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Abstract
As part of two USJGOFS cruises, we investigated spatial variability in phytoplankton properties across the strong
environmental gradient associated with the Antarctic Polar Frontal Zone during late austral summers of 1997 and 1998.
Cell properties, including size and an index of pigment content as well as photosynthetic efﬁciency (as indicated by
relative variable ﬂuorescence), changed dramatically across this frontal region. A general trend toward reduced
photosynthetic efﬁciency south of the Polar Front was correlated with low dissolved iron concentration and is
consistent with physiological iron limitation in the phytoplankton. We detected no signiﬁcant differences in
photosynthetic efﬁciency among different size classes of the dominant pico- to nanophytoplankton, despite a systematic
community level shift toward larger sized cells south of the Polar Front. In contrast to other cells, those classiﬁed
as cryptophyte algae showed relatively high photosynthetic efﬁciency in low iron waters; however, this group was never
found in high abundance. One group, all cells p2 mm, showed an unexpected increase in intracellular pigment content
(based on single cell chlorophyll ﬂuorescence measurements) south of the Polar Front where dissolved iron
concentration and the cells’ relative abundance were low. Overall, these results suggest that group- or size-speciﬁc
differences in physiological status were not directly regulating community structure in the pico- to nanophytoplankton
during the late summer season; other processes, such as differential grazing or sinking losses, must be important.
r 2002 Published by Elsevier Science Ltd.
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1. Introduction
The potential role of iron in regulating Southern
Ocean phytoplankton has long been recognized
(e.g., Gran, 1931; Harvey, 1933; Hart, 1934;
Cooper, 1935), but until recently it was nearly
impossible to test directly hypotheses concerning
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E-mail address: hsosik@whoi.edu (H.M. Sosik).

iron effects on phytoplankton physiology, photosynthesis, and growth in natural ecosystems.
Renewed interest in assessing the role of iron in
marine planktonic ecosystems was sparked by
measurements suggesting that vast areas of the
open ocean are iron limited (Martin and Fitzwater, 1988) and by results from the ﬁrst in situ
iron enrichment experiments conducted in the
Equatorial Paciﬁc, which showed stimulation of
phytoplankton physiology and biomass (e.g.,
Kolber et al., 1994; Martin et al., 1994; Behrenfeld
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et al., 1996; Coale et al., 1996). Synthetic views of
how factors such as micronutrient limitation and
species-dependent grazing combine to affect the
Equatorial Paciﬁc pelagic ecosystem are beginning
to emerge (Landry et al., 1997; Leonard et al.,
1999). In high latitude regions, potential effects of
low iron availability must be considered in the
context of seasonal changes in light availability
associated with incident solar radiation and deep
winter mixing (e.g., Mitchell et al., 1991). For the
Southern Ocean, in particular, uncertainty about
what combination of factors regulates primary
production has important implications for predicting the overall effects of marine processes in
global carbon cycling (de Baar et al., 1995;
Sarmiento and Le Quere, 1996; Arrigo et al.,
1999).
The role of iron in limiting Southern Ocean
phytoplankton has been investigated chieﬂy via
iron enrichment experiments in which properties
such as chlorophyll, biomass, or physiological
parameters are measured over time in control
and enriched samples. Because of logistical constraints, these experiments have been almost
all shipboard bottle incubations (de Baar et al.,
1990; Martin et al., 1990; Buma et al., 1991;
Helbling et al., 1991; van Leeuwe et al., 1997;
Olson et al., 2000) despite questions about bottleinduced changes in community composition and
perturbation of grazing conditions (e.g., Banse,
1991). In situ enrichments, such as those carried
out in the Equatorial Paciﬁc (Martin et al., 1994;
Coale et al., 1996) and more recently in the
Southern Ocean (Boyd et al., 2000), overcome
some of the limitations of bottle incubations, and
their results have generally agreed with the
ﬁndings from bottle incubations. Enrichment
experiments, however, must be followed for
days to document changes; in situ enrichments
are especially complex logistically, and even shipboard experiments can be carried out only at
selected stations. A realtime in situ assay for iron
limitation is needed to overcome these limitations,
and active ﬂuorescence techniques may provide the
solution.
Active ﬂuorescence approaches (e.g., Falkowski
et al., 1992; Olson et al., 1996) for assessing
nutritional status of phytoplankton have been

used to augment both in situ and bottle enrichment experiments. During in situ enrichment in the
Equatorial Paciﬁc (Kolber et al., 1994; Behrenfeld
et al., 1996) and the Southern Ocean (Boyd et al.,
2000), increases in chlorophyll a variable ﬂuorescence were found to precede increases in
chlorophyll concentration. Similar relatively rapid
physiological responses can occur in bottle incubations with iron enrichment (Olson et al.,
2000). Because these responses are so rapid and
reﬂect changes in the status of the photosynthetic
machinery (see Falkowski et al., 1992), they are
not directly inﬂuenced by factors such as changes
in grazing pressure that may occur in bottles (e.g.,
Banse, 1991) and are indicative of physiological
limitation.
We previously documented variable ﬂuorescence responses to iron enrichment during postbloom conditions in late summer for regions of the
Ross Sea (Olson et al., 2000); these responses were
correlated with the initial level of variable ﬂuorescence: greater increases were observed for cells
with lower initial variable ﬂuorescence. In this
paper, we examine ambient variable ﬂuorescence
and ﬂow cytometry data to document the spatial
distribution of iron limiting conditions and
associated properties of the phytoplankton. For
a transect across the Polar Front, apparent
physiological iron limitation is shown to be
coincident with the lowest values of dissolved
iron concentration observed, but for the Ross
Sea a simple correlation with iron concentration
is not evident. Over both regions, there was
an unexpected inverse correlation between photosynthetic efﬁciency (as indicated by relative variable ﬂuorescence) and mean phytoplankton cell
size. Despite evidence for physiological iron
limitation, patterns in phytoplankton biomass
and community structure did not appear to be
directly related to iron availability at this time of
year.

2. Methods
Sampling was conducted in the late summers of
1997 (13 January–11 February) and 1998 (13 February–19 March) as part of the USJGOFS
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Antarctic Southern Ocean Process Study
(AESOPS). In 1997 (R.V. Nathaniel B. Palmer
Process II cruise NBP97-1), a series of stations
representing an east-west transect across the Ross
Sea was occupied twice over 5–6 day periods
beginning two weeks apart (stations 1–8 and
13–20); additional stations were located to the
north, south, and west of the transect line (Fig. 1).
In 1998 (R.V. Roger Revelle Process II cruise
RR09), we conducted a north–south transect
across the Polar Front region; stations were
occupied along a section from Christchurch,
New Zealand (B43.51S, 1731E) to 551S, 1701W
and then southward along B1701W to 711S.
Stations 1–14 represent the southbound transect
and 15–30 the northward return transect (Fig. 1).
Station data presented here come from a combination of in situ measurements during
vertical proﬁles and analysis of discrete water
samples collected from the euphotic zone. In
addition to data from vertical proﬁles at the
stations, we also present results from continuous
underway sampling of surface water conducted
in 1998.
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2.1. Station sampling
Vertical proﬁles were measured with two CTD/
rosette systems (a standard plastic-coated rosette
with Niskin bottles that had epoxy-coated springs
and a ‘‘trace metal clean’’ Teﬂon-coated rosette
with Go-Flo bottles). Ancillary sensors available
with the CTD included a bulk chlorophyll
ﬂuorometer and a PAR (photosynthetically available radiation, 400–700 nm) sensor. Vertical proﬁles of active chlorophyll ﬂuorescence assays for
photosynthetic properties of phytoplankton were
achieved by two approaches. During both cruises,
discrete water samples were analyzed on the ship
with a PDP (‘‘pump-during-probe’’) ﬂow cytometer, and, during the Polar Front transect, an in
situ FRR (‘‘fast repetition rate’’) ﬂuorometer was
attached to the standard rosette. These two
approaches have different advantages: FRR ﬂuorometer measurements can be made with higher
space and time coverage than PDP ﬂow cytometry,
and PDP ﬂow cytometry allows different groups of
phytoplankton to be separately characterized. We
have previously shown that these two approaches
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Fig. 1. Locations of stations for which data are presented in this paper (&=1997 stations, and J=1998 stations). The right panel is
an expanded view of the Ross Sea showing station numbers for sampling in 1997. Stations marked with a cross (X) are those where
PDP ﬂow cytometer results are available for 1997, and FRR ﬂuorometer results are available for 1998.
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yielded comparable results on the Polar Front
cruise (Olson et al., 2000).
Both of these active ﬂuorescence measurements
are based on assessment of a ﬂuorescence induction curve over a time scale during which turnover
of the photosynthetic reaction centers is negligible.
The initial level of ﬂuorescence ðFo Þ is indicative of
the dark-adapted or ambient light condition
(depending on the measurement protocol), and
the ﬁnal level of ﬂuorescence ðFm Þ is achieved after
saturation of the photosynthetic reaction centers
with the instrument’s excitation light. The variable
ﬂuorescence ðFv ¼ Fm 2Fo Þ; when normalized to
Fm ; is an index of the photochemical conversion
efﬁciency of the phytoplankton being assayed and
varies with nutritional status (e.g., Kolber et al.,
1988; Greene et al., 1991; Falkowski et al., 1992;
Geider et al., 1993). In addition, the photosystem
II (PSII) functional absorption cross-section
ðsPSII Þ can be derived from the rate of increase
from Fo to Fm given knowledge of the excitation
intensity. For the PDP and FRR measurements,
Fv =Fm and sPSII were estimated with slightly
different methods as described below.
The PDP ﬂow cytometer, which has been
previously described in detail by Olson et al.
(1999), allows 150 ms ﬂuorescence induction curves
to be measured on each cell as it passes through
the ﬂow cytometer. Conventional integrated
ﬂuorescence and light scattering signals used to
size and identify groups of cells (e.g., Olson et al.,
1989) are correlated with each induction curve.
From the induction curves, we derived Fv =Fm and
sPSII using non-linear least squares regression to
the model proposed by Olson et al. (1996). Water
samples were collected in trace metal clean
polycarbonate bottles and stored at 21C before
PDP analysis on board the ship; induction curves
were measured for individual cells in 0.1–1 ml of
seawater. Since induction curves of individual cells
are noisy, here we report average ﬂuorescence
properties for groups of cells deﬁned by their light
scattering and ﬂuorescence cross-sections. Statistical evaluation of differences observed in ﬂuorescence properties among different groups of
phytoplankton and across different latitude zones
was based on a two-way analysis of variance
(5% signiﬁcance level), followed by a Student–

Newman–Keuls Test for means comparison when
appropriate.
A battery-powered FRR ﬂuorometer with internal data logging (Chelsea Instruments, Ltd.
FASTtracka) was attached at the base of the
standard rosette frame and used to collect two
types of ﬂuorescence induction curves during
vertical proﬁles. All data presented here are from
the instrument’s dark chamber, which is enclosed
in a black shield; cells assayed in the dark chamber
are out of ambient sunlight for B1 to several
seconds depending on the rate of water ﬂow past
the instrument. All FRR ﬂuorometer data was
collected during downward casts; proﬁles were
typically conducted at 10 m min1 in the ﬁrst
100 m of the water column and then 40–60 m
min1 for the remainder of the cast.
For all of the proﬁles, excitation conditions in
the FRR ﬂuorometer were set to provide 100
ﬂashlets of light (B1 ms duration) spaced B2.8 ms
apart, followed by 20 additional ﬂashlets 50 ms
apart. The latter set of ﬂashlets was used to assay
the decay of ﬂuorescence yield back to Fo and to
estimate reaction center turnover time ðtÞ: This
entire sequence of ﬂashlets was repeated at a rate
of B1 s1, 4 times in the dark chamber alternating
with 4 times in the light chamber, and these sets of
4 sequences were averaged to improve signal-tonoise before further processing. To correct for
variations in detector response during the 120ﬂashlet sequence, all ﬂuorescence yields (signals
divided by reference measurements of the excitation source) were scaled such that the yield for
each ﬂashlet was the same when a standard
material with constant ﬂuorescence yield (in this
case chlorophyll extracted in methanol) was
analyzed. In addition, gain-dependent background
signals (estimated from measurements in waters
deeper than B100 m, where ﬂuorescence was
below detection) were subtracted from all ﬂuorescence measurements. Although this approach may
lead to a blank that is slightly too high or too low
depending on effects of background ﬂuorescence
levels and depth-dependent changes in light
scattering by particles, it is the best estimate
available from our measurements. Induction curve
parameters (Fv =Fm ; sPSII ; and t) were determined
from the model of Kolber et al. (1998) with
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software provided by Chelsea Instruments (FRS v.
1.4). All depth proﬁles of ﬂuorescence properties
were smoothed with a 5th order Butterworth lowpass ﬁlter with cutoff frequency of 7% of the
sample rate. All observations above 10 m were
eliminated to avoid any inﬂuences of high ambient
light, such as contamination of the ﬂuorescence
signal by red light from the sun and photoinhibition effects on phytoplankton that persist for more
than a few seconds in the dark.
In this paper we also present several other kinds
of data acquired from analysis of discrete water
samples collected during CTD casts; these data are
available at the USJGOFS website (http://usjgofs.
whoi.edu). Chlorophyll a and macronutrient concentrations were determined by other scientists on
the cruises following standard JGOFS protocols
(JGOFS, 1996). Micronutrients including dissolved iron were measured by Coale et al. during
the 1997 Ross Sea cruise using the method of
Johnson et al. (1997) and by Measures and Vink
during the 1998 Polar Front cruise using the
approach described in Measures et al. (1995). In
addition, 5 ml water samples were preserved with
0.1% glutaraldehyde and stored in liquid nitrogen
for post-cruise analysis of the abundance, size
distribution, and ﬂuorescence of phytoplankton by
conventional ﬂow cytometry (Olson et al., 1993).
These samples were analyzed with a modiﬁed
Coulter EPICS ﬂow cytometer in which each
optical signal was split and measured by two
photomultipliers at different gain settings, which
increased the dynamic range of the measurements
(allowing cells ranging in size from approximately
1–30 mm to be analyzed simultaneously). All light
scattering and ﬂuorescence values, which were
measured with logarithmic ampliﬁers, were converted to linear equivalents and then normalized
by the values measured for standard microspheres
analyzed in conjunction with the samples (Olson
et al., 1993); this provides values in bead units
(b.u.) that are comparable between the cruises.
Forward light scattering (FLS) was used to
estimate cell size through an empirical relationship
between FLS and cell volume for a number of
marine phytoplankton cultures similar to the
approach used by Shalapyonok et al. (2001); the
relationship was applied for cells up to 30 mm

1199

equivalent spherical diameter. For pennate diatoms, for which FLS underestimates cell volume,
chlorophyll ﬂuorescence was used to estimate cell
volume assuming the same relationship between
ﬂuorescence and volume as other cells in the same
sample (Olson et al., 2000). As in Shalapyonok
et al. (2001), cellular carbon content was estimated
from cell volume and the Eppley et al. (1970)
modiﬁed Strathmann equation for all nanophytoplankton, and a value of 235 fg C mm3 for
Synechococcus sp.
Depth-dependent distributions of properties
across the Polar Front were produced by interpolation and contouring methods available in the
MATLAB software package (Mathworks, Inc.).
2.2. Underway sampling on the Polar Front cruise
Between station work on the 1998 Polar Front
cruise, the FRR ﬂuorometer was moved into the
ship’s laboratory and plumbed with a continuous
ﬂow of surface water from the uncontaminated
seawater line. During these measurements only the
‘‘dark chamber’’ was activated, but it was necessary to cover the entire sensing head of the
instrument (light chamber included) with black
optical cloth to prevent room light from reaching
the common photodetector. The excitation protocol for these measurements was identical to the
one used for the CTD proﬁles, except that 16 ﬂash
sequences were averaged instead of 4 and the ﬁnal
sampling rate (after averaging) for complete
induction curves was 2.6 min1. Statistical evaluation of differences observed in ﬂuorescence properties with time of day and across different latitude
zones was based on a two-way analysis of variance
with a 5% signiﬁcance level.
Standard underway measurements of temperature, conductivity, and chlorophyll ﬂuorescence in
the uncontaminated seawater ﬂow were made
upstream of the FRR ﬂuorometer measurements.
In addition, discrete water samples were collected
from the uncontaminated seawater ﬂow and analyzed for chlorophyll concentration every 1–2 h, by
the same methods as for the water cast samples.
The continuous in vivo ﬂuorescence measurements
were converted to approximate chlorophyll concentrations based on linear correlation with the
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3. Results
3.1. Bulk variable fluorescence in the upper water
column
On neither cruise did we observe average Fv =Fm
to approach the expected maximum for nutrient
replete growth of B0.65 (e.g., Kolber et al., 1988;
Greene et al., 1992). Average values of Fv =Fm
observed with the PDP ﬂow cytometer in the
upper 100 m of the Ross Sea in 1997 were spatially
variable (Fig. 2A). The highest values were 0.39 at
station 27 (nearest to the coast) and 0.34–0.38 at
stations 11 and 12 (north of 74.51); values within
the Ross Sea gyre were even lower, between B0.1
and 0.25 (mean=0.17, sd=0.05, n ¼ 15 stations).
During transects across the Polar Front in 1998,
FRR ﬂuorometer observations in the upper 40 m
of the water column revealed a distinct transition
from relatively high (>B0.4) to low values of
Fv =Fm that occurred between 611S and 651S; the
location of the transition may have been further
south on the northward transect than on the
southward one (Fig. 3A).
During 1998 sufﬁcient FRR ﬂuorometer
measurements were made to deﬁne patterns of
diel variability evident in ﬂuorescence induction
properties. Observations from both north and
south of 651S showed a dramatic decrease in
Fv =Fm during the daytime (Fig. 4A). In both
latitude zones, Fv showed a similar amplitude
and pattern of diel variation (Fig. 4B). These
patterns arose from variations in both Fo and Fm
(not shown). Values of sPSII also decreased during
the day, with greater amplitude in the zone north
of 651S (Fig. 4C). The data for t was extremely
variable but in general values were higher during
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Fig. 2. Mean properties in the upper 40 m of the Ross Sea
during late summer 1997. (A) Relative variable ﬂuorescence
measured by PDP ﬂow cytometry. (B) Chlorophyll concentration. (C) Water temperature. For temperature and chlorophyll
observations, the two consecutive east–west transects are shown
separately, with solid lines connecting stations 1–8 and 13–20.
For Fv =Fm insufﬁcient measurements were made on the ﬁrst
transect to characterize differences between them, so the
observations were pooled and a single trend line presented
(least squares ﬁt to a fourth order polynomial). Observations
from stations north and south of the main transect line are
indicated separately (triangles) in each case, and the pack ice
station (27) is included as part of transect 2 despite being
occupied 5 days later. Fv =Fm values shown here represent the
weighted average of all the phytoplankton sampled by the ﬂow
cytometer.

the day (Fig. 4D). In all cases, there was signiﬁcant
variance associated with time of day ðp50:001Þ;
but latitude-dependent differences in the relative
diel trends (normalized to nighttime values)
were signiﬁcant only for sPSII ðp50:001Þ and t
(p=0.03).
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3.2. Hydrography, nutrients, and chlorophyll
As expected, we observed a much wider range of
hydrographic conditions on the Polar Front
transect than in the Ross Sea. There were strong
latitudinal gradients in temperature and salinity
observed on the transect cruise; in the mixed layer
temperature ranged from B11C to 101C and
salinity varied from B33.5 to 34.4, with the lowest
values farthest south (Figs. 3C, 5A and B). On the
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Ross Sea cruise during 1997 variations in surface
layer salinities were similar (B33.8–34.5), but as
expected the temperature range was much smaller
(B11C to 11C; Fig. 2C).
Macronutrients and micronutrients exhibited
different patterns of variability, some details of
which have been previously described (Gordon
et al., 2000; Smith et al., 2000a; Measures and
Vink, 2001; Morrison et al., 2001). Macronutrient
concentrations varied systematically on the Polar
Front cruise, generally increasing towards the
south, most dramatically for silicate. Everywhere,
except north of 551S, nitrate and phosphate
concentrations exceeded 18 and 1 mM, respectively.
An abrupt silicate gradient was present near 651S
by early summer and was still evident in late
February; north of this location surface layer
concentrations dropped below 10 mM, but southward they consistently exceeded 50 mM (Smith
et al., 2000a). Iron concentrations also varied, but
in contrast to the macronutrient distributions,
dissolved iron concentrations in surface waters
were lowest south of B651S (o0.15 nM; Fig. 5D;
Measures and Vink, 2001). In the Ross Sea during
1997, nitrate was generally >10 mM, except at
station 27, where it dropped as low as 3.5 mM;
phosphate was generally >1 mM and always above
0.5 mM. Surface silicate concentrations were very
high: 65–75 mM mid-gyre and 50–60 mM on the
northern and western extremes of the study area.
Consistent with previous results for summer time
in this region (as reviewed by Measures and Vink,
2001), dissolved iron concentrations were low in
the Ross Sea surface layer with average concentrations in the upper 100 m o0.15 nM at all stations,
except 3 and 15, where the average was B0.25 nM.
Chlorophyll concentrations were generally indicative of declining or post bloom conditions on
both cruises (Smith et al., 2000b; Hiscock et al., in
press). On the Polar Front transect, concentrations
in surface waters were typically between 0.1 and
0.4 mg m3, except south of 701S where they
reached 1–2 mg m3 (Fig. 3B). In the Ross Sea,
chlorophyll concentrations in the upper 100 m
dropped over the month-long cruise from subsurface maxima at the central stations of 7–8 mg m3
in the ﬁrst week to 3–4 mg m3 by mid-February.
In the upper 40 m, concentrations averaged
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between B2 and 6 mg m3, with the highest values
observed early in the cruise and near the center of
the Ross Sea gyre (Fig. 2B).
3.3. Phytoplankton abundance, cell size,
pigmentation, and community composition
The abundance and carbon-based biomass of
pico- and nanophytoplankton determined by ﬂow
cytometry was highest north of 541S and lowest
between 611S and 651S (Tables 1 and 2, Figs. 6
and 7). Biomass present south of 691S was
approximately 3-fold higher during the east–west
Ross Sea transects than during the north–south
Polar Front transects. Synechococcus, which were
not detected south of B611S, were numerically
important only north of 551S and never contributed more than 4% to biomass. Prochlorococcus
was not present in any samples. Both cryptophytes
and pennate diatoms were least abundant between
611S and 651S and generally most abundant in the
Ross Sea. Cryptophytes never contributed more
than a few percent to phytoplankton carbon, but

pennate diatoms occasionally contributed nearly
half of cell abundance and 20–30% of phytoplankton carbon within the size fraction examined.
These diatoms were most important at locations
near the periphery of the central Ross Sea gyre
(i.e., in the pack ice to the west and at the
northernmost stations).
The size distribution of the phytoplankton
estimated from ﬂow cytometric analysis showed
systematic variation over the region, with a shift
from modal diameters o1 mm north of 541S
(due to the presence of Synechococcus) to B3 mm
in the Ross Sea for samples from the upper 40 m of
the water column (Figs. 8 and 9). Overall variation
in size distribution of the phytoplankton was much
larger across the Polar Front transect than in the
Ross Sea both within and between the cruises. In
general, the wide spacing of the peaks in the size
distributions indicates that different taxonomic
groups dominated in different regions. Within the
Ross Sea in 1997, there was an indication that an
assemblage of smaller cells (o2 mm) increased in
relative abundance during the second east–west
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Fig. 5. Contours of interpolated properties on the southward
transect during the 1998 Polar Front cruise. (A) Temperature.
(B) Salinity. (C) Fv =Fm from dark chamber FRR ﬂuorometer
measurements. (D) Dissolved iron. Locations of vertical proﬁles
are indicated at the top of (A), (B), and (C), and discrete sample
locations for dissolved iron are indicated in (D). Only data
below 10 m depth are shown for Fv =Fm to minimize effects of
diel variations evident near the surface (see Fig. 4).

transect through the central Ross Sea gyre; these
smaller cells were present north of the east–west
transect line, but generally at very low abundance
at stations occupied south of the line (Fig. 8).
These differences in size distribution are generally
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reﬂected in mean diameter for the phytoplankton
assemblage, which was lower on the western side
of the second transect (Fig. 10A). Across the Polar
Front, cells of 1–2 mm diameter were numerically
important between 61 and 651S, with smaller cells
increasing in relative abundance to the north and
larger cells dominating to the south (Fig. 9). This
was reﬂected in a systematic increase in mean
diameter for the entire assemblage with increasing
latitude (Fig. 11A). Mean diameters observed
south of 651S in February 1998 were the same as
the lowest mean values found in the Ross Sea in
early February 1997.
In addition to using the ﬂow cytometric
measurements to characterize cell size, we also
used the single cell chlorophyll ﬂuorescence
measurements to examine changes in intracellular
pigment concentration. After normalizing each
cell’s ﬂuorescence signal to its cell volume, we
determined mean values of the ratio for speciﬁc
size classes of cells. In the upper 40 m of the water
column, this ratio of cell ﬂuorescence to cell
volume was relatively low and constant for cells
between 2 and 5 mm diameter across both the Ross
Sea transects and across the Polar Front
(Figs. 10C and 11B); the only exception to this
generalization was observed near the coast in the
pack ice (Ross Sea station 27). For cells smaller
than 2 mm, in contrast, cell ﬂuorescence was higher
and more variable on both cruises (Figs. 10B and
11B). The highest mean values we observed were
on the ﬁrst Ross Sea transect, and the lowest
values occurred in the vicinity of the Polar Front.
On the Polar Front transect, in the smallest size
classes, there was a dramatic increase in cell
ﬂuorescence per volume south of the Front
(Fig. 11B).
3.4. Variable fluorescence among phytoplankton
groups and size classes
On the basis of PDP ﬂow cytometery measurements, it is possible to examine whether photosynthetic properties differed among groups of cells
that can be differentiated by their light scattering
and ﬂuorescence properties. Our ability to characterize different cell groups was relatively limited
during the Ross Sea sampling in 1997, and we had
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Table 1
Mean (standard deviation, number of observations) cell abundances and carbon concentrations for groups of phytoplankton
enumerated by ﬂow cytometry on the Ross Sea cruise in 1997. ‘‘Total’’ corresponds to all cells sampled, including the cryptophytes and
pennate diatoms. Results are presented for the two east-west transects along 76.51S and for the groups of stations located north and
south of the transect lines
Station subset
Transect 1

Transect 2

Northern

Southern

Cell concentration (ml )
Cryptophytes
Pennate diatoms
Total

82 (111, 50)
1244 (1645, 50)
7901 (4216, 50)

27 (28, 56)
352 (434, 56)
5021 (3068, 56)

42 (29, 20)
1356 (2265, 20)
4169 (2845, 20)

24 (10, 14)
894 (701, 14)
4161 (1801, 14)

Carbon (mg l1)
Cryptophytes
Pennate diatoms
Total

5745 (8525, 50)
9728 (11139, 50)
209255 (68450, 50)

2889 (6609, 56)
7260 (13823, 56)
150071 (73322, 56)

1776 (1163, 20)
9803 (14823, 20)
98335 (58801, 20)

691 (294, 14)
6718 (4281, 14)
130373 (30989, 14)

1

Table 2
Mean (standard deviation, number of observations) cell abundances and carbon concentrations for groups of phytoplankton
enumerated by ﬂow cytometry on the Polar Front transect cruise in 1998. ‘‘Total’’ corresponds to all cells sampled, including the
Synechococcus, cryptophytes, and pennate diatoms. Results are presented for ﬁve latitude zones
Latitude zone
o541S

54–611S

61–651S

65–691S

>691S

1

Cell concentration (ml
Synechococcus
Cryptophytes
Pennate diatoms
Total

)
28491 (1543, 5)
76 (49, 5)
192 (108, 5)
40932 (1465, 5)

794 (901, 45)
7 (8, 45)
19 (31, 45)
6284 (3676, 45)

22 (33, 31)
8 (4, 31)
6 (10, 31)
2015 (461, 31)

2 (3, 18)
83 (12, 18)
88 (24, 18)
1704 (332, 18)

0 (1, 29)
37 (18, 29)
262 (243, 29)
3756 (711, 29)

Carbon (mg l1)
Synechococcus
Cryptophytes
Pennate diatoms
Total

2574 (161, 5)
1320 (777, 5)
844 (499, 5)
84718 (23374, 5)

90 (95, 45)
163 (145, 45)
83 (150, 45)
20995 (8780, 45)

3 (4, 31)
209 (102, 31)
132 (455, 31)
13845 (10054, 31)

0 (0, 18)
1795 (346, 18)
548 (149, 18)
44003 (15729, 18)

0 (0, 29)
1202 (693, 29)
1450 (1195, 29)
58107 (16404, 29)

some technical problems analyzing large cells (see
Olson et al., 2000). We have more detailed
observations from the Polar Front cruise and
examined latitudinal variations in mean Fv =Fm
values for pennate diatoms, cryptophytes, ‘‘small’’
(o2 mm) cells, and ‘‘large’’ (>2 mm) cells (Fig. 12).
Both small and large cells exhibited the same
latitudinal trend as the bulk observations from the
in situ FRR ﬂuorometer measurements: Fv =Fm
was lowest south of 691S and increased to higher
values north of the Polar Front. There were no

statistically detectable differences between these
size classes ðp > 0:1Þ: In the southernmost waters,
pennate diatoms and especially cryptophytes
showed higher values of Fv =Fm than other
eukaryotes ðpo0:001Þ: Cryptophytes show a statistically signiﬁcant opposite latitudinal trend from
other cells (i.e., higher values further south),
despite their low abundance, particularly between
541S and 651S (Table 2), and despite the high
standard deviations for pooled Fv =Fm values
(Fig. 12).
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Fig. 6. Mean phytoplankton abundance in (A) and carbon
concentration in (B) for the upper 40 m in the Ross Sea, as
determined by ﬂow cytometry. As in Fig. 2, results are shown
separately for the two east–west transects and for stations north
and south of the transect line. Legend in (A) applies to (B) also.

4. Discussion
4.1. Spatial variability
We observed dramatic differences in photosynthetic efﬁciency (as indicated by Fv =Fm ) and in the
size distribution of the phytoplankton community
across the complex hydrographic regimes associated with the Paciﬁc sector of the Southern
Ocean. During the late summer sampling period,
there was an overall trend within the pico- to
nanophytoplankton toward larger cell size and
lower photosynthetic efﬁciency with increasing
latitude (Figs. 2 and 3). These systematic changes
emerged despite substantial mesoscale variability
in the region (Abbott et al., 2001; Barth et al.,
2001) and in the context of large gradients in
temperature, salinity, and concentrations of silicate and iron. The highest gradients in phytoplankton properties occurred in the latitude band
between 601S and 651S, the zone encompassing the
Antarctic Polar Front and the Southern Antarctic
Circumpolar Current Front. In this transition
zone, seasonal and mesoscale variations appear
to be large (Abbott et al., 2000; Morrison et al.,
2001), and variability in Fv =Fm and cell size was
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Fig. 7. Mean phytoplankton abundance in (A) and carbon
concentration in (B) for the upper 40 m on the Polar Front
transect, as determined by ﬂow cytometry. Results are shown
for all phytoplankton sampled (‘‘Total’’) and for cells of the
genus Synechococcus (‘‘Syn’’); they are also separated into
the initial southbound set of CTD stations and those on the
northbound return.

high even during a single sampling period (Figs. 3
and 11). Within the Ross Sea in 1997, cell size was
generally high and Fv =Fm was generally low but
with higher values observed near the coast and to
the north. The Ross Sea is inﬂuenced by a complex
set of factors including ice coverage and melting
(concentrated at the westernmost edge in summer),
shelf water intrusion, and widespread plankton
blooms (e.g., Gordon et al., 2000; Smith et al.,
2000b). A more extensive set of observations than
we currently have will be required to explain the
details of meso- to regional scale spatial patterns in
photosynthetic efﬁciency across the Polar Front
and in the Ross Sea; in this discussion we concentrate on general latitudinal trends.
4.2. Photosynthetic efficiency and physiological
iron limitation
There is a long history of investigation into iron
regulation of Southern Ocean phytoplankton (e.g.,
Gran, 1931; Martin and Fitzwater, 1988; see
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Fig. 8. Mean and standard deviation of the size distribution of
phytoplankton in the upper 40 m of the Ross Sea for the same
station groups separated in Figs. 2 and 6. Before averaging,
each observed size spectrum was scaled to the same concentration of cells to provide indication of changes in shape
irrespective of changes in phytoplankton abundance.

review by de Baar, 1994), but many aspects remain
unresolved. As reviewed by Cullen (1991), iron
limitation, and nutrient limitation in general, can
act at different levels from regulation of aspects of
cell physiology to control of standing biomass or
rate of productivity. Because our active ﬂuorescence measurements provide a direct assay of

Fig. 9. Mean and standard deviation of the size distribution of
phytoplankton in the upper 40 m for latitudinal bands on the
Polar Front transect. Observations for the southbound and
northbound transects were pooled. As in Fig. 8, each observed
size spectrum was scaled to the same concentration of cells to
provide an indication of changes in shape irrespective of
changes in phytoplankton abundance.
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Fig. 10. Mean phytoplankton cell properties for the upper 40 m
in the Ross Sea in 1997, as determined by ﬂow cytometry.
(A) Mean cell diameter, based on single cell light scattering
measurements (see text for details). (B) For cells with diameter
p2 mm, mean single cell chlorophyll ﬂuorescence normalized to
cell volume on a cell-by-cell basis, as an index of intracellular
pigment concentration. (C) Same as in (B), except for cells with
diameter between 2 and 5 mm. For both diameter and
ﬂuorescence per cell volume, mean values were ﬁrst calculated
for the assemblage of cells in each discrete sample, and then the
means of these values were determined for each station. Note
the difference in ordinate scale in (B) and (C), and that the
legend in (A) applies to all panels, indicating that results are
shown separately for the two east-west transects and for
stations north and south of the transect line.

phytoplankton physiological status, we are able to
conclude that iron limitation is acting at the level
of regulating photosynthetic efﬁciency, which
presumably directly affects cell growth rate.
Our results from the Polar Front cruise in 1998
provide strong evidence for a relationship between
the physiological status of the phytoplankton and
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Fig. 11. Mean phytoplankton cell properties for the upper 40 m
on the Polar Front transects in 1998, as determined by ﬂow
cytometry. (A) Mean cell diameter. (B) Intracellular pigment
concentration described by mean single cell chlorophyll
ﬂuorescence normalized to cell volume for cells with diameter
p2 mm and for cells with diameter in the range 2–5 mm. See
Fig. 10 for details.

iron availability. Laboratory studies with marine
phytoplankton species have shown that Fv =Fm is
expected to decrease when growth rate is low
because of limited availability of dissolved iron
(Greene et al., 1991, 1992). Response of Fv =Fm
values to enrichment of natural waters with iron
has also been reported for bottle incubations
(Olson et al., 2000) and in situ iron enrichment
experiments conducted in the equatorial Paciﬁc
(Behrenfeld et al., 1996; Coale et al., 1996) and the
Southern Ocean (Boyd et al., 2000). For the upper
water column on the Polar Front cruise in 1998,
we have shown that Fv =Fm was positively correlated with dissolved iron concentration (Figs. 5
and 13, r2 ¼ 0:50 for all Polar Front data).
Although previous studies investigating response
to experimental enrichment have supported similar
conclusions about iron limitation of phytoplankton, our results provide the ﬁrst direct evidence of
a relationship between ambient dissolved iron
concentration and in situ photosynthetic efﬁciency
measured across a natural environmental gradient.
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Fig. 12. Mean Fv =Fm values for different phytoplankton
groups and size classes based on shipboard PDP ﬂow cytometry
on the Polar Front transect. Mean results for the upper 40 m of
the water column are shown for ‘‘Small’’ and ‘‘Large’’ size
classes (based on light scattering, B2 mm threshold) and for
cryptophytes (Crypto) and pennate (Penn) diatoms, both of
which can be unambiguously distinguished from other cell
types. Corresponding mean values from in situ FRR ﬂuorometry are also indicated (*). Error bars show 71 standard
deviation for the means. Missing bars correspond to locations
where cell concentrations were too low for reliable estimates or,
in the case of the o541S, where no samples were collected for
PDP analysis.

On the basis of our previously reported relationship between Fv =Fm and response to iron enrichment in the Ross Sea (Olson et al., 2000) and
considering the generally low values of Fv =Fm we
observed there (Fig. 2A), we believe the Ross Sea
was also physiologically iron limited at this time of
year. This is consistent with very low phytoplankton growth rates in the Ross Sea during summer
(Smith et al., 2000b). The simple relationship
between Fv =Fm and iron concentration that we
observed across the Polar Front in 1998 was not
evident, however, in the results from the 1997 Ross
Sea surveys (Fig. 13). It is possible that the lack of
correlation between iron concentration and Fv =Fm
in this area is due to high frequency (i.e. faster than
the physiological response time) variability in
dissolved iron concentration or differences in the
growth history of the phytoplankton that cannot
be explained based on instantaneous nutrient
concentration. As suggested by the results of
Fitzwater et al. (2000), this region may be

complicated by a dynamic pool of particulate iron
that is rapidly recycled and spatially variable.
It should be noted that comparison between the
two cruises is complicated by the fact that
dissolved iron was measured by different methods:
the solvent extraction method of Johnson et al.
(1997) for the 1997 cruise and the ﬂow injection
analysis technique of Measures et al. (1995) for the
1998 cruise. Measures and Vink (2001) have shown
that, compared to the method of Johnson et al.
(1997), the ﬂow injection analysis technique
yielded higher values for dissolved iron in the
upper water column during the USJGOFS Polar
Front cruise just preceding ours (i.e., in January–
February 1998), and they propose that this is due
to a greater sensitivity of the ﬂow injection analysis
technique to organic fractions of dissolved iron
that are important in the upper water column. The
correlation between iron concentrations determined with this method and our measurements
of Fv =Fm (Fig. 13, Polar Front data only) lends
credence to this idea, and further suggests that
this iron fraction is accessible to the phytoplankton. During the Ross Sea work in 1997, we
observed some relatively high values of Fv =Fm
associated with apparently low concentrations of
dissolved iron (i.e., stations 11, 12, and 27; see
Fig. 13); it is possible that an undetected organic
fraction of iron was present in these cases and was
accessible to the phytoplankton, thus alleviating
severe physiological limitation (station 12 was in
fact iron limited as shown by an iron enrichment
experiment (Olson et al., 2000)). Two other
stations (3 and 15) exhibited an anomaly opposite
to the Polar Front cruise trend: apparently high
concentrations of dissolved iron and low values of
Fv =Fm : These stations were located at 1721E along
the east–west transect line, where Fv =Fm was
consistently o0.25 (Fig. 2). Surface water dissolved iron concentration was not measured at
stations adjacent to 3 and 15, so it is not possible
to know if relatively high values were found
consistently in this area.
4.3. PSII turnover time and iron limitation
As described by Kolber et al. (1998), the
turnover time for PSII can be estimated from
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FRR ﬂuorometer measurements of the decay of
ﬂuorescence yield after saturation. During our
underway sampling across the Polar Front, however, many observations revealed very little decay
in ﬂuorescence during the 1.3 ms after saturation,
so the reliability of t values retrieved from the
curve ﬁtting procedure was low (B30% of the
observed t estimates were in excess of 10 ms). If
anything, values of t were lower south of 651
(Fig. 4D), which contradicts expectations for
physiological iron limitation. Growth experiments
on phytoplankton cultures have documented a
systematic increase in t with increasing iron
limitation (Greene et al., 1992), and t decreased
following iron addition to a patch of water in the
Equatorial Paciﬁc (Kolber et al., 1994); these
results contrast with the apparent absence of an
effect on t of nitrogen limitation based on
laboratory work (Kolber et al., 1988).
Falkowski et al. (1992) have proposed that, for
natural samples, this contrast in how t responds
can be used as the basis for discriminating between
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the physiological effects of nitrogen and iron
limitation, both of which may result in reduced
Fv =Fm : We observed a latitudinal decrease in
Fv =Fm without an increase in t; so on the basis
of these simple criteria our results appear consistent with physiological nitrogen limitation. As
discussed above, the conclusion that the phytoplankton in waters south of 651S were physiologically nitrogen limited is strongly refuted,
however, by the results of bottle enrichment
experiments (Olson et al., 2000) and is inconsistent
with the very high concentration of nitrate
observed in these waters on our cruise. The iron
enrichment experiments we conducted north of
B651S showed no effect of iron, but those farther
south showed an increase in Fv =Fm compared to
controls that was evident by the ﬁrst sampling
point at B48 h (Olson et al., 2000). As Falkowski
et al. (1992) proposed, it is possible that consistently high t values will be found in the Southern
Ocean due to low temperatures, regardless of
nutrient availability. These ﬁndings suggest that
substantial work will be required to adequately
interpret natural patterns of variability in PSII
turnover time from FRR ﬂuorometer measurements; results from laboratory studies of a few
species cannot be simply extrapolated to natural
conditions, and we will continue to rely on
supporting evidence from experimental procedures
like enrichment incubations for accurate interpretation of ﬂuorescence properties.
4.4. Diel variations in photosynthetic properties
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Fig. 13. Relationships between Fv =Fm and dissolved Fe concentration for both cruises. All values are the mean of
observations in the upper 40 m of the water column, except
for iron in the Ross Sea, where 60 m was used (because there
was often only one measurement in the top 40 m). Fv =Fm values
were derived from all cells measured by PDP ﬂow cytometry in
the Ross Sea and from in situ FRR measurements on the Polar
Front transect. Station numbers are noted to the right of data
points for the Ross Sea (see Fig. 1), and stations with one or
more iron value at or below the detection limit of 0.03 nM are
also indicated (+). For the Polar Front transect, r2 ¼ 0:50:

In surface waters, we observed dramatic diel
variations in photosynthetic efﬁciency and in the
absorption cross-section for PSII in all regions we
sampled (Fig. 4A and C). Generally values of
Fv =Fm and sPSII were lowest during the mid-day
hours and higher at night. These patterns were
similar for both iron-limited cells and for cells in
waters where iron limitation was not apparent
(i.e., north of 651S). These changes are consistent
with natural sunlight causing photoinhibitory
effects that require several minutes or longer for
recovery. Behrenfeld and Kolber (1999) reported a
similar diel pattern for Fv =Fm in the central
Atlantic gyres, but an opposite day–night trend
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in the South Paciﬁc, which they propose is
indicative of iron limitation in these waters; they
also observed a strong nighttime depression in
sPSII in the Paciﬁc that was absent in the Atlantic.
Their explanation for these differences in diel
patterns is based on the particular physiological
response to iron limitation of picoplanktonic
cyanobacteria, which dominate the phytoplankton
community in the oligotrophic gyres. Since our
ﬂow cytometric observations showed that cyanobacteria were not present south of 601S (Fig. 7,
Table 2), we would not expect to see evidence of a
change in diel pattern across the transect associated with iron limitation in the southern waters
(Fig. 4A). Interestingly, absolute diel changes in Fv
were almost indistinguishable between the two
latitude zones we examined (Fig. 4B), and Behrenfeld and Kolber (1999) report relative diel
changes in Fv that were the same for the Atlantic
and the Paciﬁc.
4.5. Control of biomass
Since photosynthetic efﬁciency should be related
to growth rate, we would expect areas with
high Fv =Fm to be increasing in biomass. At any
particular sampling time, however, the relationship between standing stock of biomass and Fv =Fm
cannot be expected to be simple because standing
stock will depend on the history of resource
availability, production, and losses. In fact, for
our late summer sampling, we did not observe
a simple pattern of high biomass associated with
high Fv =Fm : Average Fv =Fm values were very
low in the Ross Sea surface waters, yet total
chlorophyll a concentration, and pico- and nanophytoplankton abundance and carbon concentration were generally the highest observed. During
the Polar Front transect we observed higher
concentrations of chlorophyll (Fig. 3B) and
phytoplankton carbon (Fig. 7B) south of 651S
compared with 60–651S, but Fv =Fm was higher at
the northern latitudes (Fig. 5). These results
indicate that latitudinal differences in phytoplankton physiology driven by iron availability in late
summer cannot directly explain observed differences in standing stock of phytoplankton. Not
surprisingly, other factors must be considered to

explain spatial patterns in biomass at this time of
year.
The availability of micro- and macronutrients
has proven useful for explaining some aspects of
seasonal-scale changes in phytoplankton biomass
in this region (Smith et al., 2000b; Landry et al.,
2002; Hiscock et al., in press), but light and
nutrient history, as well as the rates of cell loss
processes such as grazing and sinking, must also be
considered (Abbott et al., 2000). A likely contributing factor to the biomass differences we
observed is related to loss processes and the
composition of the plankton community earlier
in the season. In the Ross Sea, Phaeocystis
antarctica tends to be important during the spring
bloom (Arrigo et al., 1999; Caron et al., 2000);
this species, which does not sink rapidly and,
during its colonial life stage, may evade grazing
by protozoa, was still present during our summertime sampling. Moreover, Caron et al. (2000)
reported that microzooplankton grazing rates
were always low relative to phytoplankton growth
rates during spring-summer 1996–1997 in the
Ross Sea. In contrast, large diatoms, which
typically sink rapidly once nutrients are depleted,
dominated during the bloom in the Polar Front
region, but were not present in high abundances
in late summer north of 651S (Landry et al., 2002).
In addition, the impact of microzooplankton
grazing was high in this region (Landry et al.,
2001; Landry et al., 2002).

4.6. Phytoplankton cell size, pigmentation,
and community composition
It may not be surprising that the spatial patterns
of phytoplankton biomass in late summer were not
a simple function of iron concentration, but we did
expect that cell properties such as size and
intracellular pigment concentration would reﬂect
physiological effects of iron limitation. Interestingly, we observed two spatial patterns in the
properties of the pico- to nanophytoplankton that
are inconsistent with previous studies of effects of
iron limitation under laboratory conditions and
during enrichment experiments with natural assemblages.
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The ﬁrst of these relates to cell size, which we
have used as an index for community structure.
The current paradigm is that cells of small size
dominate the phytoplankton community under
iron limiting conditions, and that large cells are
important contributors to phytoplankton biomass
only if nutrients are present at elevated concentrations. An important line of evidence for this
generalization comes from in situ enrichment
experiments during which all cell types were
observed to respond to iron enrichment, but the
relative abundance of large diatoms increased
dramatically (e.g., Kolber et al., 1994; Coale
et al., 1996; Cavender-Bares et al., 1999; Gall
et al., 2001). Diffusion limitation of nutrient
uptake may be signiﬁcant for large cells, and both
experimental and theoretical work supports the
idea that small cells will be favored under nutrient
limiting conditions (e.g., Raven, 1986; Morel et al.,
1991; Chisholm, 1992; Sunda and Huntsman,
1997). On the basis of these views and the patterns
in iron concentration and Fv =Fm that we observed,
we expected that phytoplankton cell size would
generally have decreased with increasing latitude
across the Polar Front region and into the Ross
Sea. Instead, for the pico- to nanophytoplankton,
we observed systematic increases in mean diameter
with increasing latitude (Fig. 11A) indicative of
shifts in the community composition (Fig. 9).
The Ross Sea observations from 1997, which were
farther south than any of the measurements on the
Polar Front transect, showed the largest cell size
(Fig. 8 and 10A). The result of these observations
is that we observed an inverse correlation between
mean cell size and our primary indicator of
physiological status, Fv =Fm (Fig. 14).
Given the apparent iron limiting conditions
south of 651S, the second unexpected trend in cell
properties was the increase in cellular ﬂuorescence
we observed in these waters. Cells exposed to iron
limiting growth conditions in the laboratory
exhibit low intracellular chlorophyll concentration
(reviewed by Geider and La Roche, 1994). Consistent with these observations, during iron enrichment experiments in the equatorial Paciﬁc ﬂow
cytometry revealed increases in chlorophyll ﬂuorescence per cell for all cell types examined,
including picophytoplankton and pennate diatoms
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Fig. 14. Relationships between Fv =Fm and mean phytoplankton cell size for both cruises. All values are the mean of
observations in the upper 40 m of the water column. As in
Fig. 10, Fv =Fm values were derived from all cells measured by
PDP ﬂow cytometry in the Ross Sea and from in situ FRR
measurements on the Polar Front transect. Station numbers are
noted to the right of data points for the Ross Sea cruise (see
Fig. 1). Overall r2 ¼ 0:58; for the Polar Front transect only,
r2 ¼ 0:75:

(Zettler et al., 1996; Cavender-Bares et al., 1999).
In addition, Gall et al. (2001) reported increases in
chlorophyll a per cell during the SOIREE in situ
iron enrichment in the Antarctic Polar Front
region. On the basis of these observations, we
expected that pigment per cell would be low for
cells south of 651S, but our ﬂow cytometry results
do not support this.
Since we observed dramatic changes in cell size
distribution across the Polar Front, we normalized
our cell ﬂuorescence measurements to cell volume
to examine intracellular chlorophyll concentrations. Instead of the predicted decrease in chlorophyll ﬂuorescence per cell volume with increasing
latitude (and decreasing iron concentration), we
observed little or no change in cells larger than
2 mm and an increase in the smallest cells, p2 mm
(Fig. 11B); the highest values observed were for
small cells in the Ross Sea in 1997 (Fig. 10).
Interestingly, even though the smallest cells
showed no signs of low iron leading to decreased
pigmentation in the southernmost waters
(Fig. 11B), their contribution to the community
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decreased dramatically (Table 2 and Fig. 9).
Increases in pigment per cell can also be caused
by factors other than nutrient limitation such
as decreases in light availability (e.g., Falkowski
et al., 1985) and increases in growth temperature
(e.g., Sosik and Mitchell, 1994). For this dataset,
however, both light and temperature changes
might be expected to lead to decreased pigment
per cell with increasing latitude. Mixed layer light
levels were likely to be lower north of the Polar
Front (mixed layer depths were deeper than the
critical depth) compared to south of it (where
the mixed layer was shallower than the critical
depth) (Hiscock et al., in press); and mixed layer
temperatures decreased with increasing latitude
(Fig. 3).
A possible explanation for the observation that
pigment per cell did not decrease as iron limitation
increased is that, even within a limited size class
(e.g., B1–2 mm cells), there are systematic changes
in species composition across this strong environmental gradient, and these changes obscure simple
expectations about cell properties based on our
knowledge of phytoplankton physiology and
nutrient limitation. These results suggest that
characterization of species level shifts in the
community and the factors that regulate community structure in these waters must be better
understood before we can explain patterns of
variability in properties such as cell pigmentation.
4.7. Group- and size-specific photosynthetic
efficiency
There was a notable exception to the generalization that Fv =Fm was low south of 651S; in low
iron waters where all other cell types exhibited
depressed Fv =Fm ; cryptophyte algae had relatively
high values. This result parallels our observations
of the response to iron enrichment for this group,
which was always lower than for other cells (Olson
et al., 2000), and suggests that they are somehow
able to avoid the physiological effects of iron
stress. As we proposed previously (Olson et al.,
2000), it is possible that they accomplish this
through mixotrophy, with phagocytosis providing
an additional source of iron not generally available
to other photosynthetic cells. Regardless of the

mechanism, however, given its apparently high
photosynthetic efﬁciency in the areas south of
651S, it is unclear why this group of cells never
constituted a large fraction of the phytoplankton
biomass. There must have been a signiﬁcant
group-speciﬁc loss term, such as targeted grazing,
that prevented them from blooming or increasing
dramatically in relative abundance.
Consistent with other evidence of the seasonal
shifts in phytoplankton community structure in
this region (Landry et al., 2002), we observed
relatively few pennate diatoms in late summer,
although along the edges of the Ross Sea gyre they
occasionally contributed signiﬁcantly to carbon
biomass. On the Polar Front transect, this group
of cells had low Fv =Fm and low abundance, most
likely due to a combination of iron limitation that
affected all groups (except cryptophytes) south of
B651S and to silica limitation preventing their
growth in more northern waters (Franck et al.,
2000). Interestingly, for reasons we cannot explain,
this group did exhibit signiﬁcantly higher than
average Fv =Fm values in the southernmost waters
of the transect (Fig. 12).
Cryptophytes and pennate diatoms, the two
groups of phytoplankton we could reliably discriminate from our ﬂow cytometric light scattering
measurements, accounted for only a small fraction
of the total phytoplankton biomass. When we
examined the distribution of Fv =Fm in the rest of
the pico- and nanoplankton by grouping the cells
according to size, we found that Fv =Fm of small
and large cells in a given region were never
signiﬁcantly different. Even though we observed
latitudinal changes in phytoplankton size distributions, these changes were apparently not linked to
size-related differences in photosynthetic properties. The shift favoring the larger cells towards the
south was not associated with their being better off
physiologically compared to the small cells; both
groups were physiologically impaired in the south
(Fig. 12). This ﬁnding is consistent with results
from in situ iron enrichment experiments, where
Fv =Fm has been reported to increase for all size
classes in the equatorial Paciﬁc (Kolber et al.,
1994) and in the Southern Ocean (Boyd and
Abraham, 2001). Because so few species have been
characterized in laboratory studies, we must
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consider the possibility that the relationship
between iron limitation and Fv =Fm is species or
size-dependent; this would complicate the interpretation of Fv =Fm for natural assemblages. In the
absence of such complicating factors, our results
suggest that the dominance of relatively large
(2–5 mm) cells in the southernmost waters we sampled is not simply due to greater photosynthetic
efﬁciency under low iron conditions, and leads to
the conclusion that other factors must be critical
for regulating community structure across this
region at this time of year.

5. Conclusions
On the basis of in situ and single cell assessment
of ﬂuorescence properties, we have reported
evidence of physiological iron limitation south of
the Antarctic Polar Front in late summer. During
a north–south transect of the region, low photosynthetic efﬁciency was correlated with low
dissolved iron concentration, although the relationship was more complicated in the Ross Sea. In
contrast to expectations, we found larger cell sizes
in the pico- to nanophytoplankton in the low iron
waters, despite larger cells having photosynthetic
efﬁciency that was just as low as the small cells,
and small cells showing no indication of low iron
effects such as pigment loss.
To our knowledge, there have been no laboratory studies investigating variations in ﬂuorescence-derived photosynthetic properties for
cold-water species under different light and
nutrient conditions. As long as our information
from controlled studies is limited to relatively large
temperate water species, interpretation of observations across natural environmental gradients at
high latitudes will remain problematic. In any case,
for accurate characterization of effects of nutrient
limitation on phytoplankton growth, biomass, and
productivity, we will continue to rely on combinations of highly resolved measurements, such as
those from in situ FRR ﬂuorometers, and more
detailed measurements from discrete samples,
including monitoring of responses to experimental
manipulations and monitoring of group-, speciesand size-speciﬁc properties.

1213

Despite evidence of physiological iron limitation, we found no indication that differences
in physiological capability led directly to differences in use of available resources, and ultimately
to spatial patterns in standing stock and community composition during late summer in the
Paciﬁc sector of the Southern Ocean. The physiological status of the phytoplankton is only
one piece of this puzzle, and, not surprisingly,
other factors such as loss processes, including
grazing and sinking, and the history of growth and
losses occurring earlier in the season must be
important in determining spatial patterns in
phytoplankton community structure, biomass,
and productivity.
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