relatively high, resulting in
an unrealistic f-ratio for this depth (0.83). Uptake rates for
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Table 1. Nitrate, ammonium and urea concentrations (mmol m−3), uptake rates (mmol m−3 d−1) and f-ratios at the various light depths for
the productivity stations of the Southbound Transect, together with total chlorophyll (mg m−3) at set depths in the top 150 m.

Station % Light Depth Ambient Ambient Ambient NO3 NH4 Urea f-ratio Depth Total
Number [NO3] [NH4] [Urea] Uptake Uptake Uptake Chlorophyll

(m) (mmol m−3) (mmol m−3) (mmol m−3) (mmol m−3 d−1) (mmol m−3 d−1) (mmol m−3 d−1) (m) (mg m−3)

NP1 100 0 0.06 0.03 1.59 0.01 0.13 0.58 0.02 0 0.05
50 15 0.13 0.03 1.10 0.02 0.06 0.23 0.07 20 0.05
25 26 0.18 0.03 1.03 0.01 0.06 0.22 0.04 50 0.09
10 50 0.18 0.01 1.38 0.01 0.05 0.23 0.03 100 0.09
1 99 1.89 0.03 1.45 0.04 0.06 0.10 0.18

NP2 100 0 0.01 1.22 2.5 0.04 1.07 0.39 0.02 0 0.09
50 9 0.1 0.12 0.83 0.01 0.12 0.09 0.05 25 0.09
25 15 0.16 0.41 0.17 0.01 0.18 0.05 0.06 50 0.08
10 29 0.24 0.29 0.17 0.00 0.15 0.02 0.01 75 0.15
1 58 0.17 0.17 0.67 0.01 0.17 0.07 0.04 100 0.08

0.1 86 0.47 0.06 0.17 0.01 0.13 0.02 0.08 150 0.01

NP3 100 0 0.06 0.68 0.79 0.08 0.61 0.42 0.07 0 0.27
50 9 0.16 0.68 1.53 0.07 0.49 0.83 0.05 25 0.19
25 15 0.22 0.41 0.84 0.20 0.53 0.61 0.15 50 0.24
10 29 0.33 0.41 1.58 0.10 0.35 0.84 0.08 75 0.25
1 58 0.44 0.47 0.74 0.10 0.44 0.23 0.13 100 0.12

0.1 86 0.63 0.34 0.2 0.04 0.35 0.03 0.08 150 0.02

NP4 100 0 2.13 0.28 0.76 0.03 0.16 0.18 0.08 0 0.38
50 5 2.1 0.17 0.76 0.03 0.14 0.23 0.07 25 0.39
25 9 2.07 0.22 1.05 0.05 0.13 0.31 0.10 50 0.4
10 18 2.01 0.28 0.76 0.01 0.15 0.15 0.03 75 0.37
1 35 1.86 0.33 2.67 0.02 0.13 0.23 0.04 100 0.05

0.1 53 1.91 0.33 2.57 0.01 0.08 0.09 0.06 150 0.01

NP5 100 0 7.66 0.23 0.59 0.02 0.06 0.06 0.15 0 0.61
50 5 7.66 0.23 0.71 0.03 0.05 0.09 0.15 25 0.47
25 9 7.66 0.52 0.59 0.03 0.15 0.07 0.13 50 0.41
10 18 7.66 0.12 0.71 0.02 0.04 0.07 0.12 75 0.11
1 35 8.07 0.17 0.59 0.01 0.03 0.03 0.14 100 0.03

0.1 53 8.69 0.23 0.35 0.00 0.13 0.02 0.03 150 0.02

NP6 100 0 7.84 0.72 0.29 0.09 0.87 0.24 0.07 0 0.63
50 10 10.51 0.67 0.11 0.11 0.57 0.21 0.12 25 0.46
25 17 12.39 0.58 0.11 0.20 0.62 0.13 0.21 50 0.57
10 32 14.71 0.63 0.11 0.11 0.61 0.11 0.13 75 0.36
1 64 10.29 0.63 0.11 0.04 0.26 0.04 0.13 100 0.31

0.1 96 8.44 0.58 0.11 0.19 0.03 0.01 (0.83) 150 0.05

these two stations were therefore only integrated to the 1%
light depth. Integrated N uptake rates (∫ρN) illustrate the
overall significance and percent contribution of each nutrient
within the euphotic layer (Fig. 8a–f). Despite having the low-
est mean total chl-a concentrations (∼ 8 mg m−2), the mean
∫ρN rate at stations NP1 and NP2 was surprisingly high,
attaining 29.9 and 23.7 mmol m−2 d−1 respectively (Fig. 8a
and b). Urea and NH4 dominated∫ρN, together contributing
∼ 94% of ∫ρN, while ∫ρNO3 uptake (∼ 6%) made only a
minor contribution to the total. The AF (NP3) was marked
by a tripling in water column∫ρN to 84.61 mmol m−2 d−1

but this was still dominated by regeneratedρN with ∫ρurea
and∫ρNH4 contributing∼ 46% and∼ 44%, respectively, to
∫ρN (Fig. 8c). The increased productivity is consistent with
a doubling of chl-a biomass to 19.6 mg m−2 relative to sta-
tions NP1 and NP2.

The STF station (NP4) did not fit the general trends. In
spite of a similar total chl-a biomass (20.7 mg m−2) to that
at NP3 (AF), and an increase in ambient NO−

3 concentra-

tion (104.1 mmol m−2), ∫ρN was low (18.2 mmol m−2 d−1)

(Fig. 8d). Station NP5 within the SAF was also inconsistent,
having the lowest∫ρN (7.1 mmol m−2 d−1) despite a high
total chl-a biomass (25.8 mg m−2) and a high ambient NO−3
concentration (422.4 mmol m−2) (Fig. 8e).

Over the PE Island plateau (NP6),ρN was marked
by an increase in∫ρN (to 48.9 mmol m−2 d−1). These
high rates are consistent with the highest integrated chl-
a value (45.3 mg m−2), which was dominated by micro-
phytoplankton (∼ 61%) (Fig. 8f). Despite having a high
micro-phytoplankton abundance, and the highest∫ρNO3 of
all the stations (∼ 14%), total∫ρN was still dominated by
∫ρNH4 (∼ 70.4%), while∫ρurea was of the same order as
∫ρNO3 and accounted for∼ 16% of∫ρN.
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Integrated ch lorophyll concentration  

Fig. 7. (a–f). Euphotic zone integrated measurements (1% for NP1
and 0.1% for NP2–NP6) of size-fractionated chlorophyll (mg m−2)

represented as a percentage of total integrated chlorophyll for the
six productivity stations on the Southbound Transect. Numbers at
the top of each bar represent the percent contribution of each size
fraction, with the total integrated chlorophyll concentration (micro
+ nano + pico) at the bottom of each figure.

3.2.5 f-ratios

At subtropical stations NP1-NP3, the f-ratio generally in-
creased with depth, tracking ambient NO3 concentrations
(Table 1). At the subantarctic stations NP4 and NP5, the
situation was reversed and f-ratios generally decreased with
depth, indicating a shift from∫ρNO3 in surface waters to
∫ρN based primarily on reduced N at depth. The f-ratio’s for
station NP6, in relatively close proximity to the PE Islands
however tended to increase with depth from a surface value
of ∼ 0.07 to 0.13 at the 1% light depth. The f-ratio at the
0.1% light depth (96 m) was rejected as an impossibly high
value (0.83). The integrated f-ratio for this station is thus
calculated from new and regenerated uptake rates integrated
only to the 1% light depth (Fig. 9).

Integrated f-ratios (calculated from∫ρN), were very low
(stations NP1–NP5 ranged from 0.04–0.11) indicative of
very strong regeneration based production (Fig. 9). There is,
however, a marginally increased reliance onρNO3 in waters
adjacent to the PE Islands (NP6), where the f-ratio increased
to a maximum of 0.14.
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Integrated nitrogen uptake   

Fig. 8. (a–f). Euphotic zone (1% for NP1 and NP6, 0.1% for NP2-
NP5) integrated measurements of nitrate, ammonium and urea up-
take (mmol m−2 d−1) represented as a percentage of total nitrogen
uptake for the six productivity stations on the Southbound Transect.
Numbers at the top of each bar represent the percent contribution of
each nutrient, with total N uptake (NO3 + NH4 + urea) at the bottom
of each figure.
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Fig. 9. Integrated f-ratios calculated from integrated euphotic zone
(1% for NP1 and NP6, 0.1% for NP2–NP5) uptake rates for the six
productivity stations of the Southbound Transect.
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4 Discussion

Our extensive latitudinal north-south transect to the south
of Africa in late austral summer covered two hydrographi-
cally and biogeochemically distinct provinces, namely a sub-
tropical region north of the STF and a subantarctic region
south of the STF. Despite these distinctions, phytoplankton
biomass was relatively uniform, but low, with only slight
peaks in abundance observed at the frontal features and in
the region of the Prince Edward Islands. Almost everywhere
too, pico-phytoplankton dominated community structure ex-
cept for south of the SAF where micro-phytoplankton dom-
inated. Similarly, nitrogen uptake was also relatively low
everywhere, with an overwhelming dominance by reduced
nitrogen assimilation, as revealed by the exceedingly low f-
ratios.

The lack of any isotopic dilution corrections for these ex-
periments means that regenerated uptake measurements are
underestimated, particularly for those stations where ambient
NH4 concentrations bordered the limit of detection. Such un-
derestimations ofρNH4 by as much as a factor of two (Glib-
ert et al., 1982) would further reduce the f-ratio, which raises
questions over the sensitivities of the analytical techniques
used to measure NH4 and urea concentrations. The com-
monly used indophenol blue method for NH4 analysis of-
ten yields inconsistent results, particularly when ammonium
concentrations are low. The importance ofρNH4 may there-
fore be distorted if ambient NH4 concentrations are overesti-
mated and this needs to be considered when interpreting the
results particularly with regards to the low f-ratios.

In the following discussion, we investigate phytoplank-
ton distribution and primary production in the two distinct
provinces where despite regional differences in physical
forcing mechanisms, the biological responses were similar.
In addition we examine the potential mechanisms respon-
sible for regions of enhanced chl-a, changes in community
structure and nitrogen dynamics that have a potentially sig-
nificant impact on POC export and CO2 draw-down.

4.1 Chlorophyll distribution and N assimilation north
of the STF

Hydrographic characteristics for this region in late austral
summer consist of a shallow surface mixed layer (∼ 75 m)
of warm, salty subtropical water, separated from deeper wa-
ter by a strong seasonal thermocline (Fig. 3a). Such vertical
stratification prevents the transport of deeper NO3 rich wa-
ters into the euphotic zone, except by shear or eddy diffusion,
therefore accounting for low seasonal NO3 (< 1 mmol m−3)

concentrations which are compounded by seasonalρNO3
that depletes the NO3 pool (Fig. 4a). Silicate concentrations
here were also low (< 1.5 mmol m−3) and likely to limit di-
atom frustule formation (Fig. 4b).

Maximal NH4 and urea concentrations (Fig. 5a–c) indi-
cate that remineralisation rates exceeded nano- and pico-
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Fig. 10. Euphotic zone (1% for NP1 and NP6, 0.1% for NP2-NP5)
integrated chlorophyll-a normalized nitrogen uptake (mmol-at N
(mg chl)−1 d−1) for the six productivity stations of the Southbound
Transect.

phytoplankton uptake rates for these nutrients (Dugdale and
Goering, 1967; Tremblay et al., 2000). Primary production
by micro-phytoplankton was limited by both NO3 and sili-
cate, thus paving the way for nano- and pico-phytoplankton
dominated productivity based very strongly on regenerated
N, as indicated by exceedingly low f-ratios (Fig. 9). This
region also exhibited the highest chl-a normalised N uptake
rates (ρN*) (Fig. 10). For stations NP1 to NP3, north of
the STF, the mean integratedρN* value was> 4 times that
of the three subantarctic stations (NP4–NP6). These results
could suggest that combinedρN and photosynthesis in the
subantarctic is either Fe-limited or co-limited by Fe and light,
where the latter encourages chl-a packaging to compensate
for lowered light intensities, therefore resulting in lowered
ρN* values. Conversely, the region north of the STF appears
to be freed from these influences. Without any Fe measure-
ments, however, we are unable to substantiate this argument.

f-ratio values north of the STF increased with depth along-
side elevated ambient NO3 concentrations (Table 1) indicat-
ing an increase inρNO3 with depth. This is unusual, al-
though not unknown, sinceρNO3 is rather strongly light
dependent and usually diminishes with depth (Lucas et al.,
2007). It may be, therefore, that increasingρNO3 with depth,
although potentially light limited, was offset by increasing
NO3 concentrations, and conceivably increased Fe concen-
trations that facilitated both photosynthesis and intracellu-
lar nitrate reduction, although this is purely speculative. An
alternative explanation is that increasing f-ratios with depth
were consistent with a relative decrease in ambient NH4 and
urea (Table 1).

High concentrations of regenerated nutrients result
from micro-zooplankton grazing control (Froneman and
Perissinotto, 1996), and although small size confers a com-
petitive advantage for nutrients at low concentrations, it
also increases susceptibility to grazing by micro-zooplankton
(Raven, 1986), which controls their biomass but nevertheless
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contributes to potential phytoplankton production based on
ammonium excretion (Glibert et al., 1992). Thus the turnover
rate of nano- and pico-phytoplankton is closely coupled
to micro-zooplankton grazing and low nutrient concentra-
tions, which control phytoplankton biomass accumulation
in the subtropical region north of the STF, as previously
noted by Froneman and Perissinotto (1996) and Bathmann et
al. (2000) amongst others. One consequence of this ecosys-
tem structure is that N is conserved, but respiratory CO2
losses are high, and only a small fraction of the fixed POC
is exported into deep water (Tremblay et al. 2000; Salter et
al. 2007), not least because of the absence of any silicate bal-
lasting effect (Thomalla et al., 2008; Sanders et al., 2010).

4.2 Chlorophyll distribution and N assimilation south of
the STF

The absence of a strong thermocline in subantarctic waters
reduces vertical stability and allows deeper nutrient rich wa-
ter to be mixed into the surface layer. South of 43◦ S the tem-
perature and salinity sections (Fig. 3a and b) show consider-
able structure in a sequence from north to south. Whether
these were mesoscale eddies, filaments, or larger frontal
structures, is not possible to determine from a single sec-
tion, however such structures have been observed previously
(Read and Pollard, 1993) and attributed to eddies (e.g., Pol-
lard and Regier, 1992). Such eddies would result in substan-
tial heat loss and convective overturning that entrains nutri-
ents into surface waters (Dower and Lucas, 1993; Pollard et
al., 2002), with the potential to enhance primary production
wherever stability and stratification occurs.

Despite high NO3 concentrations (104–1074 mmol m−2),
primary production is still based primarily on regenerated
nutrients as revealed by low f-ratios (< 0.5) (Fig. 9). Al-
though the community structure exhibits a higher proportion
of micro-phytoplankton, nano- and pico-phytoplankton still
remain the dominant components (Fig. 6b). This scenario in
Southern Ocean waters represents the now well-known high
nutrient low chlorophyll (HNLC) paradox (Cullen, 1991)
that is light-limited in winter and early spring, but Fe-limited
in late spring and summer (Martin et al., 1989, 1991; de Baar
et al., 1990, 2005; Moore et al., 2006, 2007a; Lucas et al.,
2007; Cochlan, 2008). Fe limitation of phytoplankton pro-
ductivity in the HNLC Southern Ocean has been well estab-
lished through a series of in situ and naturally Fe fertilised
experiments (Boyd et al., 2000, 2007; Gervais et al., 2002;
Coale et al., 2004; Hoffmann et al., 2006; Blain et al., 2001,
2007; Pollard et al., 2009).

The increase in nutrient availability from reduced verti-
cal stability is offset by a decrease in light availability with
deep mixed layers. Irrespective of Fe availability, if the mix-
ing depth exceeds the critical depth, phytoplankton growth
becomes light limited (Nelson and Smith, 1991). Apart
from light-limited photosynthesis, nitrate uptake is also re-
stricted by low irradiance (Morel, 1991; Probyn et al., 1996;

Cochlan, 2008), as reflected here by the f-ratios, which de-
crease with depth (Table 1) becauseρNO3 is an energeti-
cally expensive and therefore light sensitive process (see dis-
cussion in Lucas et al., 2007). Low Si(OH)4 concentrations
(Fig. 4b) are also likely to have limited diatom based new
production south of the STF (see also Smetacek, 1998; Dug-
dale and Wilkerson 1998).

ρN rates only increased in the region of the Prince Ed-
ward Island Plateau (station NP6, Fig. 8), where Si(OH)4
concentrations were elevated (83 mmol m−2) compared to
stations NP4 (2 mmol m−2) and NP5 (12 mmol m−2) (data
not shown) and where Fe concentrations were most likely
also elevated due to the same mechanisms seen downstream
of the Crozet archipelago (Pollard et al., 2009). Such ele-
vated concentrations of Si and Fe are likely responsible for
the micro-phytoplankton blooms found here (Fig. 7f).

4.3 Regions of enhanced biomass and productivity

The extent of the Southern Ocean makes it an area of great
importance for the global ocean-atmosphere carbon balance
despite its overall HNLC status. This is partly due to specific
frontal, subantarctic island and ice-edge regions of the South-
ern Ocean that exhibit high seasonal rates of primary produc-
tion; often by a diatom-dominated fraction (e.g. Bathmann et
al., 2000; Tremblay et al., 2000; Atkinson et al., 2001; de
Baar et al., 2005; Cochlan, 2008; Pollard et al., 2009). One
result of this is that the Southern Ocean exports (to 1000 m)
the highest proportion (∼ 3%) of its total production (Honjo
et al., 2000), making it disproportionately important as a bi-
ologically mediated sink for atmospheric CO2.

4.3.1 Enhanced biomass and productivity at
ocean fronts

In this study, elevated surface chl-a concentrations coincided
with frontal regions on both the Northbound and Southbound
transects (Figs. 2c, 6a and b). All three peaks in chl-a were
strongly dominated by specific size classes, which suggest
that the increase in biomass was probably the result of en-
hanced in situ production by selected components of the phy-
toplankton assemblage (Laubscher et al., 1993).

The Agulhas Front

The AF (NP3) was characterised by a doubling of chl-
a biomass (Fig. 7c) and a 3-fold increase in water col-
umn N uptake (Fig. 8c) relative to adjacent non-frontal sta-
tions NP1 and NP2. However,∫ρN (84.61 mmol m−2 d−1)

was still dominated (∼ 90%) by regenerated∫ρ urea and
∫ρNH4 despite integrated NO3 concentrations rising from
∼ 19 (NP2) to∼ 32 mmol m−2. Concurrently, the integrated
f-ratio (Fig. 9) at NP3 was higher (0.10) than at NP1 (0.06)
and NP2 (0.04).

The increased f-ratio within the AF implies a slight in-
crease inρNO3 that could result from the observed increase
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in NO3 concentrations and/or from a more favourable light
environment in the frontal region (Grundlingh, 1979; Lutje-
harms et al., 1981, 1985).

This station exhibited the highest integratedρN* value
(4.32 mmol N (mg chl)−1d−1) of all productivity stations
(Fig. 10), and implies that the dominant pico-phytoplankton
(∼ 80%) (Fig. 7c) are most likely out competing larger cells
in scavenging the available NO3 because of typically low Ks
values associated with small cells (Eppley et al., 1969).

The Subtropical Front

Previous studies of chl-a distribution across frontal bound-
aries have shown the STF to have consistently high biomass
and rates of biological activity (e.g., Weeks and Shilling-
ton, 1994; Barange et al., 1998) that result from cross-frontal
mixing of nutrients and enhanced vertical stability (Plancke,
1977; Allanson et al., 1981; Lutjeharms, 1985). This study
shows a peak in chl-a concentration to the south of the STF
(Fig. 6b and c) at station NP4, dominated by pico- (64%)
and nano-phytoplankton (33%), while micro-phytoplankton
are largely absent (3%) (Fig. 7d). Nitrogen uptake within the
community is based primarily onρurea (56.5%) andρNH4
(37.6%) rather than onρNO3 (5.9%) (Fig. 8d).

If elevated pigment concentrations associated with ocean
fronts are the result of favourable dynamical conditions, then
enhanced rates of primary production would indicate a thriv-
ing population. This was however not the case at 43◦ S
(NP4), where productivity results show very low nutrient as-
similation rates (Fig. 8d) andρN* rates (Fig. 10). These rates
reflect a phytoplankton population that is both nutrient and
light limited with a mixed layer depth (∼ 80 m) that is well
below the 0.1% light depth (53 m). Diatom growth at station
NP4 would also be limited by very low integrated silicate val-
ues (2.3 mmol m−2). This station, situated one degree south
of the STF, more likely represents a senescent phytoplank-
ton population, the zone of peak production associated with
the STF having migrated further north. On the Northbound
transect 10 days previously, the STF was located at 43.5◦ S
(Fig. 2a), the same position as station NP4. However, with
the migration of the STF by one degree north (42.5◦ S) on
the Southbound transect (Fig. 3a), the favourable conditions
associated with the front, that are responsible for initialis-
ing and essential in maintaining enhanced productivity are
no longer present at station NP4 (43.5◦ S).

The Subantarctic Front

A peak in integrated chl-a concentration (25.8 mg m−2) co-
incides with the position of the SAF at 45◦ S (Fig. 6a and
b). Total biomass is only slightly higher than at the AF and
STF, however, the community structure is significantly dif-
ferent (Fig. 7e) and the first population to be dominated by
the micro-phytoplankton size class (59%).

Laubscher et al. (1993) concluded that micro-
phytoplankton blooms associated with the SAF proba-
bly occur as a result of cross frontal mixing of silicate
into the surface layer. In our study, the prominence of
micro-phytoplankton at the SAF coincided with depleted
silicate concentrations in the euphotic surface layer of
12.2 mmol m−2, compared to 83 mmol m−2 at station NP6
(data not shown). Combined with deep mixing and a low
light environment (SML> 90 m, 0.1% 53 m), it is not
surprising that∫ρN values (7.1 mmol m−2) andρN* rates
(0.3 mmol N (mg chl)−1 d−1) were low for this SAF station
(Figs. 8e and 10).

4.4 Enhanced biomass and N uptake in the vicinity of
the Prince Edward Islands

Total chl-a concentrations (45.3 mg m−2) at station (NP6)
over the Prince Edward Island (PEI) shelf were the highest
of all the productivity stations. Micro-phytoplankton domi-
nated the community (61.4%) to attain the highest integrated
biomass recorded (45.3 mg m−2) for this size fraction, fol-
lowed by pico- and nano-phytoplankton in relative abun-
dance (Fig. 7f). Total∫ρN for this station (NP6) was high
(Fig. 8f), second only to the AF (NP3) and dominated by
ρNH4 (64%). Although no Fe measurements were made
during this study, it is not unreasonable to suppose that the
downstream regions of the Prince Edward Islands are also
Fe-enriched, particularly during winter and in early spring
(September, October). Station NP6 is situated∼16 km north
of Prince Edward Islands, which despite being in relatively
deep shelf waters (∼ 1700 m) is situated downstream of the
meandering SAF, which is steered past and north of the Is-
lands by bottom topography (Ansorge et al., 1999). As such,
it is likely that Fe is injected into the region. A similar sce-
nario is observed at the Crozet Islands, where downstream
increases in Fe from both benthic sediments and from island
run-off result in elevatedρNO3 and f-ratios north of the is-
lands (Lucas et al., 2007; Pollard et al., 2009). The upward
flux of dissolved Fe from shallow shelf sediments could en-
courageρNO3 at depth, provided that light is not limiting
and potentially account for the increasing f-ratios with depth
(Table 1) and the higherρ*N values relative to NP4 and NP5
(Fig. 10). Although this station had the highest integrated f-
ratio of all productivity stations (Fig. 9), it is still very low
(0.14). Around Crozet, the impact of Fe-enrichment on phy-
toplankton N metabolism waned significantly by early to mid
summer (November to December) as surface Fe pools were
depleted, resulting in a decline in the average f-ratio from
∼ 0.45 to< 0.2 (Lucas et al., 2007). A similar seasonal trend
would also be expected at the Prince Edward Islands. Given
that this study was undertaken in April/May, in late summer,
it is therefore not surprising that an Fe mediated response in
the f-ratio was barely observed.

Micro-phytoplankton dominated communities such as
those observed at NP6 are thus likely to be alleviated from
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Fe stress, particularly in spring, and significant in terms of
POC export. Furthermore, regionally elevated new produc-
tion rates no doubt support the avifaunal and benthic com-
munity food webs, as well as creating a local and seasonal
CO2 “sink”, as is observed at the Crozet islands (Bakker et
al., 2007).

5 Conclusions

Our north-south transect from subtropical to subantarctic wa-
ters revealed two regions of contrasting characteristics. The
most conspicuous changes in chemical, physical and biolog-
ical variables occurred at the STF, which separated the two
regions. To the north, a warm, salty, highly stratified wa-
ter column with low nitrate concentrations distinguished an
eastern region of the subtropical SW Indian, while the region
south of the STF was characterised by cold nutrient-rich Sub-
antarctic Surface Waters of the Southern Ocean.

Subtropical waters were characterised by low concentra-
tions of small phytoplankton cells and very low f-ratios, in-
dicating productivity based almost entirely on recycled am-
monium and urea. Micro-phytoplankton growth was proba-
bly limited by the strong seasonal thermocline, which creates
sufficient vertical stratification to prevent the upward flux
of nutrients into the euphotic zone. The biomass of small
cells was most likely controlled by micro-zooplankton graz-
ing, which was responsible for conserving reduced N pools.
While respiratory CO2 losses are probably high, POC export
and biological CO2 draw down is expected to be minimal.

Crossing the STF into subantarctic surface waters, to-
tal chl-a concentrations increased and micro-phytoplankton
became more prominent, although nano- and pico-
phytoplankton still typically dominated. South of the STF,
nutrient flux into surface waters was likely maintained by tur-
bulent mixing and large-scale upwelling. However, despite
the predominance of NO3, ρN in this region was still based
primarily on regenerated N in the form of NH4 and urea;
where Si limitation, light-limited deep mixing and likely Fe
deficiency curtailed significant new production by micro-
phytoplankton. The role of macro-zooplankton grazing also
cannot be ignored as a controlling mechanism. Very low f-
ratios mean that CO2 draw down is likely to be lower than
expected from the large NO3 pool in this area.

Increased concentrations of micro-phytoplankton and
rates of new production did however occur at oceanic frontal
regions, and in the vicinity of the Prince Edward Islands; in
the latter case most likely due to local Fe-enrichment as ob-
served at the nearby Crozet Islands. Regions such as these
provide important areas for local but significant POC export
and biological CO2 draw-down in an overall HNLC Southern
Ocean.
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