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Abstract
In order to study the factors controlling the phytoplankton distribution across the Antarctic Polar Frontal
Region (PFR), surface pigment samples were collected during austral summer (January/February 1998) near
1701W. Both the Polar Front (PF) and the Southern Antarctic Circumpolar Current Front (SACCF) were
regions of enhanced accumulation of phytoplankton pigments. The mesoscale survey across the PF revealed
two distinct phytoplankton assemblages on either side of the front. The phytoplankton community was
dominated by diatoms south of the PF and by nanoﬂagellates (primarily by prymnesiophytes) to the north.
Surprisingly, chlorophyll a concentrations did not correlate with mixed-layer depths. However, an increase
of the dominance of diatoms over prymnesiophytes was observed with decreasing mixed-layer depths.
Despite this relationship, we conclude that the average light availability in the mixed layer was not an
important factor inﬂuencing the shift in phytoplankton composition across the PF. Although no correlation
was found between the surface distribution of the major phytoplankton taxa and dissolved iron or silicic acid
concentrations, the location of the strongest vertical gradient in silicic acid and iron concentration coincides
with the maximum abundance of diatoms. We conclude that the diﬀerence in taxonomic composition is a
result of increased silicic acid and iron ﬂux to the upper mixed layer as a result of the increased vertical
gradient of these key nutrients south of the front. r 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction
With growing concerns about the impact of elevated atmospheric carbon dioxide (CO2) on the
global climate, international eﬀort has been increased to understand the role of the ocean in the
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CO2 cycle (Longhurst, 1991; Berger and Wefer, 1991; Boden et al., 1994; Keeling et al., 1996).
In particular, regions of bottom water formation such as the North Atlantic and the Southern
Ocean have the potential to be a net sink for atmospheric CO2 (Knox and McElroy, 1984;
Martin et al., 1990). Biological activity can increase the net sequestration of CO2 by
photosynthetically converting CO2 into organic carbon, and by the subsequent formation of
larger, fast sinking aggregates that transport the carbon into the interior of the ocean (Berger and
Wefer, 1991; Peng and Broecker, 1991; Sarmiento and Orr, 1991). This process is referred to as the
biological pump. Diatoms, due to their increased size, tend to be grazed upon by larger
zooplankton, which excrete fast sinking fecal pellets resulting in a more eﬃcient biological pump
compared to smaller algal species (Dugdale and Goering, 1967; Silver and Gowing, 1991; Dugdale
et al., 1995).
Besides being an area of bottom water formation, the Southern Ocean is also of interest
because of the high concentrations of nitrate and phosphate contrasting the low phytoplankton
biomass. It is an ongoing debate whether the low biomass in this high nutrient low chlorophyll
(HNLC) region can be attributed to iron limitation, light limitation, or grazing (Holm-Hansen
et al., 1977; Martin et al., 1990; Nelson and Smith, 1991; Tre! guer and Jacques, 1992; Banse,
1996). Recent studies have identiﬁed both iron and silicic acid as key nutrients aﬀecting the
biological pump in the Southern Ocean (De Baar et al. 1995, 1999; Franck et al., 2000). De Baar
et al. (1999) have shown that diatom growth north of the Polar Frontal Region (PFR) is limited
both by low silicic acid and iron availability. In addition, upwelling of silicate rich deep water onto
the continental shelf correlates with increased diatom biomass (Pre! zelin et al., 2000). Silicic acid
availability enhances diatom growth, and will hence increase the eﬃciency of the biological pump.
On the other hand, increased iron availability is considered to decrease the extent of the Southern
Ocean HNLC region, and therefore suggested to increase the ﬂux of organic carbon to the
sediments (Martin et al., 1990). The sequestration of atmospheric CO2 is therefore enhanced by
silicic acid as a result of a change in the pelagic community structure, and by iron as a result of
increased carrying capacity of the ecosystem.
The heterogeneous nature of the Southern Ocean results in diﬀerences in the magnitude
and the controls of phytoplankton abundance and productivity (Moore and Abbott,
2000). Our study covered three ecologically distinct regions: The PFR, the Permanently Open
Ocean Zone (POOZ), and the Seasonal Ice Zone (SIZ) (Tre! guer and Jacques, 1992;
Moore and Abbott, 2000). The PFR is deﬁned as the area within 11 latitude north and
south of the Polar Front (PF). The PF is the location of a strong horizontal gradient in
temperature and salinity (Orsi et al., 1995). It is associated with an intensiﬁed eastward current
and strong mesoscale meandering. The meandering is also associated with areas of upwelling
(cyclonic bend of the meander) and downwelling (anti-cyclonic bend) (Flierl and Davis, 1993;
Barth et al., 2001). The variability associated with the meandering of the jet will hence inﬂuence
the environment for phytoplankton growth by varying the upwelling rate of nutrients.
In fact, satellite images (Moore and Abbott, 2000) indicate enhanced phytoplankton biomass
at the PF. Consistent with that observation, high chlorophyll a (chl a) biomass
was observed downstream of a cyclonic meander, where nutrient upwelling is expected, during
an earlier cruise in November/December 1997 (Barth et al., 2001). An analog to the PF is
the Southern Antarctic Circumpolar Current Front (SACCF), marking the southern extent
of the Antarctic Circumpolar Current (ACC), which also appears to be a location of elevated
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biomass (Moore and Abbott, 2000). The POOZ extends south of the PFR to the SIZ and is
typically an area of consistent low phytoplankton biomass. The SIZ is deﬁned as the area covered
with >5% ice cover during the winter prior to the growing season and o70% ice cover during
the summer (seasonal minimum ice extent). The SIZ is generally a very productive area, since
stratiﬁcation from recently melted ice decreases the mixed-layer depths and allows for large
blooms (Smith and Nelson, 1985, 1990). Near 1701W the SIZ extends almost as far north as the
PFR due to a southward bend of the PF (Moore and Abbott, 2000). As a result, the extent of the
POOZ is minimal, which allows for bloom favorable conditions associated with the melting
of the seasonal ice to span almost the entire region between the continental shelf and the PFR
along 1701W.
The purpose of the US Joint Global Ocean Flux Study (JGOFS) in the Southern Ocean was to
gain insight into the magnitude and the controls of carbon ﬂux in the open ocean region of the
Southern Ocean (Smith et al., 2000). Due to the eﬀect of phytoplankton species on the eﬃciency
of the biological pump, we were interested in identifying the dominant phytoplankton groups.
Our goal was also to determine the physical or chemical factors (e.g. mixed-layer depths, silicic
acid or iron distribution) controlling the taxonomic composition of phytoplankton in the PFR
and the ACC during austral summer. The strong gradient in hydrography across the PF makes
the site an ideal location to study the controls regulating the dominance of diﬀerent
phytoplankton groups.

2. Material and methods
2.1. Sample collection
Pigment samples were collected aboard the R/V Roger A. Revelle during January 8–February 8,
1998. The ﬁrst sampling period was during the southbound transect, January 13–16, along 1701W
from 56–681S (Fig. 1.). Five days later, the PF was surveyed twice (January 21–25 and
January 30–February 3). The two surveys at the PF were centered on 1701W and extended
from 169.4 to 171.91W and from 60 to 61.61S (Fig. 1). The sample collection occurred during
the same period as SeaSoar surveys along the ship track, every 0.21 latitude and 0.41 longitude
(equal to 22 km north–south and B25 km east–west). Water samples were collected from the
ship’s surface seawater intake system at approximately 4 m depth. Duplicate 2 l aliquots were
ﬁltered onto GF/F Whatman ﬁlters. Filters were frozen and stored in 801C freezer until
analyzed on shore.
2.2. Sample analysis
Samples were extracted in 3 ml of 100% acetone with the addition of 0.1 ml of internal standard
canthaxanthin, sonicated for 90 s, and extracted for 12 h at 201C. They were then preconcentrated by evaporation under constant ﬂow of nitrogen for 10 min. Phytoplankton pigment
concentrations were determined using a high-performance liquid chromatography (HPLC) system
composed of a Perkin–Elmer pump, an Ultrasphere analytical column (150 mm  4.6 mm), and a
SpectraSystem UV2000 absorption detector (dual wavelength, at 436 and 665 nm). The mobile
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Fig. 1. Location of the cruise aboard the R/V Revelle during January/February 1998. Bold black line indicates the
location of sample collection along the southbound transect. The gray shaded area marks the location of the two
mesoscale surveys.

solvent system method was adapted from Wright and Jeﬀrey (1997). The instrument was
calibrated using commercial pigment standards (Sigma Chemicals and VKI, Denmark). The
detection limit for the pigment concentrations was 0.005 mg l1. Chl a concentrations were used to
estimate phytoplankton biomass and chlorophyllide a (chlide a) concentrations were determined
as a possible indicator for senescent phytoplankton, particularly damaged diatoms (Jeﬀrey et al.,
1997). Chlide a concentrations in a sample could increase as a result of degradation during
the extraction. However, extractions were done in 100% acetone to minimize degradation and
the same extraction procedure was used for all samples. Therefore, we would expect a constant
percentage of chl a degradation. The following carotenoids were used as marker pigments
to determine the taxonomic composition: fucoxanthin (fuco) for diatoms, 190 -hexanoyloxyfucoxanthin (hex) for prymnesiophytes, 190 -butanoyloxyfucoxanthin (butanoyl) for chrysophytes,
peridinin (peri) for dinoﬂagellates, alloxanthin (allo) for cryptophytes, and chlorophyll b (chl b)
for chlorophytes (Jeﬀrey and Vesk, 1997; Bidigare et al., 1996). Fuco also has been found in
the prymnesiophyte Phaeocystis spp. (Wright and Jeﬀrey; 1987; Buma et al., 1991; Vaulot et al.,
1994). However, Phaeocystis is predominantly associated with ice-edge blooms and rarely
observed oﬀshore (Fryxell and Kendrick, 1988; Bidigare et al., 1996). Fuco is also found in three
species of dinoﬂagellates (Jeﬀrey et al., 1975), however, microscopic observations conﬁrm the
dominance of diatoms at 611S (Brown and Landry, 2001). Therefore, we assume that fuco is a
marker pigment speciﬁc to diatoms for the time and location of our study. Pigment data were
interpolated linearly to generate the contour plots with a grid spacing of 0.051 longitude and 0.11
latitude. Pigment concentrations at the surface were assumed to be representative of the average
concentrations within the upper mixed layer based on the fact that seven of the eight vertical
pigment proﬁles (Goericke, unpublished) revealed a uniform depth distribution of the major
pigments within the upper mixed layer.
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2.3. Physical data and mixed-layer depths
The conductivity, temperature and depth (CTD) data were collected by a SeaSoar cycling from 0
to 400 m every 8–10 min. Details of data collection and processing are described in Barth and
Bogucki (2000) and Barth et al. (2001). The mixed-layer depth (MLD) is deﬁned as the depth at
which the density anomaly diﬀers by 0.01 kg m3 from its surface value (Brainerd and Gregg, 1995).
Shipboard Acoustic Doppler Current Proﬁler (ADCP) velocities were obtained in 8 m bins, down to
300–350 m depending on sea state every 2.5 min, using a hull-mounted 153.6 kHz narrow-band RD
Instruments system (Barth et al., 2001). Water velocity relative to the earth was obtained by
subtracting the ship’s motion computed by time-diﬀerencing the P-Code GPS ship location.
2.4. Iron data
Surface samples (B1 m depth) were collected from a ‘‘ﬁsh’’ towed by a boom extended
approximately 4 m outboard from the aft quarter of the ship (Vink et al., 2000). Surface water was
pumped peristaltically on board through Teﬂon-lined polyethylene tubing. The outlet of this tubing
was passed into a plastic tent mounted over a sink. Discrete samples for determination of total
dissolved iron (Fe) were collected from this outlet while the ship was underway. These samples were
ﬁltered in a class 100 ﬂow bench through a 0.2-mm acid-leached Gelman acro-50A ﬁlter.
Vertical proﬁle samples were collected from either Go-Flo bottles mounted on a trace metal
clean rosette or from Niskin bottles mounted on a resin-coated clean rosette. No signiﬁcant or
systematic diﬀerences were found between results obtained from these diﬀerent sampling systems.
These samples were also ﬁltered in a class 100 ﬂow bench through the same 0.2-mm ﬁlters as the
underway samples. Iron concentrations were determined using the method of Measures et al.
(1995). Samples were pre-concentrated in-line for 3 min onto a resin of immobilized
8-hydroxyquinoline (Landing et al., 1986). Iron concentrations were determined by the spectrophotometric detection of dimethyl-p-phenylenediamine dihydrochloride (DPD) oxidized by Fe.
Standards were made by addition of known amounts of Fe standard (Fisher Scientiﬁc) to ﬁltered,
acidiﬁed seawater collected underway. The technique had a precision of 3–4% during this cruise.
2.5. Silicic acid data
Surface H4SiO4 data were collected using the pump described above and measured using the
high-sensitivity acid-molybdate method (Brzezinski and Nelson, 1989). The precision of this
method is 71% or 70.05 mM, whichever is greater. H4SiO4 proﬁle data were obtained from
regular CTD rosette and analyzed following JGOFS protocols (JGOFS, 1996) using a 5-channel
Technicon II AA system.
3. Results
3.1. Southbound transect along 1701W
3.1.1. Position of the fronts
During the transect, the steepest surface temperature gradient was observed between 611S and
61.21S, consistent with the position calculated from AVHRR satellite SST data (Moore et al.,
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1999). The center of the intensiﬁed eastward jet was observed around 61.11S (Barth and Cowles,
in preparation). This agrees well with the observation on the spring cruise 1997, where the center
of the eastward jet was positioned just north of the steepest temperature gradient (Barth et al.,
2001). The position of the SACCF was observed between 64.51S and 651S, corresponding with the
position of intensiﬁed eastward jet associated with that front (Barth and Cowles, in preparation).

3.1.2. Phytoplankton pigment distribution
Surface chl a concentrations measured during the southbound transect yielded two local
maxima, one at the PF and one near the SACCF (Fig. 2a). At the latter, chl a reached values as
high as 0.7 mg l1. Chlide a concentrations was also highest at the location of the SACCF
(Fig. 2b). The ratio of chlide a to chl a was signiﬁcantly higher (0.9) at the SACCF compared with
ratios around 0.4 for the rest of the transect. This increase could be both a function of grazing or
senescence of the diatom bloom. Microscopic observations support the latter reason (Brown and
Landry, 2001). The chl a measurements based on HPLC are consistently lower (as much as 50%
lower) than the chl a concentrations measured by ﬂuorometry. The same discrepancy is also seen
between the HPLC chl a measurements from another lab. (Goericke, unpublished) and the
ﬂuorometric chl a measurements. Both data sets have been vigorously checked for systematic
errors and the discrepancy seems to be inherent in the diﬀerent methods. Therefore, it is important
to consider these estimates of phytoplankton biomass as rather conservative. In addition, our
method was not able to resolve all of the chl a allomers, and therefore we only report chl a and not
total chl a, which is the sum of all the allomers, chlide a and chl a. Only on the transect did chlide
a concentrations reach high enough concentrations worth mentioning. We therefore report both
chl a and chlide a for the transect only. Maximum fuco concentrations were 1 mg l1 (Fig. 2c) and
hex reached 0.23 mg l1 (Fig. 2d). These pigments displayed a meridional distribution similar to
that observed for chl a, with increased concentrations at the two physical fronts. However, north
of the PF hex was more abundant than fuco, which was reﬂected in the low fuco : hex ratio
(Fig. 2e). The remaining pigments peri, butanoyl, and allo (marker pigments for dinoﬂagellates,
chrysophytes, and cryptophytes, respectively) also showed a trend of increased concentrations
near the PF and the SACCF, but their maximum concentrations were low compared to hex and
fuco (Fig. 2f). Throughout the entire ACC region south of the PF, diatoms appeared to dominate
the phytoplankton assemblage, with the fuco : (peri+butanoyl+hex+allo) ratio >1 (not shown).
North of the PF this ratio was less than one, suggesting that nanoﬂagellates, prymnesiophytes in
particular, dominated the phytoplankton assemblage.
"

Fig. 2. Pigment concentration for surface samples collected during the southbound transect along 1701W. The shaded
areas indicate the location of the Antarctic Polar Frontal Region (PFR) and the Southern Antarctic Circumpolar
Current Front (SACCF). Error bars indicate one standard deviation. The following pigments are shown: (A)
chlorophyll a concentration (mg l1); (b) chlide a concentration (mg l1) c) fucoxanthin concentration (mg l1), which is a
marker pigment for diatoms; (d) 190 -hexanoyloxyfucoxanthin concentration (mg l1), which is a marker pigment for
prymnesiophytes; (e) the ratio of fucoxanthin to 190 -hexanoyloxyfucoxanthin (wt : wt), as an estimate of the dominance
of either group; (f) Peridinin indicated by crosses (x), 190 -butanoyloxyfucoxanthin indicated by closed diamonds (E)
and alloxanthin concentration indicated by open circles (J) (mg l1). The dashed line in (e) marks the 1 : 1 ratio.
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3.1.3. Nutrient distribution
Nitrate and phosphate concentrations were high throughout our study area. Nitrate
concentrations in the upper mixed layer never declined below 18 mM, and phosphate was always
greater than 1 mM. Surface silicic acid concentrations measured during the transect were very low
(o3 mM) north of the meridional H4SiO4 gradient at 651S, where surface concentrations increased
to >50 mM, with the exception of higher and more variable values in the PFR, ranging from 1 to
6.5 mM (Fig. 3). This meridional gradient resulted from biological draw-down of H4SiO4 in the
region between the H4SiO4 gradient and the PFR by elevated biomass observed in spring and
early summer (Brzezinski et al., 2001; Nelson et al., 2001). Similarly, iron concentrations were
elevated within the PFR relative to adjacent waters and increased just south of the SACCF
(Fig. 3). However, increased iron concentrations also were observed between 63.51S and 651S
where surface waters were depleted in H4SiO4.
3.2. Mesoscale surveys of the Polar Frontal Zone at 1701W
3.2.1. Physics across the Polar Front
Surface temperatures were about 21C higher than observed during spring throughout the survey
area (Barth and Cowles, in preparation). Both mesoscale surveys revealed a surface water
temperature gradient of 1.71C per degree latitude, with surface temperature dropping from 51C to
2.51C between 601S and 61.51S (Barth and Cowles, in preparation). Horizontal velocities, based
on ADCP data, were maximal in a relatively narrow band centered in the region of the strongest
meridional temperature gradient (near 61.11S). They were primarily eastward and reached values
of 0.25 m s1 during the ﬁrst survey and somewhat higher values during the second survey (Barth
and Cowles, in preparation). Currents revealed only weak meandering, in contrast to observations
during a spring cruise (Barth et al., 2001; Abbott et al., 2000). Drifters were released within the
center of this jet during the ﬁrst mesoscale survey (Abbott et al., 2001). These drifters stayed well

Fig. 3. Silicic acid (mM) and iron (nM) concentrations for surface samples collected during the southbound transect
along 1701W. The shaded areas indicate the location of the Antarctic Polar Frontal Region (PFR) and the Southern
Antarctic Circumpolar Current Front (SACCF). Error bars on the iron data indicate the 4% error and on the silicic
acid data the 1% error (or 70.05 mM, whichever is larger) associated with each method.
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within the center of the jet and for the purpose of the following discussion, the drifter tracks are
used to mark the PF (Figs. 4 and 5).
3.2.2. Phytoplankton assemblage across the Polar Front
The high resolution survey revealed two areas of elevated chl a concentration on either side of
the PF (Figs. 4a and 5a). This pattern was more pronounced during the ﬁrst survey than during
the second. Butanoyl concentrations were very low but displayed a similar distribution than chl a
(Figs. 4b and 5b). Fuco was the most abundant marker pigment south of the front and was
signiﬁcantly higher than hex south of the front during both surveys (po0:001 for both surveys;
Wilcoxon rank-sum test) (Figs. 4c and 5c). The concentration of fuco was on average three times
higher south than north of the front during the ﬁrst survey and two times higher during the second
survey. Hex was found in highest concentrations north of the PF, with particularly low
concentrations south of the PF during the ﬁrst survey (Figs. 4d and 5d). Allo and peri were
present but in very low concentrations (data not shown) on either side of the PF and the other
marker pigments were below our detection limit.
3.2.3. Mixed-layer depths and light levels
The mixed-layer depths ranged from 43 to 75 m during the ﬁrst and from 47 to 83 m during the
second SeaSoar survey and were generally deeper north of the PF. A plot of mixed-layer depths
and chl a reveals no correlation (Fig. 6a and b, r2 ¼ 0:02; Model II regression) during either
mesoscale surveys. However, a weak negative correlation can be observed between the mixed-layer
depths and the dominance of diatoms over prymnesiophytes (fuco : hex ratio) (Fig. 6c, r2 ¼ 0:38
and Fig. 6d, r2 ¼ 0:40; Model II regression) during both surveys, with slopes signiﬁcantly diﬀerent
from zero (po0:01 for both surveys). No PAR data were available for this cruise, therefore 1%
isolumes were determined based on in situ measured light attenuation coeﬃcients (Cowles,
unpublished) in order to assess the inﬂuence of light on the species distribution. Only spatially
scarce euphotic depth data were available. The 1% isolumes range between 50 and 80 m (Cowles,
unpublished), about the same depth range as the mixed-layer depths. Additionally, the shallow
mixed layers coincide with the shallower 1% isolumes south of the front. Assuming the surface
irradiance was the same, phytoplankton would encounter on average about the same amount of
light on either side of the PF if mixed throughout the mixed layer.
3.2.4. Silicic acid and iron across the Polar Front
During both mesoscale surveys surface silicic acid concentrations were low (o10 mM) and
uniform across the PFR. Surface iron concentrations were elevated compared to adjacent waters
and ranged from 0.1 to 0.27 nM Fe and from 0.1 to 0.2 nM Fe during the ﬁrst and second
mesoscale survey, respectively. Nevertheless, the iron concentrations did not correlate with the chl
a concentrations nor with the fuco : hex ratio. However, silicic acid concentrations below the
mixed layer were signiﬁcantly higher south of the PF at 621S (36 mM H4SiO4; Fig. 7a) compared to
north of the PF at 601S (13 mM H4SiO4; Fig. 7c). These higher H4SiO4 concentrations at depth
resulted in a three-fold higher vertical H4SiO4 gradient south of the front compared to that in the
north (Table 1). If all other terms are equal, this would result in a three-fold increase in eddy ﬂux
of H4SiO4 from below the mixed layer (Table 1). In the case of iron, concentrations at depth were
only slightly higher south of the front, increasing from 0.16 to 0.25 nM Fe between 60 and 621S
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Fig. 4. Pigment concentration for surface samples collected during the ﬁrst SeaSoar survey at the Polar Front. Crosses
indicate the sample location. The black diamonds indicate the position of the Polar Front jet. (a) chlorophyll a
concentration (mg l1); (b) 190 -butanoyloxyfucoxanthin concentration (mg l1), which is a marker pigment for
prymnesiophytes and chrysophytes; (c) fucoxanthin concentration (mg l1), which is a marker pigment for diatoms; (d)
190 -hexanoyloxyfucoxanthin concentration (mg l1), which is a marker pigment for prymnesiophytes.

(Fig. 7a and c). The resulting vertical gradient was negative north of the front
(0.33  103 nM m1) and positive both within (0.05  103 nM m1) and south
(0.38  103 nM m1) of the front (Table 2). Therefore, any eddy ﬂux north (601S) of the front
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Fig. 4 (continued)

would result in a dilution of the measured mixed layer iron concentrations, and in an increase in
mixed layer iron concentrations south (621S) of the front (Table 2).
4. Discussion
During the ﬁrst PF cruise in austral spring 1997, phytoplankton biomass was generally low
except in a small area just south of the PF jet (Barth et al., 2001; Brzezinski et al., 2001). It
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Fig. 5. Same as Fig. 4, but collected during the second SeaSoar survey.

appeared that the onset of stratiﬁcation in this region facilitated the biomass increase (>0.8 mg
chl a l1) (Barth et al., 2001). However, the distribution of chl a along the PF was related to
mesoscale meandering of the front (Barth et al., 2001), indicating the importance of the meander
driven upwelling for the phytoplankton by increasing nutrient and light supply (Abbott et al.,
2001). Besides the elevated biomass at the PF, a diatom bloom (B1.5 mg total chl a l1; as
determined by HPLC; Goericke, unpublished) was observed at around 63–641S near the
retreating ice edge during early summer 1997, and waters immediately north of the bloom were
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Fig. 5 (continued)

depleted in silicic acid (Brzezinski et al., 2001). The large ﬂux into the sediment traps at 631S
(221 mg m2 d1 at 1031 m) was likely a result of this bloom (Honjo et al., 2000).
By the time of our cruise, the strongest meridional surface H4SiO4 gradient was within the
SACCF (at 651S) and a bloom (0.8 mg chl a l1; 1.2 mg total chl a l1) was again observed
coincident with this gradient. Although chl a concentrations were lower (o1 mg l1) than typical
bloom concentrations, biogenic silica concentrations were high and comparable to concentrations
measured in coastal diatom blooms (Brzezinski et al., 1997). The discrepancy between low chl a
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Fig. 6. Relationship between pigments and mixed-layer depths (MLD). (a) and (c) are from the ﬁrst SeaSoar survey
and (b) and (d) from the second survey. (a) and (b) are plots for chlorophyll a (mg l1) and MLD (m). (c) and (d) are
plots for the ratio of fucoxanthin to 190 -hexanoyloxyfucoxanthin and MLD (m), with a linear regression (Model II) ﬁt
to each plot.

Fig. 7. Vertical proﬁles for silicic acid (J) (mM) and iron (K) (nM) concentrations from stations along 1701W at (a)
601S, (b) 611S, and (c) 621S.

and high biogenic silicate concentrations could be a sign of a senescent or heavily grazed upon
diatom bloom. This would explain the high chlide a relative to chl a concentrations observed at
the location of the bloom. Microscopic observations of abundant empty diatom frustules conﬁrm
this speculation (Brown and Landry, 2001). Marker pigments indicate a strong dominance of
diatoms within this bloom. The phytoplankton biomass decreased south of the SACCF despite
high silicic acid and iron concentrations.
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Table 1
Estimates of silicic acid ﬂux based on eddy ﬂux only (Kz ¼ 3  105 m2 s1)

dSi/dz; (mmol m4) or mM m1
Eddy ﬂux (mmol m2 s1)
Daily ﬂux (mmol m2 d1)
Daily production (mmol m2 d1)a
a

621S

611S

601S

0.63
1.89  105
1.63
7.0

0.40
1.19  105
1.03
4.3

0.19
0.56  105
0.48
5

Estimate by Brzezinski et al. (2001).

Table 2
Estimates of iron ﬂux based on eddy ﬂux only (Kz ¼ 3  105 m2 s1)
621S
4

1

dFe/dz; (mmol m ) or nM m
Eddy ﬂux (mmol m2 s1)
Daily ﬂux (mmol m2 d1)
Daily production (mmol m2 d1)a

611S
3

0.38  10
1.15  108
1.00  103
11.38

601S
3

0.05  10
0.15  108
0.13  103
6.99

0.33  103
1.01  108
0.87  103
8.13

a
Estimated using biogenic Si production estimates (Table 1) and average phytoplankton Si : Fe ratios (Collier and
Edmond, 1983; Martin and Knauer, 1973; Martin et al., 1976).

With the low surface silicic acid concentrations observed north of 651S, one would expect the
phytoplankton assemblage to shift to groups other than diatoms. However, the dominance of
diatoms over prymnesiophytes is relatively constant between the SACCF and the PFR, with the
ratio of fuco to the sum of all other pigments declining only two-fold between the SACCF and the
PFR. The low ambient iron concentrations and grazing pressure on the smaller autotrophs
(Brown and Landry, 2001) could be responsible for the absence of a major shift in the group
composition towards non-diatom species.
Despite the depletion of surface H4SiO4 north of 651S, a local maximum in H4SiO4
concentration was detected in the PFR on the southbound transect (Fig. 3). Iron concentrations
were also slightly elevated in the PFR. The increased iron concentration and the persistent
elevated silicic acid concentration at the PFR suggests a re-supply of nutrients from upstream or
from below the mixed layer. This re-supply of nutrients in the PFR appears to support higher
biomass within the PFR compared to adjacent areas (Fig. 2). Diatoms dominated the assemblage
south of the PF but were not an important component of the phytoplankton to the north of the
jet, where nanoﬂagellates were most abundant. However, nanoﬂagellates were not excluded from
the south and contributed on average 22% to the biomass (based on hex and butanoyl
biomarkers). Microscopic observations conﬁrm that diatoms dominated also in terms of carbon
biomass estimates at the southern edge of the PFR during the transect (Brown and Landry, 2001).
Given the striking diﬀerences in phytoplankton assemblage across the PFR, we also would
expect to observe a strong meridional gradient in mixed-layer depths, light availability, or nutrient
concentrations. Although surface silicic acid and iron concentrations were elevated in the PFR,
the concentrations of these dissolved constituents did not correlate with pigment concentrations,
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thereby failing to account for the cross-frontal diﬀerences in phytoplankton assemblage.
Additionally, there was no correlation between the biomass and the mixed-layer depths (Fig. 6).
This is surprising, since previous work consistently found increased biomass with shallower mixed
layers (Mitchell and Holm-Hansen, 1991; Arrigo et al., 1999; Smith et al., 2000). In most
instances, this relationship is a result of increased average irradiance available to the
phytoplankton in the mixed layer, which then allows for increased growth. However, this
relationship also could be indicative of upwelling of silicic acid and possibly iron allowing for
increased diatom biomass (Pre! zelin et al., 2000). Since we only saw a correlation between the
dominance of diatoms over prymnesiophytes and the mixed-layer depths, the relationship is more
indicative of increased silicic acid ﬂux than of increased light availability. Additionally, the ratio
of the mixed-layer depths to the depth of the 1% isolumes is nearly uniform (around 1) across the
front, and does not indicate that light availability was an important factor in structuring the
phytoplankton assemblage.
A lack of correlation between the mixed-layer nutrient concentrations and pigment ratios does
not necessarily imply that nutrients are not important in controlling the pigment ratios, but rather
implies that rates might be more important than concentrations. At low ambient nutrient
concentrations, nutrients are likely kept low by biological consumption, and supply rates of those
nutrients will control the standing stock and possibly the phytoplankton assemblage (Nelson et al.,
1989). The most plausible explanation for the dominance of diatoms south of the PF, and absence
north of the PF, is the diﬀerence in H4SiO4 supply rates between the two locations. The factors
controlling the supply rate of nutrients from below the mixed layer are wind-driven mixing,
vertical motion driven by wind stress curl, the gradient of nutrients with depth, the depth of the
mixed layer, and the strength of stratiﬁcation. Since winds in this open-ocean area are associated
with large-scale weather systems, wind direction and wind stress are on average uniform across
our survey area (between B601S and B621S). However, the proﬁles of H4SiO4 on either side of
the front clearly indicate a three-fold increase of the H4SiO4 gradient with depth south of the front
(Fig. 7a–c). Despite the narrow range over which the mixed-layer depths varied within the survey
area, a trend between the decrease in mixed-layer depth and an increase in the fuco (diatom)
dominance can be observed (Fig. 6c and d). The coincidence of shallower mixed-layer depths and
stronger vertical H4SiO4 gradient south of the front resulted likely in an increased ﬂux of H4SiO4
to surface waters from below the mixed layer. An estimate for H4SiO4 eddy ﬂux yields a ﬂux of
1.6 mmol H4SiO4 m2 d1 south of the PF (621S) and 0.5 mmol H4SiO4 m2 d1 north of the PF
(601S) (Table 1). These ﬂux estimates would support 23% of the integrated silicic acid production
measured by Brzezinski et al. (2001) at 621S and 10% of the production estimates at 601S.
The same calculation for iron ﬂux yields a positive ﬂux of iron south of the PF and a negative
ﬂux of the same magnitude north of the PF (Table 2). This would suggest that both silicic acid and
iron limitation were alleviated south of the PF due to the positive ﬂux of iron as opposed to north
of the PF, where iron concentrations were diluted. However, when production rates of biogenic
silicic acid were translated into biogenic iron production rates based on phytoplankton Si : Fe
ratios in the literature (Collier and Edmond, 1983; Martin and Knauer, 1973; Martin et al., 1976),
iron eddy ﬂux on either side of the PF appeared negligible compared to iron necessary to sustain
such production rates (ratio Fe ﬂux : Fe production estimate=0.0003) (Table 2). This comparison
between estimated biogenic iron production rates and iron eddy ﬂuxes suggests that even in
regions of high meander-driven upwelling, iron ﬂux from below the mixed layer was likely to be
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insigniﬁcant. Based on this discrepancy in iron ﬂux and production estimates, we conclude that
diﬀerences in iron supply on either side of the PF were less likely to account for the shift to
diatom dominance south of the PF than the diﬀerences in silicic acid ﬂux estimates on either side
of this front.

5. Conclusion
Although increased light availability as a result of shallower mixed layers appears to be crucial
for the initiation of a bloom in spring and early summer (Mitchell and Holm-Hansen, 1991;
Abbott et al., 2001; Smith et al., 2000), subsequent phytoplankton accumulation in midsummer is
not correlated to mixed-layer depths (Fig. 6) and likely not a function of light availability. The
observed correlation between increased diatom dominance over prymnesiophytes and shallower
mixed layers is in agreement with observations made by Arrigo et al. (1999) in the Ross Sea.
However, we believe that in our case this correlation does not necessarily result from increased
light availability, since the scarce light data indicate that regardless of the mixed-layer depths
diatoms and prymnesiophytes are both being mixed to the bottom of the euphotic zone. With the
low ambient silicic acid and iron concentrations observed during this cruise, it is not surprising
that we do not ﬁnd a correlation with the mixed-layer concentrations but with the concentrations
below the mixed layers. This is in agreement with a previous study, which observed diatom
dominance coinciding with locations of upwelling during austral summer (Pre! zelin et al., 2000).
This supports the hypothesis that the factors controlling the phytoplankton biomass shift from
light limitation to silicic acid and iron limitation between austral spring and summer. Therefore,
we conclude that the increased diatom dominance south of the PF is a consequence of increased
silicic acid and possibly iron ﬂux to the mixed layer. This increased ﬂux south of the PF is possible
due to the shallower mixed layer and the increased nutrient gradient with depth.
We speculate that additional meander-driven upwelling of silicic acid will further stimulate the
growth of diatoms at the southern edge of the PFR, which in turn would increase the eﬃciency of
the biological pump in exporting carbon. The signiﬁcance of the meander-driven re-supply of iron
to the biology is less clear, due to a lack of information on the iron requirement for Southern
Ocean phytoplankton. In the subsequent downwelling region of the meander, the export of the
organic material out of the upper mixed layer will be further enhanced (Flierl and Davis, 1993).
This interplay between the upwelling and downwelling region of the front has the potential to
contribute signiﬁcantly to the export of organic carbon even after the occurrence of the bloom.
This is conﬁrmed by observations of a substantial ﬂux (156 mg m2d1) into a sediment trap at
1003 m below the PF (Honjo et al., 2000). Flux estimates of upwelling nutrients and downwelling
biomass in terms of carbon are necessary to assess the overall importance of the PFR to the
carbon budget of the Southern Ocean.
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