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Abstract We have carried out field and labora-
tory experiments to examine the iron require-
ments of colonial Phaeocystis antarctica in the
Ross Sea. In December 2003, we performed an
iron/light-manipulation bioassay experiment in
the Ross Sea polynya, using an algal assemblage
dominated by colonial Phaeocystis antarctica,
collected from surface waters with an ambient
dissolved Fe concentration of ~0.4 nM. Results
from this experiment suggest that P. antarctica
growth rates were enhanced at high irradiance
(~50% of incident surface irradiance) but were
unaffected by iron addition, and that elevated
irradiance mediated a significant decrease in
cellular chlorophyll a content. We also conducted
a laboratory iron dose-response bioassay exper-
iment using a unialgal, non-axenic strain of
colonial P. antarctica and low-iron (<0.2 nM)
filtered seawater, both collected from the Ross
Sea polynya in December 2003. By using rigorous
trace-metal clean techniques, we performed this
dose-response iron-addition experiment at ~0°C
without using organic chelating reagents to con-
trol dissolved iron levels. At the relatively low
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irradiance of this experiment (~20 uE m™=s™),
estimated nitrate-specific growth rate as a func-
tion of dissolved iron concentration can be
described by a Monod relationship, yielding a
half-saturation constant with respect to growth of
0.45 nM dissolved iron. This value is relatively
high compared to reported estimates for other
Antarctic phytoplankton. Our results suggest that
seasonal changes in the availability of both iron
and light play critical roles in limiting the growth
and biomass of colonial Phaeocystis antarctica in
the Ross Sea polynya.
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Introduction

The colonial prymnesiophyte Phaeocystis antarc-
tica is a keystone species on the Antarctic
continental shelf, where it plays an important
role in the biogeochemical cycling of carbon,
sulfur and nutrient elements (Gibson et al. 1990;
Smith et al. 1991; DiTullio and Smith 1995;
Arrigo et al. 1999; DiTullio et al. 2000; Sweeney
et al. 2000; Schoemann et al. 2005). In the
polynya region of the southern Ross Sea, exten-
sive blooms of colonial P. antarctica typically
form during spring and early summer, then wane
during the mid to late summer (Smith and
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Gordon 1997; Arrigo et al. 1998; Smith et al.
2000; Mathot et al. 2001; Arrigo and van Dijken
2004). Field observations have documented a
general decrease in the depth of the surface
mixed layer during the growing season, from
more than 100 m in early spring to less than 25 m
in summer (Arrigo et al. 1998; Gordon et al.
2000; Sweeney 2003; Worthen and Arrigo 2003;
Smith and Van Hilst 2003). The results of several
studies suggest that this seasonal change in
stratification is accompanied by a decrease in
the dissolved iron concentration of surface
waters, from values of around 0.5 nM or more
in spring to less than 0.1 nM in late summer
(Sedwick and DiTullio 1997; Fitzwater et al. 2000;
Sedwick et al. 2000; Coale et al. 2005). These
dissolved iron levels are low enough to limit algal
community growth rates in the Ross Sea during
the summer (Martin et al. 1990; Sedwick and
DiTullio 1997; Sedwick et al. 2000; Coale et al.
2003). Hence it has been argued that seasonal
changes in irradiance and/or iron availabil-
ity—bottom-up controls—regulate the timing
and location of colonial Phaeocystis antarctica
blooms in the Ross Sea (Arrigo et al. 1998; Boyd
2002; Smith et al. 2003; Worthen and Arrigo 2003;
Arrigo and Tagliabue 2005; Tagliabue and Arrigo
2005). As yet, there are few published data to
support this assertion.

With regard to irradiance, the results of field
and laboratory studies indicate that P. antarctica
can readily adapt to a wide range of ambient light
conditions (Palmisano et al. 1986; Matrai et al.
1995; Hong et al. 1997; Moisan and Mitchell 1999;
Robinson et al. 2003; Schoemann et al. 2005).
However, the field and laboratory measurements
discussed by Van Hilst and Smith (2002) and
Smith and Van Hilst (2003) suggest that there is
little difference between the photosynthesis-irra-
diance characteristics of colonial Phaeocystis
antarctica and diatoms in the Ross Sea, implying
that other factors, such as iron availability and
grazing, must control the spatial and temporal
distribution of the two main phytoplankton taxa
in this highly productive shelf region.

So far there has been only limited research
addressing the iron requirements of colonial
P. antarctica. Sedwick et al. (2000) performed a
shipboard iron-addition experiment with a
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colonial Phaeocystis-dominated algal assemblage
collected from the southern Ross Sea in spring
1994, with their results suggesting that the ambi-
ent dissolved iron concentrations of ~0.8 nM were
sufficient to meet the growth requirements of the
native P. antarctica colonies. Evidence for iron
limitation of Phaeocystis antarctica was reported
by Olson et al. (2000), who measured the photo-
synthetic competency of individual P. antarctica
cells in the shipboard iron-addition experiments
that Coale et al. (2003) performed in the Ross Sea
during late summer 1997. In these experiments,
Coale et al. (2003) observed an increase in the
abundance of prymnesiophytes, mainly Phaeo-
cystis, in response to iron addition. The dose—
response experiments performed by Coale et al.
(2003) in the Ross Sea allowed them to estimate
half-saturation constants (with respect to growth)
of 0.005-0.043 nM dissolved Fe for prymnesio-
phytes, suggesting that the iron requirements of
Phaeocystis in the Ross Sea may be quite low,
although their experimental results suggest simi-
larly low values for diatoms. However, the results
described by Olson et al. (2000) and Coale et al.
(2003) pertain to bottle incubations performed at
full surface irradiance (i.e., light levels that were
probably much higher than mean surface mixed-
layer irradiance), and presumably apply to soli-
tary Phaeocystis antarctica cells; therefore, their
results may not be representative of the colonial
Phaeocystis antarctica that bloom in the southern
Ross Sea during spring and early summer.

Here we report the results of two experiments
that provide further information on the iron
requirements of colonial Phaeocystis antarctica
in the Ross Sea. The first is a shipboard iron- and
light-manipulation experiment, which was per-
formed using a native algal assemblage domi-
nated by colonial P. antarctica, collected in the
northern Ross Sea polynya during December
2003. The second is a laboratory dose-response
iron-addition experiment in which we used a pure
culture of colonial P. antarctica and low-iron
(<0.2 nM) filtered seawater, both collected from
the southern Ross Sea polynya in December 2003.
To our knowledge, this experiment represents the
first time a dose-response iron-addition experi-
ment has been carried out with colonial Phaeo-
cystis antarctica using realistic, sub-nanomolar
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iron concentrations, and without using iron-com-
plexing ligands such as Ethylene Diamine Tetra
Acetic Acid (EDTA) to control dissolved iron
concentrations in the growth medium.

Methods
Field collections

In late December 2003, we collected seawater and
resident plankton from several sites in the Ross
Sea polynya (Fig. 1) aboard the research vessel
Nathaniel B. Palmer. At station A (ca. 73°24’ S,
173°14 E), in ice-free waters at the northern edge
of the polynya, we used a Zodiac inflatable boat
to collect surface seawater and resident plankton
in an acid-cleaned 50-1 polyethylene carboy. The
seawater and plankton were collected by sub-
merging an acid-cleaned 10-1 polyethylene carboy
from the bow of the work boat while slowly
underway, then transferring the seawater from
the 10-1 carboy into the 50-1 carboy on the work
boat, using a protocol designed to avoid contam-
ination of the seawater during the transfer
process. The 50-1 carboy of seawater and resident
plankton were then stored for ~2 h in a shipboard
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Fig. 1 Location of sampling sites in the Ross Sea,
Antarctica, where seawater and plankton were collected
for the experiments described in this paper. Seawater and
resident plankton used in the shipboard iron-light exper-
iment were collected at station A; uncontaminated
seawater used in the laboratory iron experiment was
collected at station B; the P. antarctica culture used in the
laboratory iron experiment was isolated from water
collected at station 25

cold room maintained at 2°C, prior to subsam-
pling and processing for the shipboard iron-light
manipulation experiment described below.

Station 25 (ca. 76°05" S, 170°08” E), in the
central polynya, was one of several stations where
we collected near-surface seawater and resident
plankton in 10-1 Niskin bottles lowered on a
rosette. Whole seawater samples from these sta-
tions were maintained in polystyrene culture
flasks inside a shipboard incubator at ~0°C, prior
to return to the Hollings Marine Laboratory
(South Carolina, USA) for isolation of Phaeocys-
tis cultures. In the nearby, ice-free waters at
station B (ca. 76°02" S, 169°53" E), we collected
~4,000 1 of seawater from the upper water column
through acid-rinsed polyethylene tubing using an
electrically operated Jabsco polypropylene-Santo-
prene double-diaphragm pump. The tubing inlet
was lowered to ~10 m water depth from the side of
the ship using a polyaramid line and epoxy-coated
end weight, then seawater was pumped aboard
while slowly underway at 1-2 knots. The pumped
seawater was filtered through in-line, acid-rinsed
1-pum/0.2-pm high-capacity pleated-polypropylene
cartridge filters (Cole-Parmer, Inc.), and then
collected in acid-cleaned 125-1 blue polyethylene
barrels with airtight polyethylene screw closures.
Subsequent measurements of iron in subsamples
of this filtered seawater showed dissolved Fe
concentrations of 0.07 £ 0.02 nM (n =4). The
barrels of low-iron filtered seawater (hereafter
‘Station B seawater’) were returned to the
Hollings Marine Laboratory for use in the labo-
ratory dose-response iron-addition experiment
described below.

Shipboard iron-light manipulation experiment

Shipboard microscopy suggested that phytoplank-
ton in seawater collected from Station A was
dominated by healthy colonies of P. antarctica; this
was later verified by high-performance liquid
chromatography (HPLC) pigment analysis (see
section ‘‘Laboratory dose-response iron-addition
experiment”’). Using the 50-1 of cleanly collected
seawater and resident plankton, we carried out a
bioassay experiment that was designed to evaluate
the effects of iron and light availability on the
growth rate of colonial Phaeocystis antarctica. The
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seawater was gently mixed in the 50-1 carboy, then
transferred into acid-cleaned 1.2-1 polycarbonate
bottles, leaving ~200 ml headspace in each bottle,
under class-100 filtered air using the rigorous trace-
metal clean techniques described by Sedwick et al.
(2000, 2002). Three iron treatments were used for
these experimental incubation bottles: (1) ‘high-
Fe’, to which 3 nM Fe was added as a 17.9 uM
solution of ferric nitrate (the added nitrate was
negligible relative to the ambient seawater nitrate
concentration of ~20 pM); (2) ‘control’, to which
there was no Fe added (initial ambient dissolved Fe
concentration = 0.38 + 0.03 nM); and (3) ‘low-
Fe’, to which 3 nM of the iron-chelating ligand
deferoxamine (DFOB or desferal) was added as a
38.4 uM solution of deferoxamine mesylate salt
(Sigma Chemical).

After filling, the bottles were tightly sealed with
polyvinyl chloride (PVC) tape, then set in circu-
lating surface seawater at ~0°C in deckboard
incubator baths shaded to two light levels using
neutral-density screening: (1) ‘low-light’, shaded to
~15% of incident deckboard irradiance, and (2)
‘high-light’, shaded to ~50% of incident deckboard
irradiance. The low-light treatment was chosen so
as to fall within the range of mean in situ irradiance
experienced by phytoplankton in the surface mixed
layer, whereas the high-light treatment was
intended to approximate the expected maximum
value for mean in-situ irradiance (see discussion in
section “Conclusions and directions for future
research’). Our shipboard experiment thus incu-
bated bottles containing seawater and resident
plankton with six different treatments: (1) low-
light, low-iron; (2) low-light, control-iron (this
treatment was intended to approximate in situ
irradiance and iron concentration); (3) low-light,
high-iron; (4) high-light, low-iron; (5) high-light,
control-iron; and (6) high-light, high-iron. Dupli-
cate bottles for each treatment were harvested over
an 80-h period, and subsampled for dissolved
macronutrients, chlorophyll a, phytoplankton
pigments, and other parameters.

Laboratory dose-response iron-addition
experiment

At the Hollings Marine Laboratory, a pure
culture of colonial P. antarctica was isolated from
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the native phytoplankton assemblage collected at
Station 25, and subsequently maintained in nutri-
ent-replete semicontinuous batch cultures, using
Station B seawater amended with L1 medium
(Guillard and Hargraves 1993). For the dose-
response iron-addition experiment described
here, we used a culture of this P. antarctica strain
(predominantly colonial) that had been main-
tained for two months in L1 medium diluted
457-fold with station B seawater.

Eleven days before commencing the experi-
ment, 50 ml of this culture was diluted to 1 1 with
0.2 pm-filtered station B seawater in an acid-
cleaned polycarbonate bottle, using a stringent
trace-metal clean protocol. A peristaltic pump
was used to transfer the Station B seawater from
the 125-1 polyethylene barrel (in which it had
been stored since collection) through acid-
cleaned silicone tubing and an acid-rinsed
0.2-um CritiCap Supor capsule filter (Pall Corpo-
ration) into the 1-1 polycarbonate bottle under
class-100 filtered air. Subsamples of this 0.2-um
filtered station B seawater were collected for
subsequent iron measurements, which confirmed
that dissolved Fe concentrations were relatively
low (0.17 = 0.1 nM, n = 4). Based on the concen-
trations of FeCl; (11.65 uM) and EDTA
(11.71 uM) in the L1 medium, the resultant 1-1
inoculum of colonial P. antarctica had initial
dissolved Fe and EDTA concentrations of
approximately 1.42 and 1.25 nM, respectively.

After acclimating this P. antarctica inoculum to
an irradiance of ~20 uE m2 s for 11 days at
~0°C, approximately 230 ml was removed for
measurements of ‘initial’ pigment concentrations
and qualitative observations, which showed the
inoculum to be dominated by colonies rather
than solitary cells. The remaining 770 ml of the
P. antarctica inoculum was added to 37.81 of
station B seawater (~0.17 nM dissolved Fe) that
had been filtered (0.2 pM Supor capsule filter)
then chilled to ~0°C in an acid-cleaned 50-1
polyethylene carboy. The calculated dissolved
Fe concentration in the resulting large-volume
P. antarctica inoculum was ~0.20 nM, which was
subsequently confirmed by measurement of
0.22 + 0.00 nM (n =2) dissolved Fe in filtered
subsamples, whereas the final concentration of
EDTA in this solution was negligibly low
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(~0.02 nM). This large-volume inoculum was
gently mixed, and then used to fill 32 acid-cleaned
1.2-1 polycarbonate incubation bottles, leaving
200 ml of headspace in each bottle. In addition,
subsamples were taken from the 50-1 carboy for
measurements of initial chlorophyll a and dis-
solved macronutrient concentrations. In order to
avoid inadvertent contamination with iron, the
preparation of the large-volume P. antarctica
inoculum and filling of the 1.2-1 bottles were
carried out using stringent trace-metal clean
techniques, inside a plastic enclosure under
positive pressure of class-100 filtered air; in
addition, all materials contacting the station B
filtered seawater and P. antarctica inoculums were
rigorously cleaned using methods similar to those
described by Sedwick et al. (2000).

Of the 32 incubation bottles, eight received no
iron additions (‘control treatments’), eight re-
ceived an addition of 02 nM Fe (‘+0.2 nM
treatments’), eight received an addition of
0.6 nM Fe (‘+40.6 nM treatments’), and eight
received an addition of 1.8 nM Fe (‘+1.8 nM
treatments’). Iron was added as an aqueous
17.9 uM solution of ferric nitrate in 0.1% hydro-
chloric acid; the added nitrate and hydrochloric
acid had negligible effect on the nitrate concen-
tration and pH of the inoculum. The four iron
treatments correspond to initial dissolved Fe
concentrations of 0.22 nM (‘control treatments’),
042n0M (‘402 nM  treatments’), 0.82 nM
(‘40.6 nM treatments’), and 2.02 nM (‘+1.8 nM
treatments’). The 32 incubation bottles were then
placed in an incubator maintained at an irradi-
ance of ~20 uE m2s"' and a temperature of
~0°C. For each different iron treatment, duplicate
1-1 bottles were terminally sampled after incuba-
tion periods of 16, 25 and 31 days, with subsam-
ples taken for measurements of dissolved
macronutrients, chlorophyll a, and other chemical
and biological parameters. These sampling times
were chosen by following the concentration of
particulate chlorophyll a in dedicated monitoring
bottles (one of the eight bottles prepared for each
iron treatment), which were repeatedly subsam-
pled for chlorophyll measurements during the
course of the experiment. Axenic conditions were
not maintained in this experiment; however, in an
effort to minimize bacterial contamination, the

low-iron seawater used to prepare the experi-
mental inoculums was filtered through the 0.2-pm
CritiCap Supor capsule filter immediately prior to
use, and the 50-1 inoculum carboy and 1-1 incu-
bation bottles were thoroughly rinsed with this
filtered seawater under class-100 air before filling.

Analytical methods

Dissolved inorganic nitrate + nitrite, phosphate
and silicic acid were determined in samples
filtered through 0.45-pm Acrodisc Supor syringe
filters (Pall Corporation), using standard flow
analysis methods by the Marine Science Institute
Analytical Laboratory, University of California,
Santa Barbara. Chlorophyll ¢ was measured by
fluorometry in a 90% acetone extract of particles
collected under 1-2 psi vacuum on a Whatman
GF/F filter, using a Turner Designs 10-AU
fluorometer and standard Joint Global Ocean
Flux Study (JGOFS) protocols (Knap et al. 1996).
Water samples for the analysis of iron were
collected and processed using the rigorous trace-
metal clean protocols described by Sedwick et al.
(1997, 2000, 2005), which are required to avoid
inadvertent sample contamination. Dissolved iron
was determined in 0.4 pm-filtered, acidified water
samples by flow injection analysis, modified after
the method of Measures etal. (1995), as
described by Sedwick et al. (2005). Phytoplank-
ton pigments were measured in particles collected
on Whatman GF/F filters by high-performance
liquid chromatography using the methods
described by DiTullio and Geesey (2002).

Interpretation of experimental results

As in previous studies that have used bioassay
growout experiments to examine resource limita-
tion of phytoplankton growth (e.g. Martin et al.
1990; De Baar et al. 1990; DiTullio et al. 1993;
Fitzwater et al. 1996; Hutchins et al. 2001; Sed-
wick et al. 2002), we infer relative net growth
rates in our incubation bottles from the accumu-
lation of algal biomass. Because changes in light
intensity and iron availability are known to effect
variations in the ratio of chlorophyll a to cell
carbon for Phaeocystis antarctica (Van Leeuwe
and Stefels 1998; Stefels and van Leeuwe 1998;
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Schoemann et al. 2005), measurements of chlo-
rophyll a may not provide a reliable estimate of
relative changes in cell numbers (i.e., growth rate)
in our incubation bottles. In addition, there are
potential problems in using particulate organic
carbon (POC) to estimate changes in the cellular
biomass of colonial Phaeocystis, as a result of the
POC that resides in the colonial mucilage rather
than in the Phaeocystis cells (Schoemann et al.
2005). Thus, for the experiments reported here,
we estimate relative net growth rates from net
decreases (drawdown) in dissolved nitrate + ni-
trite, which are assumed to be proportional to net
increases in cell carbon and cell number of
colonial Phaeocystis antarctica, assuming bal-
anced, exponential growth.

The experiments described here are principally
diagnostic in nature: where cellular biomass was
significantly enhanced in bottles after resource
(iron or light) amendment, relative to control (or
other) treatments, we infer that algal growth rates
in the control (or other) treatments were limited
by a deficiency in that resource. The statistical
significance of differences between mean values
of parameters measured in different treatments
were assessed using a two-tailed t-test for com-
parisons between two treatments, or a one-way
analysis of variance (ANOVA) for comparisons
between three or more treatments, at a confi-
dence level of 95% (P = 0.05).

Results and discussion
Shipboard iron-light manipulation experiment

The starting seawater collected for this experi-
ment contained high concentrations of dissolved
inorganic macronutrients that were typical of
surface waters in the Ross Sea during early
summer: ~20 pM nitrate + nitrite, ~1.5 uM phos-
phate, and ~55 pM silicic acid. Analysis of iron in
0.4-pM filtered subsamples of the starting seawa-
ter using methods described by Sedwick et al.
(2005) revealed an initial dissolved Fe concentra-
tion of 0.38 + 0.03 nM (n = 2). Thus, our addi-
tions of DFOB to the low-iron treatments were
nearly an order of magnitude higher than the
ambient dissolved iron concentration, on a molar
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basis. Initial phytoplankton biomass was rela-
tively high, with ~4 pug I"" chlorophyll a. Ship-
board microscopy and subsequent HPLC
measurements of the molar ratios of 19’-hexa-
noyloxyfucoxanthin to fucoxanthin (~3.8) and
chlorophyll ¢3 to chlorophyll a (~0.3) in the
starting seawater indicate that algal biomass was
overwhelmingly dominated by Phaeocystis ant-
arctica (DiTullio and Smith 1996; Van Leeuwe
and Stefels 1998; DiTullio et al., this issue).

The results from this shipboard incubation
experiment are presented in Fig. 2, which shows
the concentrations of dissolved nitrate + nitrite,
particulate chlorophyll a, and particulate
19’-hexanoyloxyfucoxanthin:fucoxanthin in the
incubation bottles during the course of the 80-h
experiment. There was a significant decrease
(drawdown) in dissolved nitrate + nitrite in all
treatments during the experiment (Fig. 2a), rela-
tive to the starting seawater, suggesting net
growth and accumulation of biomass in all treat-
ments. There was no statistically significant
difference between nitrate + nitrite drawdown
among the different iron treatments at a given
light level, suggesting that algal community
growth rates were not increased by iron addition,
nor decreased by DFOB addition. However, after
80 h incubation there was a significantly lower
(P < 0.05) concentration of nitrate + nitrite
(mean = 14.6 + 0.6 M) in the six high-light
treatments than in the six low-light treatments
(mean = 16.6 + 0.2 uM), implying higher net
growth rates in the bottles that were exposed to
an irradiance higher than estimated in situ levels.

The chlorophyll a data (Fig. 2b) also show no
significant difference between the various iron
treatments for a given light level after 80 h
incubation,  although  significantly  lower
(P <0.05) levels of chlorophyll a (mean =
6.1 = 1.6 pg 1) were measured in the high-light
treatments relative to concentrations in the low-
light incubations (mean =9.5+ 0.5 pgl™t). If
chlorophyll a were to be used as a proxy for cell
biomass, this result would run contrary to our
conclusions based on nitrate drawdown. A likely
explanation for this discrepancy is that chlorophyll
a concentrations in the high-light treatments
reflect light-driven changes in cellular chlorophyll
a content, with cells producing less chlorophyll a in
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Fig. 2 Concentrations of (a) dissolved nitrate + nitrite,
(b) particulate chlorophyll @, and (¢) ratio particulate 19’
hexanoloxyfucoxanthin/fucoxanthin (hex/fuco) in the incu-
bation bottles versus incubation time, from the shipboard
iron-light manipulation experiment

the high-light treatments relative those incubated
at low (approximately in-situ) irradiance, consis-
tent with the experimental results of Van Leecuwe
and Stefels (1998). This finding suggests that
chlorophyll a is not a suitable proxy for cell
biomass in such bioassay experiments with
P. antarctica.

The ratio of 19’-hexanoloxyfucoxanthin (hex)
to fucoxanthin (fuco) in the experimental bottles
(Fig. 2¢) showed a considerable range after 80 h
incubation, from ~0.7 to ~3.2, with a general
decrease relative to the ratio of ~3.8 in the
starting seawater. In contrast to the data trends

for nitrate + nitrite and chlorophyll a, there were
no significant differences in the mean hex/fuco
ratio of the low-light versus high-light treatments.
However, there were statistically significant
differences in the hex/fuco ratio between the
high-iron, control-iron, and low-iron treatments
after 80 h incubation (one-way ANOVA), with
lower hex/fuco ratios observed in the Fe-amended
bottles. These differences may reflect an increase
in the relative abundance of diatoms following
addition of iron (DiTullio and Smith 1996; Sed-
wick et al. 2000), and/or iron-driven changes in
the hex/fuco ratio of Phaeocystis cells (Van
Leeuwe and Stefels 1998; DiTullio et al., this
issue). However, there was no significant draw-
down of silicic acid in any of the treatments (data
not shown), implying little growth by diatoms.
This is consistent with our visual observations,
and suggests that colonial P. antarctica dominated
the algal biomass that accumulated in all incuba-
tion bottles. Thus the lower hex/fuco ratios in the
Fe-amended bottles most likely reflect changes in
the hex/fuco ratio of Phaeocystis cells, a conclu-
sion corroborated by the results of pigment
analyses from our laboratory dose-response
iron-addition experiment (see next section and
DiTullio et al., this issue).

Additions of nanomolar concentrations of the
iron-chelating ligand DFOB to open-ocean algal
assemblages have been shown to reduce the
concentration of iron available to many types of
phytoplankton (Wells et al. 1994; Wells 1999;
Hutchins et al. 1999; Timmermans et al. 2001).
However, there is evidence that some algal
species can access DFOB-bound iron (Soria-
Dengg and Horstman 1995; Hutchins et al. 1999;
Maldonado and Price 1999; Eldridge et al. 2004;
Maldonado et al. 2005). A potentially important
observation from our shipboard experiment is
that DFOB, when added to incubation bottles in
significant excess (~10x) over dissolved iron, did
not appear to limit the growth of colonial Phae-
ocystis antarctica over the course of the experi-
ment. The majority of dissolved Fe in open-ocean
surface waters is thought to be complexed by an
excess of uncharacterized Fe(III)-binding organic
ligands that have conditional stability constants

teLper ) of around 10%-10** M™' (Gledhill
and van den Berg 1994; Rue and Bruland 1995,
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1997; van den Berg, 1995; Wu and Luther 1995;
Boye et al. 2005). A significant fraction of this
organically complexed iron is thought to be
available to phytoplankton (Rue and Bruland
1997; Hutchins et al. 1999; Maldonado and Price
1999, 2001; Boye et al. 2005; Maldonado et al.
2005). Assuming this to be the case for surface
seawater at our Ross Sea station A, then the
addition of 3 nM DFOB (which has a K. .
value similar to or higher than that of Fe-binding
ligands in seawater; Rue and Bruland 1995;
Maldonado et al. 2005) would have sequestered
a significant fraction of the dissolved iron in the
DFOB-Fe complex. Thus our experimental
results imply that DFOB-bound iron, and poten-
tially other organic-iron complexes, are, to some
extent, biologically available to colonial P. ant-
arctica. The mechanism by which Phaeocystis
might access this DFOB-bound Fe remains
unknown, but it may reflect the ability of hapto-
phytes to produce specific Fe-binding ligands
(C. Trick, personal communication, 2006).

Although the addition of DFOB in excess of
dissolved iron had no clear effect on the growth
rate of colonial Phaeocystis antarctica, the data
shown in Fig. 2c suggest that DFOB addition did
result in a higher hex/fuco ratio in P. antarctica
relative to cells grown in the control treatments,
presumably in response to complexation of dis-
solved Fe by the DFOB. This observation is
consistent with experimental results reported by
Van Leeuwe and Stefels (1998), and with the
pigment data from our laboratory dose-response
iron-addition experiment (DiTullio et al., this
volume), which indicate that the hex/fuco ratio
of P. antarctica cells may vary significantly in
response to changes in the concentration and/or
speciation of dissolved iron, even though dis-
solved iron concentrations are not low enough to
limit algal growth rate. Van Leeuwe and Stefels
(1998) suggest that P. antarctica may convert fuco
to hex as a photoprotective mechanism under
conditions of decreased iron availability. Thus the
higher hex/fuco ratio observed in our DFOB-
amended incubation bottles, relative to control
samples, may reflect photoprotective adaptation
to a decrease in the concentration of readily
available dissolved Fe.
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In summary, the results of our shipboard iron-
light manipulation experiment suggest that: (1)
the proximate control on the growth of the
colonial P. antarctica at station A was irradiance,
with higher growth rates observed in colonies
exposed to irradiance higher than the range of
estimated in-situ values; and (2) the ambient
dissolved Fe levels of ~0.38 nM were sufficient to
meet the growth requirements of colonial Phae-
ocystis in surface waters at this site. However, one
caveat that must be considered here is the
relatively short duration (~3 days) of this incuba-
tion experiment, which was imposed by our cruise
schedule. Results of other shipboard incubation
experiments in the Ross Sea (e.g., Martin et al.
1990; Sedwick et al. 2000; Coale et al. 2003) have
shown time lags of 2 or more days between iron
amendment and biological response, in terms of
increases in algal biomass and drawdown in
macronutrients. Thus we cannot say definitively
that the growth rate of colonial P. antarctica
collected at station A did not change in response
to additions of Fe or DFOB.

Laboratory dose-response iron-addition
experiment

As well as the results of the shipboard iron-light
experiment described in the preceding section, a
preliminary laboratory experiment that we per-
formed using Phaeocystis isolated from Ross Sea
station 25 provided further evidence that colonial
P. antarctica are able to access iron from seawater
in which DFOB is present in ~10x excess of
dissolved iron concentration (Garcia et al., man-
uscript in preparation). This finding, and evidence
for the ability of phytoplankton to access Fe
bound by other organic ligands, including EDTA,
raise concerns regarding the use of chelating
compounds, such as EDTA and DFOB, to main-
tain low concentrations of biologically available
iron in algal culture experiments (e.g., Anderson
and Morel 1982; Brand et al. 1983; Sunda et al.
1991; Sunda and Huntsman 1995, 1997). Indeed,
Gerringa et al. (2000) have eloquently argued
against the use of EDTA or other added ligands
to control dissolved inorganic Fe(III) in such
experiments.
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With this issue in mind, we designed the
laboratory iron-addition experiment that is de-
scribed in the methods section ‘“‘Laboratory dose—
response iron-addition experiment”’, whereby our
starting culture of colonial Phaeocystis antarctica
was successively diluted with low-iron (~0.17 nM
dissolved Fe) station B seawater using stringent
trace-metal clean techniques. We thus produced
a unialgal culture of predominantly colonial
P. antarctica in low-iron (~0.2 nM) seawater
containing a negligible concentration of EDTA
(~0.02 nM), which was then used in a dose-
response iron-addition experiment (see the
methods section ‘“‘Laboratory dose-response
iron-addition experiment’’). To our knowledge,
this represents the first successful application of
an iron-clean culture experiment using colonial
Phaeocystis antarctica in a land-based laboratory.
A similar method has been applied to unialgal
cultures of diatoms in shipboard experiments
(Timmermans et al. 2001), and, more recently,
in land-based laboratory experiments (Timmer-
mans et al. 2004).

Visual observations indicated that Phaeocystis
biomass was dominated by nearly spherical col-
onies in all incubation treatments during the
course of our 31-day incubation experiment.
Figure 3 shows the time course of dissolved
nitrate + nitrite and particulate chlorophyll a
concentrations in the incubation bottles. After
31 days incubation, the iron-amended bottles
(except for the +1.8 nM Fe treatment) displayed
a statistically significant decrease (drawdown) in
dissolved nitrate + nitrite relative to the control
treatments (Fig. 3a), with the +0.6 nM Fe treat-
ments achieving the greatest mean drawdown in
nitrate + nitrite (6.5 uM) relative to the starting
seawater. Assuming that the drawdown in nitra-
te + nitrite reflects net accumulation of cellular
biomass in the incubation bottles (see section
“Interpretation of experimental results’”), we con-
clude that the growth rate of colonial P. antarctica
in the starting seawater, which contained 0.22 nM
dissolved Fe, was limited by iron deficiency.
The chlorophyll @ data (Fig. 3b) also indicate
Fe-driven increases in chlorophyll biomass, with
the highest mean chlorophyll a concentration
(5.3 pg 1" achieved in the +0.6 nM Fe treatment
after 31 days. These chlorophyll a data are

wholly consistent with the nitrate + nitrite
results, implying that iron addition did not
mediate large changes in cellular chlorophyll a.
This result supports our assertion that changes
in cellular chlorophyll a during the shipboard
iron-light incubation experiment (see previous
section) were largely driven by changes in
irradiance.

Our experimental data indicate that the cellu-
lar biomass of colonial Phaeocystis increased
significantly in response to added Fe, with the
notable exception of the +1.8 nM Fe treatments,
which displayed a lesser biological response than
the +0.2 nM and +0.6 nM Fe treatments after
31 days incubation. This unexpected result for the
+1.8 nM Fe treatment may reflect an effective
solubility limit for dissolved Fe in such experi-
ments, whereby bottles with an initial dissolved
Fe concentration greater than ~1-2 nM (in the
absence of EDTA) experience a significant loss of
biologically available Fe during the incubation
period, via precipitation of iron hydroxides
(Kuma et al. 1996, 1998; Nakabayashi 2002).
Following this reasoning, we suggest that the final
concentration of dissolved Fe in the +1.8 nM Fe
treatments was perhaps much less than the initial
concentration of 2.02 nM. In support of this
explanation, we note that the concentration of
dissolved Fe rarely exceeds ~1-2 nM in open-
ocean surface waters, even in the presence of
much higher concentrations of particulate iron
(e.g. see Sedwick and DiTullio 1997; Brown et al.
2005; Sedwick et al. 2005). This effective solubil-
ity limit for dissolved Fe in ocean surface waters is
thought to be determined by the concentration of
naturally occurring Fe(III)-binding organic
ligands, which allow for dissolved Fe(III) concen-
trations that far exceed the solubility of iron
hydroxides in organic-free seawater (Kuma et al.
1996, 1998; Wu et al. 2001; Liu and Millero 2002;
Nakabayashi 2002).

We have estimated nitrate-specific net growth
rates (un) of Phaeocystis for each experimental
treatment between days 25 and 31, using the
mean values of nitrate + nitrite drawdown, rela-
tive to the starting seawater, at these timepoints.
This calculation assumes that: (1) growth was
exponential in all bottles between days 25 and 31,
and (2) decreases in nitrate + nitrite were directly
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Fig. 3 Concentrations of (a) dissolved nitrate + nitrite,
(b) particulate chlorophyll a, in the incubation bottles
versus incubation time, from the laboratory dose-response
iron-addition experiment. Data are plotted as the mean
value of duplicate treatments, with error bars showing +
one standard deviation from the mean

proportional to net increases in the standing stock
of colonial Phaeocystis cells (see the section
“Interpretation of experimental results”). In
Fig. 4, we plot these un values against the initial
concentration of dissolved Fe in the incubation
bottles. In other studies that have used bioassay
experiments to examine the relationship between
algal growth rate and dissolved Fe concentration
(e.g. Coale et al. 1996, 2003; Blain et al. 2002;
Timmermans et al. 2001, 2004), the experimen-
tal data have been described by a Monod
(Michaelis-Menten) saturation function of the
form u = pmax[dFe/(K, + dFe)], where p is the
net growth rate, dFe is the dissolved Fe concen-
tration in the experimental treatments, . 1S
maximum Fe-replete growth rate, and K, is the
half-saturation constant for growth with respect
to dissolved Fe. An important assumption of
these studies is that dissolved Fe concentrations
do not change significantly during the course of
growout experiments; as discussed above, we
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suggest that this assumption is not valid for our
+1.8 nM Fe treatments. If we exclude results from
the +1.8 nM Fe treatments on this basis, then a
Monod function can be fitted to the experimental
data plotted in Fig. 4.

To do this we use the Eadie-Hofstee linear
transformation of the Monod hyperbolic func-
tion, which is a relatively robust approach with
regard to error-prone data such as our py values,
because it gives equal weight to all data points
(Zivin and Waud 1982). The Eadie-Hofstee plot
of un versus un/dFe yields a least-squares best fit
with a slope (=-K,) of —0.45 nM, a y-intercept
(=ptmax) of 0.33 d™!, and an #* value of 0.85. This
exercise yields a half-saturation constant for
growth (K,) of 0.45 nM dissolved Fe for colonial
Phaeocystis antarctica grown at an irradiance of
~20 uE m? s, This K, estimate is within the
range of experimental K, estimates that Tim-
mermans et al. (2004) report for four species of
Southern Ocean diatoms grown at an irradiance
of 60 uE m™ s™! (K, = 0.19-1.14 nM Fe), but it is
more than an order of magnitude higher than the
K, values estimated for Ross Sea prymne-
siophytes (presumably solitary P. antarctica) by
Coale et al. (2003). It should be noted that the
curve shown in Fig. 4 is constrained by only
three data points, and that there are large
uncertainties in the py values calculated from
the nitrate + nitrite data shown in Fig. 3a. As a
result, there are large uncertainties associated
with our estimates of K, and pimax. Nonetheless,
our experimental results clearly demonstrate that
colonial P. antarctica require relatively high
dissolved Fe concentrations—certainly well
above 0.2 nM—to achieve maximum growth
rates at the relatively low irradiance of
~20 uE m™2 s7%,

Conclusions and directions for future research

Our experimental results must be considered in the
context of seasonal changes in mean irradiance and
dissolved iron concentrations for ocean surface
waters in our study region. Smith and van Hilst
(2003) estimate mean mixed-layer irradiances of
96 + 58 yEm?s™! and 180 + 110 kE m™ s™! in
the southern Ross Sea for the periods November
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Fig. 4 Nitrate-specific growth rates (un) of conlonial
Phaeocystis in the incubation bottles between days 25
and 31, versus initial dissolved iron concentrations. The
Monod hyperbola (dashed line) was fitted using an Eadie—
Hofstee linear transformation (r2 = 0.85), and excludes the
+1.8 nM Fe datum (in parentheses). The half-saturation
constant for growth (K,) and maximum nitrate-specific
growth rate (unmax) are indicated

10-December 8, 1994 (mid spring—early summer)
and December 20-January 15, 1995 (mid summer),
respectively. Over these same periods, dissolved
iron concentrations in the upper water column
averaged 1.0 and 0.23 nM, respectively (Sedwick
et al. 2000). It is also important to acknowledge the
antagonistic relationship between the iron and
light requirements of phytoplankton, whereby
cellular iron requirements are expected to
decrease as mean irradiance increases (Raven
1990; Sunda and Huntsman 1997). Thus, in the
Ross Sea polynya, we would expect the cellular
iron requirements of colonial Phaeocystis to
decrease during the growing season, as the surface
mixed-layer shoals and mean irradiance increases,
and as dissolved iron concentrations decrease.
The results of our two experiments are consis-
tent with these seasonal changes in the availabil-
ity of light and iron, given the interrelated
influences of irradiance and iron availability on
phytoplankton growth rate. The data from our
laboratory dose-response iron-addition experi-
ment indicate a relatively high iron requirement
for colonial Phaeocystis at an irradiance of
~20 uE m~2 s7!, a value that is representative of
the mean irradiance in the mixed layer of the
southern Ross Sea during early spring (Smith
et al. 2000; Smith and van Hilst 2003; Hiscock
2004). At that time, dissolved Fe concentrations
are likely to exceed our estimated half-saturation

constant of 0.45 nM dissolved Fe (Sedwick et al.
2000; Coale et al. 2005), thus the growth of
colonial P. antarctica should not be strongly
limited by iron availability. However, we would
expect colonial Phaeocystis to have significantly
lower iron requirements at the higher irradiance
levels used in our shipboard iron-light manipula-
tion experiment, which was conducted in late
December. In the southern Ross Sea during mid
summer, integrated clear-sky irradiance at the sea
surface estimated from the model of Gregg and
Carder (1990) is around 640 uE m™ s~ (Hiscock
2004), thus we estimate irradiance on the order of
100 uE m™ s and 300 uE m2 s™! for our low-
light and high-light treatments, respectively.
The expectation of lower iron requirements of
Phaeocystis under such irradiance levels (com-
pared with the much lower irradiance of
20 uEm~? s used in our laboratory dose—
response experiment) are borne out by the results
of our shipboard experiment, since we observed
no evidence for growth limitation or iron stress at
the ambient dissolved Fe concentration of
0.38 nM.

Boyd (2002) speculated that the growth of
Phaeocystis in the Ross Sea may be limited by
iron availability from spring through late summer,
and by low irradiance from autumn through early
spring, with the potential for colimitation by iron
and light during spring and early fall. We propose
a slightly different scenario, whereby the impact
of decreasing Fe availability during the spring is
mitigated by the increase in irradiance, which
significantly lowers the cellular iron requirements
of Phaeocystis, thus allowing blooms to develop
through the spring and into the summer. Eventu-
ally, however, dissolved Fe concentrations
decrease to such low levels as to limit the growth
rate of colonial Phaeocystis, even under relatively
high mean irradiance, and at this point the blooms
are terminated. To test this conceptual model
requires an understanding of the effect of irradi-
ance on the iron requirements of colonial
P. antarctica. Towards this goal, we are currently
undertaking further dose-response iron-addition
experiments with our P. antarctica culture at
higher levels of irradiance.

With regard to quantitative simulations of
the Ross Sea ecosystem, we note that recent

@ Springer



94

Biogeochemistry (2007) 83:83-97

numerical models (Arrigo et al. 2003; Tagliabue
and Arrigo 2005) have parameterized the growth
of colonial Phaeocystis using a half-saturation
constant of 0.01 nM for iron, which is more than
an order of magnitude less than the K, value
estimated from our laboratory experiment. Even
allowing for a significant decrease in K, at the
higher irradiance levels during late spring and
into summer, it seems likely that the growth
requirements of colonial Phaeocystis are closer to
0.1 nM dissolved Fe, similar to values estimated
for Southern Ocean diatoms by Timmermans
et al. (2001, 2004). The cellular C/Fe uptake ratio
is another critical parameter for such numerical
models, with a value of 450,000 (estimated from
model diagnostics) used in the recent modelling
study of Tagliabue and Arrigo (2005). The mea-
surement of C/Fe uptake ratios in colonial Phae-
ocystis represents a formidable methodological
challenge, because dissolved Fe is likely to be
partitioned into both the Phaeocystis cells and
surrounding mucus, and the extent to which
mucus-bound Fe is available to the cells is
unknown (Schoemann et al. 2005). Techniques
that have been used to remove extracellular Fe
for cellular Fe uptake measurements (e.g., Hud-
son and Morel 1989; Tovar-Sanchez et al. 2003;
Tang and Morel 2006) might not be applicable to
colonial Phaeocystis, and sophisticated analytical
tools such as the synchrotron X-ray fluorescence
microprobe (Twining et al. 2003) may be required
to provide accurate estimates of cellular C/Fe
uptake ratios.

Acknowledgements The authors gratefully acknowledge
the officers and crew of the RV Nathaniel B. Palmer, and
Raytheon Polar Services Company personnel for their
outstanding support in the field. We thank two anonymous
reviewers for their helpful criticisms and suggestions. This
work has benefited from discussions with Veronique
Schoemann, Walker Smith, and Alessandro Tagliabue.
Funding for this research was provided by US National
Science Foundation grants OPP-0230559 (PNS), OPP-
0230513 (GRD) and DGE-0139313 (NSG through M.
Vansickle and G. Tempel).

References

Anderson MA, Morel FMM (1982) The influence of
aqueous iron chemistry on the uptake of iron by the

@ Springer

coastal diatom Thalassiosira weissflogii. Limnol Oce-
anogr 27:789-813

Arrigo KR, van Dijken GL (2004) Annual changes in sea
ice, chlorophyll a, and primary production in the Ross
Sea, Antarctica. Deep-Sea Res Part II 51:117-138

Arrigo KR, Tagliabue A (2005) Iron in the Ross Sea,
Part II: impact of discrete iron addition strategies.
J Geophys Res 110 (C03010). DOI: 10.1029/
2004JC002568

Arrigo KR, Weiss AM, Smith WO (1998) Physical forcing
of phytoplankton dynamics in the southwestern Ross
Sea. J Geophys Res 103(C1):1007-1022

Arrigo KR, Robinson DH, Worthen DL, Dunbar RB,
DiTullio GR, VanWoert M, Lizotte MP (1999)
Phytoplankton community structure and the draw-
down of nutrients and CO, in the Southern Ocean.
Science 283:365-367

Arrigo KR, Worthen DL, Robinson DH (2003) A coupled
ocean-ecosystem model of the Ross Sea. Part 2: iron
regulation of phytoplankton taxonomic variability and
primary production. J Geophys Res 108(C7):3231.
DOI: 10.1029/2001JC000856

Blain S, Sedwick PN, Griffiths FB, Queguiner B, Bucciar-
elli E, Fiala M, Pondaven P, Treguer P (2002)
Quantification of algal iron requirements in the
Subantarctic Southern Ocean (Indian sector). Deep-
Sea Res Part II 49:3255-3273

Boyd PW (2002) Environmental factors controlling phy-
toplankton processes in the Southern Ocean. J Phycol
38:844-861

Boye M, Nishioka J, Croot PL, Laan P, Timmermans KR,
de Baar HJW (2005) Major deviations of iron
complexation during 22 days of a mesoscale iron
enrichment in the open Southern Ocean. Mar Chem
96:257-271

Brand LE, Sunda WG, Guillard RRL (1983) Limitation of
marine phytoplankton reproductive rates by zinc,
manganese and iron. Limnol Oceanogr 28:1182-1198

Brown MT, Landing WM, Measures CI (2005) Dissolved
and particulate Fe in the western and central North
Pacific: results from the 2002 IOC cruise. Geochem
Geophys Geosys 6. DOI: 10.1029/2004GC000893

Coale KH, Fitzwater SE, Gordon RM, Johnson KS,
Barber RT (1996) Control of community growth and
export production by upwelled iron in the equatorial
Pacific Ocean. Nature 379:621-624

Coale KH, Wang X, Tanner SJ, Johnson KS (2003)
Phytoplankton growth and biological response to iron
and zinc addition in the Ross Sea and Antarctic
Circumpolar Current along 170°W. Deep-Sea Res
Part IT 50:635-653

Coale KH, Gordon RM, Wang X (2005) The distribution
and behavior of dissolved and particulate iron and
zinc in the Ross Sea and Antarctic circumpolar
current along 170°W. Deep-Sea Res Part I 52:295-318

De Baar HIW, Buma AGJ, Nolting RF, Cadée GC,
Jacques G, Tréguer PJ (1990) On iron limitationof the
Southern Ocean: experimental observations in the
Weddell and Scotia Seas. Mar Ecol Progr Ser 65:105—
122



Biogeochemistry (2007) 83:83-97

95

DiTullio GR, Geesey ME (2002) Photosynthetic pigments
in marine algae and bacteria. In: Bitton G (ed) The
encyclopedia of environmental microbiology. John
Wiley & Sons, pp 2453-2470

DiTullio GR, Smith WO (1995) Relationship between
dimethylsulfide and phytoplankton pigment concen-
trations in the Ross Sea, Antarctica. Deep-Sea Res
Part T 42:873-892

DiTullio GR, Smith WO Jr (1996) Spatial patterns in
phytoplankton biomass and pigment distributions in
the Ross Sea. J Geophys Res 101:18467-18477

DiTullio GR, Hutchins DA, Bruland KW (1993) Interac-
tion of iron and major nutrients controls phytoplank-
ton growth and species composition in the tropical
north Pacific Ocean. Limnol Oceanogr 38:495-508

DiTullio GR, Grebmeier JM, Arrigo KR, Lizotte MP,
Robinson DH, Leventer A, Barry JP, VanWoert ML,
Dunbar RB (2000) Rapid and early export of Phae-
ocystis antarctica blooms in the Ross Sea, Antarctica.
Nature 404:595-598

DiTullio GR, Garcia NS, Riseman SF, Sedwick PN (2007)
Effects of iron concentration on pigment composition
in Phaeocystis antarctica. Biogeochemistry (this issue)

Eldridge ML, Trick CG, Alm MB, DiTullio GR, Rue EL,
Bruland KW, Hutchins DA, Wilhelm SW (2004)
Phytoplankton community response to a manipulation
of bioavailable iron in HNLC waters of the subtropical
Pacific Ocean. Aquat Microb Ecol 35:79-91

Fitzwater SE, Coale KH, Gordon RM, Johnson KS,
Ondrusek ME (1996) Iron deficiency and phytoplank-
ton growth in the Equatorial Pacific. Deep-Sea Res
Part IT 43:995-1015

Fitzwater SE, Johnson KS, Gordon RM, Coale KH, Smith
WO (2000) Trace metal concentrations in the Ross
Sea and their relationship with nutrients and growth.
Deep-Sea Res Part II 47:3159-3179

Gerringa LJA, de Baar HIW, Timmermans KR (2000) A
comparison of iron limitation of phytoplankton in
natural oceanic waters and laboratory media condi-
tioned with EDTA. Mar Chem 68:335-346

Gibson JAE, Garrick RC, Burton HR, McTaggart AR
(1990) Dimethylsulfide and the alga Phaeocystis
pouchetii in Antarctic coastal waters. Mar Biol
104:339-346

Gledhill M, van den Berg CMG (1994) Determination of
complexation of iron(IIT) with natural organic com-
plexing ligands in seawater using cathodic stripping
voltammetry. Mar Chem 47:41-54

Gordon LI, Codispoti LA, Jennings JC Jr, Millero FJ,
Morrison JM, Sweeney C (2000) Seasonal evolution
of hydrographic properties in the Ross Sea, Antarc-
tica, 1996-1997. Deep-Sea Res Part 11 47:3095-3117

Gregg WW, Carder KL (1990) A simple spectral solar
irradiance model for cloudless maritime atmospheres.
Limnol Oceanogr 35:1657-1675

Guillard RRL, Hargraves PE (1993) Stichochrysis immo-
bilis is a diatom, not a chrysophyte. Phycologia
32:234-236

Hiscock MR (2004) The regulation of primary productivity
in the Southern Ocean. Ph.D. Thesis, Duke Univer-
sity, 174 pp

Hong Y, Smith WO, White A-M (1997) Studies on
transparent exopolymer particles (TEP) produced by
Phaeocystis sp. (Prymnesiophyceae) in the Ross Sea,
Antarctica. J Phycol 33:368-376

Hudson RJM, Morel FMM (1989) Distinguishing between
extracellular and intracellular iron in marine-phyto-
plankton. Limnol Oceanogr 34:1113-1120

Hutchins DA, Franck VM, Brzezinski MA, Bruland KW
(1999) Inducing phytoplankton iron limitation in iron-
replete coastal waters with a strong chelating ligand.
Limnol Oceanogr 44(4):1009-1018

Hutchins DA, Sedwick PN, DiTullio GR, Boyd PW,
Quéguiner B, Griffiths FB, Crossley C (2001) Control
of phytoplankton growth by iron and silicic acid
availability in the subantarctic Southern Ocean
Experimental results from the SAZ project. J Geo-
phys Res 106(C12):31559-31572

Knap A, Michaels A, Close A, Ducklow H, Dickson A
(1996) Protocols for the Joint Global Ocean Flux
Study (JGOFS) core measurements. JGOFS Report
19, 170 pp

Kuma K, Nishioka J, Katsuhiko M (1996) Controls on
iron(III) hydroxide solubility in seawater: the influ-
ence of pH and natural organic chelators. Limnol
Oceanogr 41:396-407

Kuma K, Katsumoto A, Kawakami H, Takatori F,
Matsunaga K (1998) Spatial variability of Fe(III)
hydroxide solubility in the water column of the
northern North Pacific Ocean. Deep-Sea Res Part 1
45:91-113

Liu X, Millero FJ (2002) The solubility of iron in seawater.
Mar Chem 77:43-54

Maldonado MT, Price NM (1999) Utilization of iron
bound to strong organic ligands by plankton commu-
nities in the subarctic Pacific Ocean. Deep-Sea Res
Part 1T 46:2447-2473

Maldonado MT, Price NM (2001) Reduction and transport
of organically bound iron by Thalassiosira oceanica
(bacillariophyceae). J Phycol 37:298-310

Maldonado MT, Strzepek RF, Sander S, Boyd PW (2005)
Acquisition of iron bound to strong organic com-
plexes, with different Fe binding groups and photo-
chemical reactivities, by plankton communities in
Fe-limited subantarctic waters. Global Biogeochem
Cycles 19. DOI: 10.1029/2005GB002481

Martin JH, Fitzwater SE, Gordon RM (1990) Iron
deficiency limits plankton growth in Antarctic waters.
Global Biogeochem Cycles 4:5-12

Matrai PA, Vernet M, Hood R, Jennings A, Brody E,
Saemundsdottir S (1995) Light dependence of carbon
and sulfur production by polar clones of the genus
Phaeocystis. Mar Biol 124:157-167

Mathot S, Smith WO Jr, Carlson CA, Garrison DL
(2001) Estimate of Phaeocystis sp. carbon biomass:
methodological problems related to the mucilaginous
nature of the colonial matrix. J Phycol 36:1049-
1056

Measures CI, Yuan J, Resing JA (1995) Determination of
iron in seawater by flow injection analysis using in-line
preconcentration and spectrophotometric detection.
Mar Chem 50:3-12

@ Springer



96

Biogeochemistry (2007) 83:83-97

Moisan TA, Mitchell BG (1999) Photophysiological accli-
mation of Phaeocystis antarctica Karsten under light
limitation. Limnol Oceanogr 44:247-258

Nakabayashi S, Kuma K, Sasaoka K, Saitoh S, Mochizuki
M, Shiga N, Kusakabe M (2002) Variation in iron(III)
solubility and iron concentration in the northwestern
North Pacific Ocean. Limnol Oceanogr 47:885-892

Olson RJ, Sosik HM, Chekalyuk AM, Shalapyonok A
(2000) Effects of iron enrichment on phytoplankton in
the Southern Ocean during late summer: active
fluorescence and flow cytometric analyses. Deep-Sea
Res Part II 47:3179-3200

Palmisano AC, SooHoo JB, SooHoo SL, Kottmeier ST,
Craft LL, Sullivan CW (1986) Photoadaptation in
Phaeocystis pouchetii advected beneath annual sea ice
in McMurdo Sound, Antarctica. J Plankton Res
8:891-906

Raven JA (1990) Predictions of Mn and Fe use efficiencies
of phototrophic growth as a function of light avail-
ability for growth and C assimilation pathway. New
Phytol 116:1-17

Robinson DH, Arrigo KR, DiTullio GR, Lizotte MP
(2003) Evaluating photosynthetic carbon fixation
during Phaeocystis antarctica blooms. In: DiTullio
GR, Dunbar RB (eds) Biogeochemistry of the Ross
Sea. Antarct Res Ser 78:77-91

Rue EL, Bruland KW (1995) Complexation of iron(I1I) by
natural organic ligands in the Central North Pacific as
determined by a new competitive ligand equilibration/
adsorptive cathodic stripping voltammetric method.
Mar Chem 50:117-138

Rue EL, Bruland KW (1997) The role of organic
complexation on ambient iron chemistry in the
equatorial Pacific Ocean and the response of a
mesoscale iron addition experiment. Limnol Ocea-
nogr 42:901-910

Schoemann V, Becquevort S, Stefels J, Rousseau V,
Lancelot C (2005) Phaeocystis blooms in the global
ocean and their controlling mechanisms: a review. J
Sea Res 53:43-66

Sedwick PN, DiTullio GR (1997) Regulation of algal
blooms in Antarctic shelf waters by the release of iron
from melting sea ice. Geophys Res Lett 24:2515-2518

Sedwick PN, Edwards PR, Mackey DIJ, Griffiths FB,
Parslow JS (1997) Iron and manganese in surface
waters of the Australian subantarctic region. Deep-
Sea Res Part I 44:1239-1253

Sedwick PN, DiTullio GR, Mackey DJ (2000) Iron and
manganese in the Ross Sea, Antarctica: seasonal iron
limitation in Antarctic shelf waters. J Geophys Res
105(C5):11321-11336

Sedwick PN, Blain S, Queguiner B, Griffiths FB, Fiala M,
Bucciarelli E, Denis M (2002) Resource limitation of
phytoplankton growth in the Crozet Basin, Subant-
arctic Southern Ocean. Deep-Sea Res Part 11 49:3327—
3349

Sedwick PN, Church TM, Bowie AR, Marsay CM, Ussher
SJ, Achilles KM, Lethaby PJ, Johnson RJ, Sarin MM,
McGillicuddy DJ (2005) Iron in the Sargasso Sea
(Bermuda Atlantic Time-series Study region) during
summer: Eolian imprint, spatiotemporal variability,

@ Springer

and ecological implications. Global Biogeochem
Cycles 19. DOI: 10.1029/2004GB002445

Smith WO Jr, Gordon LI (1997) Hyperproductivity of the
Ross Sea (Antarctica) polynya during austral spring.
Geophys Res Lett 24:233-236

Smith WO, van Hilst CM (2003) Effects of assemblage
composition on the temporal dynamics of carbon and
nitrogen uptake in the Ross Sea. In: DiTullio GR,
Dunbar RB (eds) Biogeochemistry of the Ross Sea.
Antarct Res Ser 78:197-208

Smith WO Jr, Codispoti LA, Nelson DM, Manley T,
Buskey EJ, Niebauer HJ, Cota GF (1991) Importance
of Phaeocystis blooms in the high latitude ocean
carbon cycle. Nature 352:514-516

Smith WO, Marra J, Hiscock MR, Barber RT (2000) The
seasonal cycle of phytoplankton biomass and primary
productivity in the Ross Sea, Antarctica. Deep-Sea
Res Part II 47:3119-3140

Smith WO Jr, Dennett MR, Mathot S, Caron DA (2003)
The temporal dynamics of the flagellated and colonial
stages of Phaeocystis antarctica in the Ross Sea. Deep-
Sea Res Part II 50:605-617

Soria-Dengg S, Horstmann U (1995) Ferrioxamines B
and E as iron sources for the marine diatom
Phaeodactylum tricornutum. Mar Ecol Progr Ser
127:269-277

Stefels J, van Leeuwe MA (1998) Effects of iron and light
stress on the biochemical composition of antarctic
Phaeocystis sp. (prymnesiophyceae). 1. Intracellular
dmsp concentrations. J Phycol 34:486-495

Sunda WG, Swift DG, Huntsman SA (1991) Low iron
requirement for growth in oceanic phytoplankton.
Nature 351:55-57

Sunda WG, Huntsman SA (1995) Iron uptake and growth
limitation in oceanic and coastal phytoplankton. Mar
Chem 50:189-206

Sunda WG, Huntsman SA (1997) Interrelated influence of
iron, light and cell size on marine phytoplankton
growth. Nature 390:389-392

Sweeney C (2003) The annual cycle of surface CO, and O,
in the Ross Sea: a model for gas exchange on the
continental shelves of Antarctica. In: DiTullio GR,
Dunbar RB (eds) Biogeochemistry of the Ross Sea.
Antarct Res Ser 78:295-312

Sweeney C, Smith WO, Hales B, Hansell DA, Carlson CA,
Codispoti LA, Gordon LI, Millero FJ, Takahashi T
(2000) Nutrient and TCO, uptake and export ratios in
the Ross Sea. Deep-Sea Res Part II 47:3395-3422

Tagliabue A, Arrigo KR (2005) Iron in the Ross Sea, Part
I: impact on CO, fluxes via variation in phytoplankton
functional group and non-Redfield stoichiometry. J
Geophys Res  110(C03009). DOI:  10.1029/
2004JC002531

Tang D, Morel FMM (2006) Distinguishing between
cellular and Fe-oxide-associated trace elements in
phytoplankton. Mar Chem 98:18-30

Timmermans KR, Gerringa LJA, De Baar HIW, van der
Wagt B, Veldhuis MJW, De Jong JTM, Croot PL
(2001) Growth rates of large and small Southern
Ocean diatoms in relation to availability of iron in
natural seawater. Limnol Oceanogr 46:260-266



Biogeochemistry (2007) 83:83-97

97

Timmermans KR, van der Wagt B, de Baar HIW (2004)
Growth rates, half-saturation constants, and silicate,
nitrate, and phosphate depletion in relation to iron
availability of four large, open-ocean diatoms from
the Southern Ocean. Limnol Oceanogr 49:2141-2151

Tovar-Sanchez A, Sanudo-Wilhelmy SA, Garcia-Vargas
M, Weaver RS, Popels LC, Hutchins DA (2003), A
trace metal clean reagent to remove surface-bound
iron from marine phytoplankton. Mar Chem 82:91-99

Twining BS, Baines SB, Fisher NS, Maser J, Vogt S,
Jacobsen C, Tovar-Sanchez A, Sanudo-Wilhelmy SA
(2003) Quantifying trace elements in individual
aquatic protist cells with a synchrotron X-ray fluores-
cence microprobe. Anal Chem 75:3806-3816

Van den Berg CMG (1995) Evidence for organic com-
plexation of iron in seawater. Mar Chem 50:139-157

Van Hilst CM, Smith WO (2002) Photosynthesis/irradi-
ance relationships in the Ross Sea, Antarctica and
their control by phytoplankton assemblage composi-
tion and environmental factors. Mar Ecol Progr Ser
226:1-12

Van Leeuwe MA, Stefels J (1998) Effects of iron and light
stress on the biochemical composition of Antarctic

Phaeocystis sp. (Prymnesiophyceae). II. Pigment
Composition. J Phycol 34:496-503

Wells ML (1999), Manipulating iron availability in near-
shore waters. Limnol Oceanogr 44:1002-1008

Wells ML, Price NM, Bruland KW (1994) Iron limitation
and the cyanobacterium Synechococcus in equatorial
Pacific waters. Limnol Oceanogr 39:1481-1486

Worthen DL, Arrigo KR (2003) A coupled ocean-ecosys-
tem model of the Ross Sea. Part 1: Interannual
variability of primary production and phytoplankton
community structure. In: DiTullio GR, Dunbar RB
(eds) Biogeochemistry of the Ross Sea. Antarct Res
Ser 78:93-105

Wu J, Luther GW III (1995) Complexation of Fe(III) by
natural organic ligands in the Northwest Atlantic
Ocean by a competitive ligand equilibration method
and a kinetic approach. Mar Chem 50:159-177

Wu J, Boyle E, Sunda W, Wen L-S (2001) Soluble and
colloidal iron in the oligotrophic North Atlantic and
North Pacific. Science 293:847-849

Zivin JA, Waud DR (1982) How to analyze binding,
enzyme and uptake data: the simplest case, a single
phase. Life Sci 30:1407-1422

@ Springer



	Evidence for high iron requirements of colonial Phaeocystis antarctica at low irradiance
	Abstract
	Introduction
	Methods
	Field collections
	Shipboard iron-light manipulation experiment
	Laboratory dose-response iron-addition experiment
	Analytical methods
	Interpretation of experimental results

	Results and discussion
	Shipboard iron-light manipulation experiment
	Laboratory dose-response iron-addition experiment

	Conclusions and directions for future research
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


