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ABSTRACT: Studies in high nutrient, low chlorophyll (HNLC) regions have demonstrated that
increased Fe availability results in an increase in phytoplankton biomass and changes in community
composition. Here we present experiments in which the availability of iron (Fe) was increased or
reduced to monitor the response of individual groups of phytoplankton (large eukaryotes, pico-
eukaryotes and cyanobacteria) by flow cytometry. Additions (0.5 to 5.0 nM Fe) and reductions in
available Fe (through addition of 1 to 10 nM of the fungal siderophore desferrioxamine B) were made
to enclosed communities from the South American eastern boundary current off Peru, where ambi-
ent dissolved Fe concentrations were <100 pM. As predicted, chlorophyll concentrations increased in
the added Fe treatments relative to the control, indicative of Fe limitation. Flow cytometry demon-
strated that this was due to increases in the abundance of large eukaryotes that are Fe-starved under
ambient conditions. Cyanobacterial abundance increased and decreased linearly with Fe availabil-
ity, suggesting that cyanobacteria were Fe-limited but not Fe-starved. In contrast, picoeukaryote cell
abundance increased with decreasing Fe availability, although chlorophyll cell in this group
responded in an inverse manner. The results demonstrate that members of the marine phytoplankton
community respond differently to Fe availability, which may influence the outcome of biological
competition among organisms in Fe-limited environments.
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INTRODUCTION

Ecosystem-scale Fe-fertilization experiments have
provided conclusive evidence that the availability of
Fe to phytoplankton in open-ocean high nutrient, low
chlorophyll (HNLC) environments can limit primary
production (Martin et al. 1994, Coale et al. 1996, Boyd
et al. 2000). Moreover, on-deck bottle incubation ex-
periments have demonstrated that Fe-limited HNLC
conditions can also occur in coastal environments,
when low riverine and aeolian Fe inputs are combined
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with high levels of upwelled nutrients (Hutchins & Bru-
land 1998, Hutchins et al. 1998, Bruland et al. 2001,
Firme et al. 2003). Recently, Hutchins et al. (2002) have
demonstrated similar Fe-limiting conditions at 2 sta-
tions in the subtropical equatorial eastern Pacific
Ocean off the coast of Peru. Although the upwelling
regions along the western coasts of the temperate con-
tinents cover only a small percentage of the ocean's
surface, they make a significant contribution to global
biogeochemical cycles (Chavez 1995, Lluch-Cota
2000). It has been estimated that coastal upwelling
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areas support ca. 10% (~0.8 Pg C yr'!) of the total
global new production (Chavez & Toggweiler 1995).
The Humboldt Current (which runs northward along
the western coast of South America) is extremely pro-
ductive; 19.9 g C m~2 d™! are fixed by photosynthesis in
the south and central fishing areas, and 9.3 g Cm2d™!
in the Antofagasta upwelling to the south (Daneri et al.
2000). Recent estimates suggest that the Humboldt
Current produces 7 million tonnes in annual fish catch
(Daneri et al. 2000).

In pelagic HNLC regions of the equatorial Pacific,
picoplanktonic cyanobacteria such as Synechococcus
and Prochlorococcus are the most abundant photosyn-
thetic organisms in the water column (Chavez et al.
1991, Fogg 1995). Although no direct evidence exists
to account for their success, their ability to alter cellu-
lar Fe quotas, their small size, and their ability to use
high-affinity Fe-acquisition mechanisms may allow for
their persistence in Fe-limited HNLC environments
(Brand 1991, Wilhelm & Trick 1994, 1995, Hutchins et
al. 1999b). These studies, mostly in laboratory settings,
suggest that these cyanobacteria assume an alternate
physiology that allows them to persist when Fe avail-
ability may be growth limiting. In field studies, where
HNLC environments have been fertilized with Fe, a
shift in species composition is usually observed, with
large diatoms replacing small prokaryotic phototrophs
such as Synechococcus (Coale et al. 1996, de Baar &
Boyd 2000).

In parallel to Fe fertilization studies, Fe ‘removal’
studies have evolved where the concentration of
bioavailable Fe is reduced by the addition of a xenobi-
otic chelating agent. Desferrioxamine B (DFB, sold
commercially as Desferal®) is a commercially available
aposiderophore produced by the terrestrial actino-
mycete Streptomyces pilosus (Winkelmann 1991). DFB
has been demonstrated to effectively reduce the avail-
able Fe to most members of the phytoplankton com-
munity (Wells et al. 1994, Hutchins et al. 1999a, Wells
1999, Timmermans et al. 2001). However, some evi-
dence suggests that a diatom isolate (Soria-Dengg &
Horstmann 1995, Hutchins et al. 1999a) and phyto-
plankton communities in the Subarctic Pacific (Mal-
donado & Price 1999) can access at least small amounts
of DFB-bound Fe (although probably not enough Fe to
satisfy cellular requirements, Hutchins et al. 1999a).
Also, Martinez et al. (2001) have recently demon-
strated the production of desferrioxamine G (a close
structural relative to DFB) by a marine Vibrio sp. iso-
lated from an invertebrate larva, suggesting that there
may also be natural sources of related compounds in
marine systems.

We present a series of experiments designed to elu-
cidate the in situ Fe status of the major groups of the
natural phytoplankton community in a subtropical

Pacific HNLC upwelling region. In an attempt to infer
the Fe-status of the population without perturbing it,
we have combined the Fe addition and removal ex-
periments, described above, to manipulate the concen-
tration of bioavailable Fe both above and below ambi-
ent concentration. Moreover, we have done this in the
presence of naturally occurring Fe-binding ligands
using native phytoplankton populations. As such, we
can observe the results of the control population in ref-
erence to both increases and decreases in Fe availabil-
ity. Our overall goal was to distinguish between Fe-
replete (where growth is limited by something other
than Fe), Fe-stressed (where growth is restricted by Fe
availability but can be further constrained by lowering
available Fe) and Fe-starved (where growth cannot be
further restricted by more severe Fe-limitation) popu-
lations within these natural communities. The results
confirm that phytoplankton in the Humboldt Current
and Peruvian upwelling can experience Fe limitation,
and demonstrate that the abundance and cellular
physiology of different populations within the same
phytoplankton community respond in distinct ways to
alterations of Fe availability.

MATERIALS AND METHODS

Sample collection. Water samples for incubation
experiments were collected off the coast of Peru in
September 2000 (Fig. 1, for station characteristics see
Table 1). Stations were chosen based on the concentra-
tion of dissolved Fe in surface waters. All stations had
ambient concentrations <100 pM, which we consid-
ered to represent Fe-limiting or near-limiting condi-
tions. Surface seawater (~7 m depth) was collected
with a clean surface pump system (Bruland et al. 2001)
using an all PTFE Teflon™ diaphragm pump (Osmon-
ics Bruiser™) and PFA Teflon™ tubing with a PVC
‘fish' deployed off the side of the ship outside of the
wake. Water was collected directly into a dedicated
50 1 acid-cleaned polyethylene carboy for homogeni-
zation. Once mixed, seawater was dispensed into 1.1 1
acid-cleaned polycarbonate bottles. All water sam-
pling was carried out under class-100 clean conditions.

Manipulations of available Fe. Fe availability to
phytoplankton in this study was decreased by the
addition of DFB. Rue & Bruland (1995) have estimated
the conditional stability constant of Fe(Ill) with Des-
feral® to be 10'%5 M~! with respect to Fe(III)’. A 10 nM
addition of Desferal, if in equilibrium with Fe(IIl),
would result in a ratio of [Fe(Ill)-Desferal] to [Fe(IlI)'] of
approximately 10%° and result in extremely low equi-
librium concentrations of Fe(Ill)’. Moreover, as dis-
cussed in previous work (Rue & Bruland 199%7), it is
likely that photochemical activity will increase the dis-
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Fig. 1. Location of stations in the subtropical eastern Pacific
Ocean

solution rates of naturally occurring Fe-ligand com-
plexes, leading to an increased formation rate of photo-
stable Fe-Desferal complexes (Barbeau et al. 2003).
DFB was purchased from the Sigma Chemical Com-
pany and dissolved into sterile, Chelex-100 treated
water (Price et al. 1989) from a Millipore BioCell water
purification system. Aliquots of the DFB stock were
added to sample bottles to generate a replicate series
of DFB concentrations of 1 to 10 nM DFB. In parallel,
+Fe bottles were amended with FeCl; (dissolved in
0.01 M Ultrex HCI]) to final concentrations ranging
from 0.5 to 5.0 nM of added Fe. In combination with
control bottles (bottles with no DFB or Fe added), this
resulted in concentrations of Fe ranging from 10 nM <
ambient (+10 nM DFB) to 5.0 nM > ambient (+5.0 nM
Fe). Sealed bottles were placed in on-deck, flowing
seawater incubators (temperature ranged from 16.3 to

20.3°C across stations) lined with a 3.2 mm-thick sheet
of spectrum-correcting blue Plexiglas® to simulate the
light intensity and spectral quality of the 50 % incident
depth in the water column (Laws et al. 1990, Wells
1999). All subsampling occurred after sunset to reduce
light-exposure effects, and to guarantee a full solar day
exposure per 24 h period.

For the first station, subsamples were collected daily
(up to 96 h) from the bottles under class-100 conditions.
For subsequent stations samples were collected only at
the 72 h time-point in order to reduce the potential for
contamination during subsampling and the influence of
bottle effects that were observed after this time-point.
Total chlorophyll was determined from 50 ml samples
collected on 0.2 pm pore-size polycarbonate filters
(Osmonics) after extraction (~24 h) in 90% acetone.
Chlorophyll (>0.2 pm [total] and >5.0 pm) was quanti-
fied with a Turner designs 10-AU fluorometer using the
non-acidification protocol of Welschmeyer (1994).

Flow cytometry. Phytoplankton communities were
analyzed immediately upon sampling (without initial
preservation) using a Becton Dickinson FACSCalibur
flow cytometer (which handles particles up to 180 pm)
equipped with a 15 mW argon laser (488 nm excitation)
and CellQuest analysis software. To normalize the
spectrum of cell responses, the software was calibrated
using 1, 2, 4, 10, and 16 pm non-fluorescent beads for
cell-size based calibration, 10 pm fluorescent beads
and lab phytoplankton cultures to standardized size
and fluorescence corresponding to chlorophyll (660 to
700 nm) and phycoerythrin (5630 to 630 nm). Fluores-
cence and cell light-scattering properties were used in
a 2D analysis to distinguish phytoplankton groups
(Frankel et al. 1990).

Fast repetition rate fluorometry. Photosynthetic effi-
ciency (the ratio of variable fluorescence to maximal
fluorescence, F,:F,) was measured by analyzing
50 ml aliquots of samples in the dark chamber of the
FASTUeka  fast repetition rate fluorometer (FRRF;
Chelsea Instruments). All samples were analyzed ~2 h
after local sunset to avoid diel periodicity effects, and
were dark-adapted at room temperature for at least
15 min prior to analysis. Data were analyzed using the
FASTracka FRRF post-processing program version 1.4
(Chelsea Instruments).

Table 1. Station characteristics. Nutrient concentrations are in ptM except for Fe, which is in nM

Stn Location Total chl a Salinity Temperature Nutrient concentrations ———
(ng I'Y) (psu) (°C) NO;™ + NO;~ PO, SiO, Fe
Bio-4 86.30° W, 3.10° S 1.5 35.0 19.6 24 1.5 15 0.06
Bio-5 80.47° W, 9.16° S 1.3 35.1 18.3 17.3 1.16 6.9 0.1
Bio-6 81.57° W, 9.81° S 0.7 35.2 18.8 14-15 1.2-1.3 6.0 0.1
Bio-7 76.02° W, 15.23° S 1.2 34.8 15.8 11-12 1.5 10-12 0.08
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Nutrient and Fe measurements. Combined nitro-
gen (NO3™ + NO;y7), phosphate and silicic acid concen-
trations were measured on a Lachat Quick Chem
8000™ Flow Injection Analysis system using standard
methods (Parsons et al. 1984). Total dissolved Fe was
measured electrochemically on board the ship by
competitive ligand equilibration (CLE), followed by
adsorptive cathodic stripping voltammetry (ACSV)
with salicylaldoxime (SA) as the competing ligand
(Rue & Bruland 1995). Dissolved (<0.2 pm) Fe was
measured by acidifying the sample (pH 1.7), followed
by briefly microwaving and, once cooled to room
temperature, applying the ACSV technique (Bruland
et al. 2001).

Fe assimilation measurements. To demonstrate that
DFB inhibited Fe uptake in the natural microbial
community, we carried out an Fe assimilation experi-
ment at Bio-7. Assimilation rates were monitored
through the addition of *Fe (as **FeCl; in 0.5 M HCI,
ca. 42 mCi mg!, from New England Nuclear) to
water samples. Cleanly collected water was dis-
pensed into acid-clean 1.2 1 polycarbonate bottles and
amended with *°Fe to a final concentration of 2 nM.
Samples were allowed to incubate for 48 h in the on-
deck incubators, and were terminated by the collec-
tion of cells onto 0.2, 1.0 or 8.0 pm filters, with the
removal of extracellular *°Fe with the titanium-
citrate-EDTA wash (3 min total exposure) of Hudson
& Morel (1989). Incorporated Fe was subsequently

determined by scintillation counting and normalized
to the volume filtered for each size class.

RESULTS
Station description

The 4 stations occupied during these experiments all
displayed classic HNLC characteristics (Table 1). High
concentrations of NO3~ + NO;™ (11 to 24 nuM), phos-
phate (1.2 to 1.5 pM) and silicate (6 to 15 pM) were
accompanied by low concentrations of dissolved Fe (60
to 100 pM) and chlorophyll (0.7 to 1.5 pg IY).

Total community response to Fe additions
and removal

Increases in total Fe concentrations lead to dramatic
increases in phytoplankton biomass, as estimated by
total chlorophyll (Fig. 2). Averaged across all stations,
the total chlorophyll in the +Fe bottles was 218%
(£62%) of the concentrations reached in the control
bottles. Similarly, the +DFB bottles showed depres-
sions in total chlorophyll (47 + 15%). These results
imply that both the addition and removal of Fe led to
changes in the physiology or abundance of the cells, in
the overall phytoplankton community structure, or in
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all of these parameters. Changes in the physiology of
the phytoplankton are seen in the F_F, data from
Fig. 3. Photosynthetic efficiency was increased in all
samples (113 to 210 % of control values) where Fe was
added, and remained low or decreased slightly (83 to
103 % of control values) when DFB was added. These
results suggest that the entire phytoplankton commu-
nity at each station existed in a state of Fe-stress and
that while Fe addition alleviated constraints on growth,
the community could be pushed into further physiolog-
ical stress by the addition of DFB. Interestingly, it does
not appear that the Fe requirements of the phyto-
plankton communities were saturated by our addi-
tions, as neither the F:F, nor the chlorophyll values
plateau in our +Fe treatments.

Nutrient assimilation data from 3 of the stations (mea-
surements were not made at Bio-4) also suggest that
availability of Fe constrained the assimilation of
macronutrients by plankton populations at Stns Bio-5
and Bio-6 (Fig. 4). The residual combined nitrogen (NO3~
+ NO,") concentration in +Fe bottles at Stn Bio-5 was sig-
nificantly less (paired f-test, p < 0.05) than the una-
mended control for both the 1.5 and 5 nM treatments.
More striking were the results of the DFB additions at
Stns Bio-5 and Bio-6 that resulted in a repression of
drawdown of these nutrients. Considering the Fe and
DFB addition data together, the overall trend supports
the role of Fe as a limiting agent at these 2 stations.

Response of specific groups to alterations
in Fe availability

To examine how alterations in Fe availability may af-
fect population diversity, we examined the community
composition by flow cytometry (Fig. 5). Fig. 5 demon-
strates the predicted response of different phytoplankton
populations that are Fe-replete (Fig. 5Ai), Fe-stressed
(Fig. 5Aii) or Fe-starved (Fig. 5Aiii) (discussed below). Of
the 8 separate populations that could be identified with
the flow cytometer (based on differences in cell size, den-
sity and pigment composition), 3 populations of larger
cells were not considered for analysis due to low (<200
ml 1) cell densities which would cause statistical uncer-
tainty. The 5 remaining populations represented cyano-
bacteria, picoeukaryotes (2 to 5 pm), small eukaryotes
(5 to 10 pm), eukaryotes (10 to 20 pm) and large eukary-
otes (>20 pm). Large particles that demonstrated no aut-
ofluorescence were also not considered. While there are
inherit limitations to these groupings (see 'Discussion’),
they do provide an operational approach to rapidly ex-
amining community structure.

Results from Stn Bio-4 provided clear evidence that
different populations were responding differently to
alterations in Fe-availability (Fig. 5). The 3 largest
eukaryotic groups all demonstrated increases in cell
density with the addition of Fe, but no significant alter-
ations in cell abundance or relative chlorophyll cell™!
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with the addition of DFB. While the cyanobacteria also
demonstrated an increase in cell density in the +Fe
treatments, additions of DFB led to suppression in rel-
ative cell density. Perhaps the most striking response
was that of the picoeukaryotic phytoplankton, which
showed no change in the Fe addition experiments but
increased markedly in the +DFB treatments. DFB
addition did lead to decreases in the estimates of the
relative chlorophyll cell'! in all these populations in the
Stn Bio-4 incubations, including the picoeukaryotes
(Fig. 6). This change in the picoeukaryotes was also
accompanied by a change in the mean cell-size of this
population, which decreased over a 4-fold range from
the +Fe to the +DFB bottles (Fig. 7). Other phytoplank-
ton groups showed no dramatic changes in cell size
among treatments.

Influence of DFB on *Fe uptake

Since some data suggest that DFB-bound Fe is avail-
able to phytoplankton (e.g. Maldonado & Price 1999), we

felt it prudent to demonstrate that DFB inhibited Fe up-
take in this region. Increasing concentrations of DFB
added to bottles effectively limited the Fe uptake ability
of phytoplankton in each of 3 different size classes (>0.2,
>1.0, >8.0 pm) in our uptake experiments (Fig. 8). In all
size classes, rates of assimilation decreased ~3-fold at
concentrations higher than 5 nM. In previous studies the
availability of %*Fe-DFB to a marine plankton was demon-
strated after only 4 h (Maldonado & Price 1999, Maldon-
ado & Price 2001); as such, our 48 h incubation period
confirms that the planktonic community had a reduced
ability to assimilate >°Fe-DFB, and was not able to acti-
vate any potential high-affinity transport systems (e.g.
siderophore-mediated pathways) or enzymes (e.g. sur-
face reductases) that would allow the cells to assimilate
the Fe from the DFB. That said, it should also be noted
that longer incubation periods (required for time consis-
tency with the growouts) may lead to underestimates of
Fe assimilation (e.g. due to isotopic dilution, biphasic as-
similation, etc.). We have attempted to decrease the im-
pact of this on the data by expressing the results as total
SSFe-assimilated over the incubation period.
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DISCUSSION

Fe addition experiments have demonstrated that
production by phytoplankton along the western coast
of Peru can be limited by the availability of Fe
(Hutchins et al. 2002), but these experiments did not
elucidate the degree to which these populations may
be limited. The basic approach of our study was to infer
the in situ status of the phytoplankton community from
the impacts of both increases and decreases in Fe
availability. This process allows for a determination of
the status of the in situ community as an interpolation
of the data.

There are several important conclusions that can be
drawn from this work. Firstly, this study confirms the
findings of Hutchins et al. (2002) that the phytoplank-
ton community in the Peruvian upwelling can be Fe-
limited in a manner analogous to previously studied
communities in the coastal upwelling systems of Cali-
fornia (Hutchins & Bruland 1998, Bruland et al. 2001).
Secondly, this work confirms that DFB can be used to
reduce the biological availability of Fe to the total com-
munity of phytoplankton in bulk analyses. Finally, it
demonstrates how a xenosiderophore can be em-
ployed in conjunction with Fe addition experiments to
distinguish between populations of cells that are Fe-

starved, -stressed and -replete. The use of shipboard
flow cytometry in conjunction with in situ dissolved Fe
measurements also allows us to draw 2 important con-
clusions regarding phytoplankton physiology. Most
phytoplankton demonstrated dramatic changes in
chlorophyll cell"! with changes in bioavailable Fe, and
picoeukaryotes became more successful when Fe lev-
els were decreased with DFB, most likely via miniatur-
ization. These conclusions are discussed in more detail
below.

Physiological measurements of whole
community response

The most common analysis of phytoplankton res-
ponse to fertilization in both bottle amendment (Martin
& Gordon 1988, Hutchins & Bruland 1998) and
mesoscale fertilization (Coale et al. 1996, Boyd et al.
2000) experiments has been a comparison of the total
chlorophyll in the control vs. treatment populations.
Although growth rate is strictly defined as the changes
in cell number over time (Madigan et al. 2000), water
column or sample chlorophyll is often used as a proxy
for autotrophic community biomass. In this study, we
demonstrate that chlorophyll concentrations increase
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in all the added Fe amendments, and decrease in all
the added DFB amendments, relative to our una-
mended control bottles. One parameter that is often
overlooked is the changes that can occur in individual

cells within the community that may skew the results
of 'bulk’ measurements. It has been shown in several
laboratory studies that populations of both cyanobac-
teria (Wilhelm & Trick 1995, Wilhelm et al. 1996) and
eukaryotic phytoplankton (Muggli et al.
1996) decrease their relative chlorophyll
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phyll cell'! ~1.9- to 3.2-fold (Muggli et al.
1996), while the diatom Phaeodactylum tri-
cornutum decreases chlorophyll cell vol-
ume™! by 50% under Fe-deficient condi-
tions (Kudo et al. 2000). In the current
study, results from the flow cytometric
analyses clearly demonstrate that the
chlorophyll cell™! in the individual groups
of phytoplankton was altered by changes
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Fig. 7. Mean cell size of picoeukaryotes in Stn Bio-4 samples as estimated
by flow cytometry after 72 h. Mean size of the population changed 4-fold
over the range of experimental Fe availabilities. Dashed line indicates
ambient concentration where relative Fe = 0. Inset shows daily estimates of
picoeukaryotic size collected every 24 h over the 72 h period of the Bio-4
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2 in Fe availability, with cells in +Fe condi-
tions containing 25 to 200 % more chloro-
phyll than cells in the +DFB bottles. How-
ever, the flow cytometry data confirm that
alterations in cell abundance for each of
these populations also occurred (although
in the case of picoeukaryotes, not as would
have been predicted). Taken together, the
results suggest that while bulk chlorophyll
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measurements remain a valid method for the deter-
mination of bulk effects on phytoplankton populations,
alterations at the cell level may exaggerate these re-
sults and other factors such as light and N-availability
may further exacerbate the differences.

One of the best indicators of the status of an entire
phytoplankton community may be the photosynthetic
efficiency (Behrenfeld et al. 1996). As with the total
chlorophyll, the F,:F;, increased (to as much as 200 %
of the control) with increasing Fe availability. In incu-
bations carried out at Stns Bio-5, Bio-6 and Bio-7 these
increases were predictably hyperbolic with changes in

Fe concentration. Increases in F,:F,, at Stn Bio-4 also
occurred, but due to the limited number of treatments
the resolution of the relationship of the change to Fe
availability was markedly reduced. Overall these
results suggest that cellular physiology was limited at
the photosynthetic level (at least in part) due to the
availability of Fe.

Distinguishing between Fe-replete,
Fe-stressed and Fe-starved populations

The most significant result from this study is that it
provides us with a novel approach to gauge the in situ
status of the natural phytoplankton population in terms
of Fe availability. In their study of the California HNLC
coastal upwelling, Hutchins et al. (1998) described
4 stages of Fe-limitation for an entire community. This
classification was based primarily on H,;SiO3:NO;3
drawdown ratios and permitted the identification of
4 distinct classifications for surface waters in the
region, ranging from Fe-replete to severely Fe-limited.
In our approach, we are not yet able to quantitatively
characterize the degree of Fe-limitation of the entire
population. However, while there are obvious con-
cerns with bottle effects in on-deck amendment exper-
iments and effects of changes of cellular physiology,
the results achieved in this study clearly show that
there is at least an overall effect of Fe availability on
the populations, and that the phytoplankton in these
regions are in a state of Fe-stress.

Diatoms have most consistently been the organisms
that proliferate in both on-deck (Martin & Gordon
1988, Hutchins et al. 1998) and mesoscale Fe addition
(Coale et al. 1996, Boyd et al. 2000) experiments. In the
Bio-4 incubations, eukaryotic cells >5 pm increased
~1.5- to 2.5-fold in abundance in the +Fe treatments.
While the abundance of cells in each of these popula-
tions changed significantly, the contribution to total
chlorophyll remained relatively static for each group
except the 5 to 10 pm cells. Cyanobacteria also
increased in both abundance (~2.5-fold) and contribu-
tion to total chlorophyll (from a low of 0.5 % to a high of
>4.0%) in the +Fe bottles. However, unlike the larger
eukaryotes, these cells demonstrated decreases in both
abundance and contribution to total chlorophyll with
the addition of DFB. Cyanobacteria have been demon-
strated to produce siderophores during periods of Fe
stress (Wilhelm & Trick 1994, Wilhelm 1995) and to use
these compounds to increase their Fe-assimilation dur-
ing these periods (Trick & Wilhelm 1995, Wilhelm et al.
1998). It was therefore hypothesized that this popula-
tion should more effectively assimilate Fe from the
DFB treatments due to a ligand-ligand exchange of Fe
(between the DFB and the siderophores). However, as
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with the previous work of Wells et al. (1994), the cur-
rent study suggests that Fe complexed to this xeno-
siderophore (DFB) is not available to Synechococcus
spp. from this region. The results here also suggest that
the cyanobacterial populations in this region are Fe-
stressed, but not Fe-starved, as the addition of DFB
could force them into a state of greater limitation. This
is in contrast to the 3 eukaryotic populations, which
demonstrated an Fe-starved response to our treat-
ments.

The picoeukaryotic organisms present the most
striking results in this study. In HNLC regimes of the
Southern Ocean, Boyd et al. (2000) found that
picoeukaryotes were a dominant component of the
system, and initially began to proliferate upon addition
of Fe. However, after several days these cells
decreased in abundance in the fertilized patch and
were replaced by larger eukaryotic phytoplankton.
Given the temporal resolution of our study, we were
unable to detect any initial proliferation by the
picoeukaryotes in the +Fe treatments. Surprisingly
though, the picoeukaryotes’ abundance in the +DFB
bottles suggests the cells were able to proliferate under
these conditions. However, if one examines the chloro-
phyll cell"! and mean cell size data for this population
across the range of treatments, it demonstrates that
there was a marked decrease in both parameters.
While there is a possibility that changes in Fe avail-
ability alter the competitive interactions between
picoeukaryotes and the larger eukaryotes for macro-
nutrients (e.g. NO3"), distinct physiological changes in
the picoeukaryotes suggest that, in the case of DFB
additions, the increase in cell abundance is a direct
consequence of decreased Fe-availability. Although
the picoeukaryotic phytoplankton appear to at best
assimilate the DFB chelated Fe at a reduced rate
(Fig. 8), these cells can alter their physiology (chloro-
phyll quota and apparently cellular Fe quota) to main-
tain their growth rate.

Responses to nutrient limitation by aquatic organ-
isms are numerous. In the case of Fe, research has
commonly focused on changes in cell quota (Sunda et
al. 1991, Wilhelm 1995) or the activation of high-
affinity transporters (Wilhelm & Trick 1994) as the
mechanism by which cells compensate for nutrient
limitation. One classic response to nutrient stress that
is often overlooked in the case of Fe is changes to cell
size. Microbial miniaturization has been shown to
occur during periods of stress to increase the surface to
volume ratio of cells (Morita 1975). This phenomenon
has been observed in diatom communities where sig-
nificant reductions in volumes of Nitzschia occurred in
the California HNLC system (Hutchins et al. 1998). In
theory, this increases the amount of surface receptor a
cell has (a function of the total surface area) in respect

to the requirement of the cell for the nutrient element
(an approximate function of the cell volume). As such,
individual cells can increase their ability to scavenge
limiting nutrients from the environment without
expending energy on transport systems (Chisholm
1992).

In laboratory studies, Fe-stressed Anacystis nidulans
R2 (a Synechococcus sp.) decreases its cell size to
between % and 4 of the length of Fe-replete cells
(Sherman & Sherman 1983). The filamentous cyano-
bacterium Anabaena flos-aquae carries out similar size
changes as well as pronounced changes in filament
coiling when maintained in an Fe-deficient medium
(Gorham et al. 1964). In this particular study, the
picoeukaryotic community decreased ~4-fold in size.
This would result in a proportionate change in the sur-
face area to volume ratio (given that the surface area to
volume ratio is altered as 6/d, where d is the diameter
of the cell). It is important to point out, though, that
there is an inherent limitation to the miniaturization
process—ocells can only get so small and still be a com-
plete functioning entity with all metabolic systems
intact (Raven 1987). The fact that minimum pico-
eukaryote cell size was reached at the 1 nM DFB addi-
tion, and that they did not become smaller with an
increase of DFB to 5 nM, suggests they may have
reached their minimum size rather quickly. While we
cannot rule out that a separate species of smaller
picoeukaryotes bloomed in our +DFB treatments, the
absence of a detectable seed population at the begin-
ning of the experiment for this small size group (data
not shown) strongly supports miniaturization.

Implications of shiits in phytoplankton
community structure

Previous studies have suggested that Fe fertilization
resulted in a shift in species from smaller picoplankton
to larger eukaryotic phytoplankton. In those studies, a
direct correlation between an alleviation of Fe-limita-
tion and production by larger diatoms could be attrib-
uted to the relationship between cell size and nutrient
acquisition (Hutchins et al. 1998).

In the HNLC waters of this region, Hutchins et al.
(2002) demonstrated that small diatoms, coccolitho-
phorids and Phaeocystis spp. proliferated in the Fe-
addition regimes. At Stns Bio-5 and Bio-6, changes in
the Si:N drawdown were small but significant (p <
0.05) between 5 nM Fe-enriched (Bio-5 Si:N = 0.248 +
0.010; Bio-6 Si:N = 0.288 + 0.019), 5 nM DFB added
(Bio-5 Si:N = 0.332 + 0.035; Bio-6 Si:N = 0.117 + 0.075)
and controls (Bio-5 = 0.266 + 0.033; Bio-6 Si:N =0.238 +
0.093), resulting in opposing trends: decreasing Si:N
with increasing Fe at Stn Bio-5 and increasing Si:N
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with increasing Fe at Stn Bio-6. Our data from Bio-7
suggest that no differences in silicic acid utilization
occurred between treatments. The Bio-6 results concur
with the Si:N drawdown ratios observed for Fe-
enriched communities at 2 other locations in this
region (Hutchins et al. 2002); we hypothesize the dif-
ferences at Stn Bio-5 are most likely due to differences
in initial (and thus final) populations. At Stn Bio-7,
combined-N drawdown increased ~177% with the
shift in Fe availabilities, with the results of indepen-
dent bottles being significantly different from the con-
trolat p <0.10 (3nM DFB, p = 0.09; 5nM DFB, p = 0.06;
10 nM DFB, p = 0.08). Interestingly enough, no signifi-
cant differences (p < 0.10) were seen between the
controls and any treatments with regard to Si concen-
trations. While part of this result is probably a mani-
festation of the observed species shift in the system, it
may also be a result of alterations in cellular nitrate
scavenging abilities within populations as limitation
of nitrate reductase activity (due to enzymatic Fe-
limitation; Raven 1988, Price et al. 1991, 1994) was
alleviated. Regardless of the factors causing this shift,
the results call into question the universal applicability
of Si:N drawdown ratios as indicators of community Fe
stress; while there is an effect at each station, the
degree of that response appears, in this case, to be
somewhat community dependent.

CONCLUSIONS

Our results here confirm Fe-limitation in upwelling
regimes, and demonstrate that the degree of Fe-limita-
tion is not only spatial in nature, but can be group
related within a given phytoplankton community.
These results further demonstrate that cellular minia-
turization is a response used by members of the phyto-
plankton community (in this case picoeukaryotic
algae) to compensate for growth-limiting levels of Fe.
Our experiments also confirm that DFB can be used to
effectively limit Fe availability to these marine plank-
ton communities. The application of the titration
approaches described in this paper to other HNLC
regions should provide insight into the group-specific
requirements for Fe in other HNLC environments,
ultimately permitting for a quantifiable approach to
resolving the degree of Fe-limitation of phytoplankton
in HNLC marine systems.

Ecosystem-scale Fe-fertilization proposals cite the
potential for Fe fertilization to enhance the export of
carbon from the atmosphere to the deep ocean via a
combined increase in photosynthesis and enhanced
export of biomass (in terms of sinking phytoplankton)
from surface waters to the deep ocean. The alterations
in the phytoplankton community that would allow for

this are critical, as small picoplankton (e.g. Syne-
chococcus and Prochlorococcus spp.) do not play a sig-
nificant role in export production in marine systems
(Boyd & Newton 1999). This is in part due to their small
size and higher buoyancy, but may in part also be due
to their enhanced susceptibility to mortality mecha-
nisms (e.g. viral lysis) that can cause increased
turnover of carbon as DOC (Suttle & Chan 1994, Wil-
helm & Suttle 1999). Estimates of CO, sequestration
are generally based on a Redfield drawdown of NO3~
by the plankton community relative to the Fe added
during the fertilization process (Martin 1990). It
appears from our data that models of the effects of Fe
fertilization will also need to consider changes in spe-
cies composition, cell size and N-utilization, thus
emphasizing the need for realistic, experimentally
derived, taxon-specific assays in the future.
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