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Abstract

During the European Iron Fertilisation Experiment (EIFEX), performed in the Southern Ocean, we
investigated the reactions of different phytoplankton size classes to iron fertilization, applying measurements of
size fractionated pigments, particulate organic matter, microscopy, and flow cytometry. Chlorophyll a (Chl a)
concentrations at 20-m depth increased more than fivefold following fertilization through day 26, while
concentrations of particulate organic carbon (POC), nitrogen (PON), and phosphorus (POP) roughly doubled
through day 29. Concentrations of Chl ¢ and particulate organic matter decreased toward the end of the
experiment, indicating the demise of the iron-induced phytoplankton bloom. Despite a decrease in total diatom
biomass at the end of the experiment, biogenic particulate silicate (bPSi) concentrations increased steadily due to
a relative increase of heavily silicified diatoms. Although diatoms >20 yum were the main beneficiaries of iron
fertilization, the growth of small diatoms (2-8 um) was also enhanced, leading to a shift from a haptophyte- to
a diatom-dominated community in this size fraction. The total biomass had lower than Redfield C : N, N : P, and
C : P ratios but did not show significant trends after iron fertilization. This concealed various alterations in the
elemental composition of the different size fractions. The microplankton (>20 um) showed decreasing C : N and
increasing N : P and C : P ratios, possibly caused by increased N uptake and the consumption of cellular P pools.
The nanoplankton (2-20 um) showed almost constant C : N and decreasing N : P and C : P ratios. Our results

suggest that the latter is caused by a shift in composition of taxonomic groups.

The Southern Ocean is one of the three High Nutrient
Low Chlorophyll (HNLC) regions of the world’s oceans,
where macronutrients abound but phytoplankton growth is
limited by the availability of iron (Martin et al. 1990).
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In situ iron fertilization experiments have been per-
formed in all HNLC regions and all of them have in
common that they induced strong phytoplankton blooms
(see review in de Baar et al. 2005). The massive increase in
chlorophyll @ (Chl @) concentrations was mainly due to
large or chain-forming diatoms, which benefit most from
iron fertilization. Because iron uptake is dependent on cell
surface area, smaller cells are favored under low iron
concentrations due to their higher surface-to-volume ratios
(Hudson and Morel 1990; Sunda and Huntsman 1997). The
natural phytoplankton community of the iron-depleted
Southern Ocean is therefore dominated by pico- and
nanophytoplankton (Gervais et al. 2002). The small diatom
Chaetoceros brevis did not change its growth rates under
different iron concentrations in laboratory experiments,
leading to the assumption that this species is not iron
limited under natural conditions (Timmermans et al. 2001).
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Once iron becomes available, larger cells can increase their
abundance due to increased growth rates (Timmermans et
al. 2001, 2004) and better grazing protection. Mesozoo-
plankton, which could feed effectively on these large
diatoms, have relatively long generation times and there-
fore cannot control this fast-growing biomass. Microzoo-
plankton, on the other hand, which have much shorter
generation times, are too small to effectively consume large
diatoms (Coale et al. 1996). There is evidence from the
equatorial Pacific that growth rates of smaller phytoplank-
ton groups were also stimulated, but could not build up
high biomasses because of a concurrent increase in grazing
pressure (Coale et al. 1996; Cavender-Bares et al. 1999).
The overall effect of these changes leads to a shift in
phytoplankton composition from an assemblage dominat-
ed by pico- and nanophytoplankton toward a nano- and
microphytoplankton-dominated one (Gall et al. 2001a;
Gervais et al. 2002).

Iron plays a major role in photosynthetic metabolism.
Under low iron concentrations, the cellular chlorophyll
concentrations and the efficiency of photosynthetic elec-
tron transfer (Fv/Fm) are known to be lower compared
with high-iron conditions (Geider and LaRoche 1994).
Besides enhanced growth rates, the natural phytoplankton
community shows an increase in Fv/Fm (Boyd et al. 2000;
Gervais et al. 2002; Coale et al. 2004) and higher cellular
chlorophyll concentrations with iron fertilization in the
Southern Ocean (Veldhuis and Timmermans unpubl. data).
The increase in cellular chlorophyll concentrations is higher
in larger cells, again indicating that these cells are more
iron limited than smaller ones (Veldhuis and Timmermans
unpubl. data).

Regions of the Southern Ocean where diatoms dominate
the phytoplankton community have lower than Redfield
C : P and N : P ratios, while those dominated by Phaeo-
cystis exceed the Redfield ratio (Arrigo et al. 1999, 2002).
Laboratory experiments have shown that the elemental
composition of phytoplankton can differ significantly from
the Redfield ratio and that diatoms in general have lower
C : Pand N : P ratios than other taxonomical phytoplank-
ton groups (Ho et al. 2004; Klausmeier et al. 2004). The
change in the elemental composition of the whole
phytoplankton community may therefore be due to
changing species composition. It is also known that the
elemental composition of phytoplankton is variable,
depending on the availability of macronutrients (Geider
and La Roche 2002) and trace metals, such as iron (de
Baar et al. 1997; Timmermans et al. 2004; Twining et al.
2004).

Changes in the elemental composition of phytoplankton
during in situ iron fertilization experiments are of
particular interest because the aim of these experiments is
to increase biological production and carbon export.
Carbon uptake and export is estimated by using the
Redfield ratio so that even small deviations from this ratio
will have significant effects on these calculations. Recent
biogeochemical models differentiate between phytoplank-
ton groups such as diatoms, pico/nanophytoplankton, and
coccolithophores (Pasquer et al. 2005), and they require
reliable information about possible changes in the group
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composition and associated variations in the elemental
ratios due to iron fertilization.

It is still unknown whether the observed changes in
community structure and elemental composition would be
sustained during long-term fertilization and would have
lasting effects on the ecosystem structure. Most field
resecarch is concentrated on the microphytoplankton
because of its dominant increase in biomass after iron
fertilization, while the response of smaller phytoplankton
size classes is not well understood. The aim of this study
was to identify the growth response of all phytoplankton
size classes, as well as changes in the elemental ratios and
species composition during the iron fertilization experiment
EIFEX in the Southern Ocean.

Material and methods

The European Iron Fertilisation Experiment (EIFEX)
was an in situ iron fertilization experiment carried out
during the Southern Hemisphere autumn (21 Jan 04-25
Mar 04). To perform the experiment in a relatively stable
water mass, an eddy, localized around 50°S and 2°E, was
chosen. The eddy center was fertilized twice with an
acidified iron sulfate solution. The first fertilization was
carried out on day one after the initial sampling to
determine the prefertilization conditions. All stations were
located inside the eddy. Stations within the fertilized patch
will be called in-stations, while the so-called out-stations
were located inside the eddy but outside the iron-fertilized
waters. Iron concentrations were approximately 0.08—
0.2 nmol L—! in the mixed layer before fertilization and
reached about 2 nmol L—1! after the first fertilization. At
day 15, the same water mass, as identified by high Fv/Fm,
was fertilized again because iron concentrations had now
decreased to only 2-3 times background. After the second
infusion, iron concentrations remained significantly higher
throughout the experimental patch compared with pre-
fertilization conditions (Croot pers. comm.).

The indicator for photosynthetic efficiency Fv/Fm is
known to increase with iron fertilization. To distinguish
fertilized from unfertilized waters, the photosynthetic
efficiency of phytoplankton was measured by Fast-Repe-
tition-Rate-Fluororescence (FastTracka; Rottgers et al.
2005). Additionally, higher in vivo fluorescence of Chl
a compared with the surrounding waters was measured by
a fluorescence laser system (LIDAR) from a helicopter
(Cembella et al. 2005).

Samples for size fractionated POC, PON, POP, bPSi,
and measurements for algae pigment analysis by high-
performance liquid chromatography (HPLC) were taken at
in-stations and out-stations from 20-m depth using a CTD
rosette sampler. All determinations are single measure-
ments. Fractionated filtration was carried out to determine
particulate organic matter (POM; which includes POC,
PON, and POP) and pigment concentrations in different
size classes. For POC and PON measurements, precom-
busted GF/F (Whatman) filters were used; bPSi determi-
nation was done on cellulose acetate (CA) filters (Milli-
pore). For determination of the total amount, samples were
directly filtered on the GF/F filters (25 mm in diameter) or
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Table 1. Solvent gradient used for HPLC measurements.
Solvent A: 30% 1 mol L—! ammonium acetate, 70% methanol.
Solvent B: 100% methanol.

Time (min) Solvent A in % Solvent B in %
0 65 35
1 50 50
12 15 85
15 0 100
20 0 100
25 65 35

CA filters of 0.8-um pore size (25 mm in diameter) for
bPSi, respectively. For size fractionation, samples were
prefiltered through polycarbonate (PC) filters of the pore
sizes 0.8 um-, 2 um-, 8 um-, or a 20-um gauze, each 47 mm
in diameter. The larger surface area was chosen to avoid
clogging of filters/gauze to prevent smaller cells from being
retained. After filtration, the filters/gauze were rinsed and
the filtrate was then filtered through GF/F or CA filters
(each 25 mm in diameter) to collect the <0.8 um, <2 um,
<8 um, and <20 um size fractions. The material on the 20-
um gauze was rinsed and collected on GF/F or CA filters
for the >20-um fraction. The fractions total, >20 um,
<20 um, <8 uym, <2 pum, and <0.8 um, were measured
directly, the fractions 0.8-2 um, 2-8 um, 2-20 um, and 8—
20 um were calculated by subtraction.

The volume of water filtered was between 1 and 6 L,
depending on the amount of biomass in the water. POM
filters were put in open Eppendorf tubes and immediately
dried for at least 48 h in a drying oven. Afterward, the
Eppendorf tubes were closed and stored with desiccant in
closed plastic boxes. Immediately after filtration, the HPLC
filters were stored in 1.5-mL cryo vials at —80°C until
analysis.

POC/PON filters were exposed over night to 32% HCl to
remove the inorganic carbon. The carbon and nitrogen
content of the particulate, organic material was analyzed
using a C/N Analyser (Euro EA Elemental Analyser) after
Ehrhard and Koeve (1999). The POP content was de-
termined colorimetrically using the method from Hansen
and Koroleff (1999). BPSi was transformed to dissolved
silicate by heating the filters in 0.1 mol L—! NaOH solution
to 85°C for 2 h. The dissolved silicate was then determined
colorimetrically (Hansen and Koroleff 1999).

The HPLC samples were measured using a Waters 600
controller combined with a photodiode array detector
(PDA; Waters 996) and an auto sampler (Waters 717plus).
The method used was modified after Barlow et al. (1997)
(Table 1). As an internal standard, 100 L canthaxanthin
were added to each sample. Identification and quantifica-
tion of the different pigments were carried out using the
program EMPOWER by Waters.

The whole phytoplankton community composition was
classified into taxonomical groups applying the CHEM-
TAX program (Mackey et al. 1996). All Chl a concentra-
tions of specific phytoplankton groups reported in this
article are estimates based on the concentrations of their
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marker pigments according to this program. The input
matrix was taken from Wright et al. (1996). This input
matrix has been shown to provide reliable results, which
correspond very well to cell counts in a former in situ iron
fertilization experiment in the Southern Ocean (Peeken et
al. unpubl. data). Nevertheless, we did not feel comfortable
using these ratios for fractionated samples because it is
likely that extremely different input ratios need to be
considered for the various fractions. Therefore, fractionat-
ed samples are only presented as relative and absolute
amounts of marker pigments.

At each station, 4-mL water samples for flow cytometric
analysis of the phytoplankton composition were preserved
with a drop of hexamine-buffered formaline solution on
board and stored at —80°C until measurement. We tested
this method in the past and found that the loss of cells for
most groups was minor, ranging between 5% and 10%.
This error is in the same range as for frozen samples
reported by Vaulot et al. (1989). Flow cytometer samples
were analyzed with a bench-top flow cytometer (Beckman
Coulter XL-MCL) as described by Veldhuis and coworkers
(Veldhuis and Kraay 2000). Samples were thawed imme-
diately before analysis and up to 1.5-mL sample volume
had to be analyzed because of the low phytoplankton
density. Cell size, biovolume, and cell carbon were de-
termined using size fractionated samples (Veldhuis and
Timmermans unpubl. data). Chl a concentration per cell
was determined from chlorophyll fluorescence derived by
flow cytometry calibrated against direct chlorophyll
measurements by HPLC. The carbon content of different
groups was estimated using cell size. In order to avoid
confusion of the carbon content of the autotrophic biomass
with the directly measured carbon content of the entire
plankton community, we will use a different notation. The
carbon to Chl « ratio estimated by flow cytometry will be
called C : Chl, while POC : Chl will be used for the ratio of
directly measured particulate organic carbon to Chl
a concentrations determined by HPLC.

For quantitative assessment of the phytoplankton
assemblage, 200-mL water samples were preserved with
hexamine-buffered formaline solution at a final concentra-
tion of 2% and stored at 4°C in the dark for microscopic
analysis in the home laboratory. Due to the use of buffered
formaline solution, the pH of the preserved samples was
kept at in situ levels (pH 8). Cell counts were performed
using inverted light and epifluorescence microscopy (Ax-
iovert 25, Axiovert 135, and IM 35; Zeiss) according to the
method of Utermohl (1958). For phytoplankton cells
>10 um, water samples were settled in 50-mL sedimenta-
tion chambers (Hydrobios) for 48 h. For specifically
counting diatoms <10 um, solitary Phaeocystis antarctica,
and Emiliania huxleyi, phytoplankton samples were settled
in 10-mL sedimentation chambers for 72 h to assure that
all cells had settled. Organisms were counted at magnifica-
tions of X200-640 according to the size of the organisms
examined. Each sample was examined until at least 500
cells had been counted. In order to acquire information on
species-specific mortality, recognizable empty and broken
diatom frustules were counted. Broken and empty diatom
frustules were identified to species or genus level and
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Fig. 1. Total Chl a concentration inside and outside the
fertilized patch at 20-m depth. Arrows indicate days of
iron fertilization.

otherwise grouped into size classes. Only broken diatom
frustules of which >50% of the frustule was intact were
counted. We cannot totally exclude dissolution of intact,
empty, and broken frustules prior to examination of the
samples by the storage, but the presence of empty and
broken frustules of very delicate species, such as Cylin-
drotheca closterium, Leptocylindrus mediteraneus, and small
Chaetoceros species, indicated that dissolution was of
minor importance. Furthermore, some samples were
counted again 9 months later and showed no significant
differences in full, empty, as well as broken diatom cells
between the two counts.

To investigate changes in the diatom community
composition and its impact on bPSi accumulation, we
compared heavily silicified species to the total diatom
assemblage. The diatom species Thalassiothrix antarctica,
Fragilariopsis kerguelensis, F. obliquecostatalritscheri, Tha-
lassiosira lentiginosa, Thalassionema nitzschioides, and
Thalassiosira gracilis are known to occur in Antarctic
sediments (Zielinski and Gersonde 1997). The accumula-
tion of frustules of these species in the sediment is taken as

POC (umol L)

an indication of their strong silification, as compared with
the majority of species that dissolve before reaching the sea
floor. In the following, these species will be grouped as
heavily silicified diatoms.

Results

Total plankton community response to iron fertilization—
The total Chl ¢ and POM concentrations showed a strong
increase inside the fertilized patch, indicating a general
biomass increase. The values were constantly higher than at
the out-stations (Figs. 1 and 2). Chl a concentration
increased more than fivefold through day 26, from 536 to
2853 ng L~1, inside the patch and decreased thereafter.
POC, PON, and POP concentrations roughly doubled
during the first 30 days at the in-stations, while the
concentrations at the out-stations did not increase and
were constantly lower. Noticeable is a distinct dip at day 22
and a decline after day 30 inside the iron-fertilized patch;
only bPSi showed a steady increase throughout the
sampling period, reaching more than three times the initial
concentrations (Fig. 2). At the out-stations, the bPSi
concentrations were constantly lower but more variable
compared with the POC, PON, and POP values. The
POC : Chl «a ratio of the total biomass decreased strongly
inside the patch, from 180.8 to 55.5, at day 26 and increased
thereafter to 86.9 (Fig 3).

While the Chl a concentrations at the out-stations gave
the impression of a homogenous water mass surrounding
the fertilized patch with approximately prefertilization
conditions (Fig. 1), other data, like the bPSi concentrations
(Fig. 2), the POC : Chl «a ratio (Fig. 3), and pigments
(Fig. 4B), showed larger variability. This might be partly
explained by the occurrence of slightly different water
masses, which lead to changes in temperature and salinity
(Walter et al. 2005). Compared with the large changes
following fertilization, the variability at the out-stations is
relatively small. However, especially for the calculation of
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Fig. 2. Particulate organic carbon (POC), nitrogen (PON), phosphorus (POP), and biogenic
silicate (bPSi) inside and outside the fertilized patch at 20-m depth.
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Fig. 3. Ratio of particulate organic carbon to Chl «a inside

and outside the fertilized patch at 20-m depth.

relative values and ratios, such as the percentage of total
carbon and the elemental ratios, these minor deviations
resulted in huge differences. We therefore omitted two
stations that were clearly outliers and present the elemental
ratios of three remaining out-stations as means and
standard deviation in Fig. 6.

The CHEMTAX program (Mackey et al. 1996) provides
estimates of the contribution of taxonomic phytoplankton
groups to the total Chl a concentration based on their
specific pigment composition. Using this method, we were
able to distinguish between the seven phytoplankton
groups chlorophytes, cyanobacteria, diatoms, dinoflagel-
lates, pelagophytes, and two haptophyte types (Phaeocystis
and Emiliania huxleyi type). According to these estimates,
diatoms tended to dominate the phytoplankton community
before and during the experiment and showed the greatest
response to iron fertilization (Fig. 4A). They doubled their
contribution to total Chl ¢ from day 1 to day 26 (data not
shown). The absolute diatom Chl a concentration increased
five times in that time, while total diatom cell numbers
increased almost three times (Fig. 4A). Based on the
CHEMTAX results, the haptophyte type Phaeocystis was
the second most abundant alga and increased its absolute
Chl a concentration more than three times until day 29. Its
relative abundance was about 20% of total Chl a and
increased only marginally. Chlorophytes, cyanobacteria,
dinoflagellates, and pelagophytes decreased in relative
abundance because of the massive increase of diatom Chl
a but did not change much in absolute Chl a concentrations
and remained lower than 130 ng Chl ¢ L—! during the
experiment (Fig. 4A). The haptophyte type Emiliania
huxleyi was the only group that decreased almost four
times in absolute Chl a concentration during this experi-
ment. Outside the fertilized patch, the phytoplankton
community was also dominated by diatoms and absolute
Chl a values of all phytoplankton groups remained more or
less at the prefertilization level (Fig. 4B).

The number of full, broken, and empty total diatom cells
increased up to days 29 and 32, respectively, and decreased
thereafter (Table 2). Heavily silicified diatoms increased
more than other diatoms during the experiment. This leads
to an increase in the ratio of full heavily silicified diatoms to
full total diatoms from 0.13 to 0.25 during the experiment.
Empty and broken diatom frustules were counted as well
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Fig. 4. Estimated Chl a concentration of the different

phytoplankton groups based on the CHEMTAX program and
total diatom cell numbers at 20-m depth (A) inside the fertilized
patch and (B) outside the fertilized patch. Abbreviations are as
follows: E. hux type for haptophyte type Emiliania huxleyi, Phaeo
type for haptophyte type Phaeocystis antarctica, pelagos for
pelagophytes, cyanos for cyanobacteria, prasinos for prasino-
phytes, and dinos for dinophytes.

because they contribute to bPSi concentrations. The sum of
full, empty, and broken heavily silicified diatoms to the
sum of full, empty, and broken total diatoms increased
from 0.24 to 0.46 in the fertilized patch.

The biomass distribution of the total diatom community
showed a relative decrease in large Chaetoceros species,
while Thalassiothrix antarctica, Corethron inerme, and
Rhizosolenoids (including Guinardia, Proboscia, and Rhizo-
solenia species) increased their relative contribution. Other
species, like Fragilariopsis kerguelensis, Pseudo-nitzschia
spp., and Dactyliosolen antarcticus, were important in
terms of biomass throughout the whole experiment, with
only minor changes in their relative contribution to the
total diatom biomass (Assmy et al. unpublished).

Analysis by flow cytometry—In general, four populations
of phytoplankton differing in size and chlorophyll fluores-
cence were distinguished. The smallest cells had an
equivalent spherical diameter (esd) of ca. 0.6 um; further-
more, three groups of picophytoplankton with an esd of ca.
1.1 um (pico-Euk), 1.2 ym (Euk I), and 1.8 um (Euk II)
and one group of the nanophytoplankton with an esd of
3.9 um (Euk III) were present. No significant numbers of
phycoerythrin-containing cyanobacteria were detected.
Because of their extremely low numerical abundance, the
smallest phytoplankton group detected (esd 0.6 um and
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Table 2.
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The ratio of bPSi : POC of the total community, full, empty, and broken total diatom cells mL~1, and the ratio of heavily

silicified diatoms to total diatoms from 20-m depth inside the fertilized patch.

Total diatom cells (mL—1)

Heavily silicified cells : total cells

Sum of full, empty,

Day bPSi : POC Full Empty Broken Full Empty Broken and broken
0 0.24 242 61 13 0.13 0.22 0.28 0.24
11/16* 0.23/0.29* 441 49 13 0.11 0.26 0.42 0.28
20/22% 0.44%* 492 86 29 0.17 0.28 0.28 0.30
26 0.40 598 87 31 0.19 0.31 0.36 0.33
29 0.38 599 95 34 0.16 0.23 0.33 0.26
32 - 548 123 28 0.22 0.33 0.30 0.40
34 0.40 599 90 26 0.16 0.41 0.45 0.39
37 0.50 445 60 27 0.25 0.45 0.34 0.46

* At days 16 and 22, only data for bPSi and POC are available.

contribution to total biomass of <1%) was not included in
the data analysis. With respect to the chlorophyll content of
the different phytoplankton groups, temporary higher
cellular chlorophyll values (up to day 24) were observed
in pico-Euk, Euk I, and in the largest group detected by
flow cytometry (Euk III; Fig. 5). As a result of the minor
changes in the cellular Chl ¢ content, changes in the C : Chl
ratio in these groups also can be observed. Whereas the
C : Chl ratio of the picoeukaryotes (pico-Euk) remained
virtually constant, Euk I showed higher C : Chl ratios in
the second half of the experiment. Euk II responded with
an increase in the ratio of C : Chl after day 26. Finally, the
largest group (Euk IIT) showed a temporary decline in the
C : Chl ratio during the first 24 days, rising to the initial
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Fig. 5. (A) Estimated cellular Chl a concentration and (B)

the ratio of C : Chl « of the four phytoplankton groups identified
by flow cytometry inside the fertilized patch at 20-m depth.

ratio thereafter. Noticeable is an abrupt change in cellular
Chl a concentrations and the C : Chl ratio between days 24
and 26 especially in Euk I-III. At that time, distinct
changes in many variables can be observed and may be
explained by the beginning decay of the iron-induced
bloom (Figs. 1, 3, 7, 8).

Changes in the elemental composition—As described
above, the elemental ratios at the out-stations differed
extremely. They are here presented as mean and standard
deviations (Fig. 6). In response to iron fertilization, the
elemental composition of the pico-, nano-, and micro-
plankton, estimated from size-fractionated POC, PON, and
POP measurements, followed different trends (Fig. 6). The
C : N ratio of the total community as well as of the pico-
and nanoplankton (<2 and 2-20 um) showed only minor
changes during the experiment. The values did not differ
much from those of the out-stations, which were slightly
lower than the Redfield C: N ratio (5.9 and 5.7). In
contrast, the >20 um size fraction had higher than Redfield
values prior to fertilization (11.2), which decreased rapidly
during the first 22 days and were constant thereafter at
about 5.2.

The N : P ratio of the picoplankton increased during the
experiment from close to Redfield ratios (16.1) to higher
values (24.9) at the end. The N : P ratio of the nanoplank-
ton was lower at the out-stations (about 6) than at the in-
stations. It decreased from close to Redfield start values
(17.1) at the in-stations to 7.7 on day 34 and was higher
again at the last station (14.7). Microplankton N : P ratios
showed a different trend. They increased from well below
Redfield (4.9) to close to Redfield ratios after iron
fertilization (14.6). At the out-stations, the ratios were
constantly low at about 5. The N : P ratio of the total
community in- and outside the fertilized patch was slightly
lower than the Redfield ratio and did not reflect the
changes in the different size classes.

The C : P ratio of the picoplankton did not show any
trend and was constantly below the Redfield ratio, except
for one outlier at the last station. The out-stations had
a mean C : P ratio of 83, which is far below the Redfield
ratio of 106. The C : P ratios of the nano- and micro-
plankton and of the total community showed in general the



Phytoplankton size classes and Fe

1223

total >20 pm 2-20 pm <2 um
127 IVER 12 12
'é 84 8 (] . 8 ° 8 o
E T e 00 T e ee % L e RS S S
Z 4 4 ety y 4 .
] J
0 LI WL LR 0 T T 0 T T 0 T 171771
ot 10T20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
25 25 25 25 .
T 20 20 209, 20 ® o
B 1ef--—-————- 7 Y e . 7 P -
£ 15 . o ety 15 e IS5 P e 15 e .
a 10 P 10 o0 104 %, 10
Z 5 5e % 5 5
0 T L 0 T T T T T O T T T TrTa
ot 10?20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
01423
120 120 120 120
L IS (U H 1004®~ """ 100{®~ """ -
2 0 e . 80 o, 80 . e 80 G
Py 60 - ° ° 60 e o g0 60 ° °, ° 60
O 40 40 % 40 o 40
20 1 T 20777+ 71— W77 77— 20771771
4 10?20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
day day day day

Fig. 6.

Elemental composition of the total community and of the micro- (>20 um), nano- (2-20 um), and picoplankton (<2 pm) at

20-m depth. The grey area represents the mean and standard deviation of three out-stations. The dashed line represents the Redfield ratio,

and arrows indicate days of iron fertilization.

same trend as the N : P ratios, which indicates that the
changes are mainly driven by variations in POP concentra-
tions. The C : P ratio of the nanoplankton decreased from
101.3 to 43.9 at day 29 and increased again at the last
station to 77.5 inside the fertilized patch. Outside the patch,
the ratio was about 33. The microplankton C : P ratio was
54.9 at the initial station, decreased to 27.9 at day 16, and
increased to 81.3 at day 34, while they were about 34 at the
out-stations. Generally, the N : P and C : P ratios were
extremely low in the >20 um size fraction in unfertilized
waters, rising after iron fertilization.

However, the elemental composition of the total
community conceals these diverse responses of the in-
dividual size classes. Especially the two dominant size
fractions, >20 um and 2-20 um, show an opposite trend
for the N : P and C : P ratios, which almost cancelled each
other out.

Shifts in composition of taxonomic groups—To distin-
guish between pico- (<2 um), nano- (2-20 um), and
microphytoplankton (>20 um) reactions to iron fertiliza-
tion, we analyzed changes in pigment composition of size-
fractionated samples. The percentage of total Chl ¢ within
the different size classes (Fig. 7A,B) clearly shows different
developments in smaller and larger organisms. Picophyto-
plankton contributed less than 20% of total Chl a before

fertilization and did not change much during the experi-
ment (Fig. 7A). The dominant size class during the course
of the experiment was nanophytoplankton, which ac-
counted for 44% to 71% of total Chl a. Microphytoplank-
ton showed the strongest biomass increase as seen in
percent of total Chl ¢ and carbon biomass (data not
shown). It increased its relative amount from 12% to 46%
of total Chl a between days 11 and 26 and decreased again
thereafter.

The additional size fractionation performed for the
HLPC pigment samples split the 2-20-um fraction into 2-8
and 8-20 um (Fig. 7B). Here, the 820 um was clearly the
dominant fraction within the nanophytoplankton group,
while the 2-8-um fraction only accounted for less than 20%
of total Chl ¢ in the beginning and decreased to less than
10% during the experiment. The additional fragmentation
of the <2-um fraction into <0.8 um and 0.8-2 um did not
show any changes. This relative contribution of Chl a by
different size classes was also confirmed by the flow
cytometer-derived chlorophyll measurements (for the frac-
tions <20 um, data not shown).

HPLC pigment measurements showed that fucoxanthin
and chlorophyll ¢ 1.2 (Chl ¢ 1.2) were the most abundant
pigments after Chl a in the microphytoplankton (Fig. 8A).
The absolute concentration of both increased more than 13
times through day 26 from 65.5 to 886.6 ng L—! for
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Fig. 7. Percentage of total Chl « at 20-m depth (A) inside the
fertilized patch of the pico- (<2 um), nano- (2-20 um), and
microphytoplankton (>20 pm), and (B) inside the fertilized patch
of two groups of the picophytoplankton (<0.8 ym and 0.8-2 um),
two groups of the nanophytoplankton (2-8 um and 8-20 um),
and the microphytoplankton (>20 um).

fucoxanthin and from 18.6 to 272.7 ng L—! for Chl ¢ 1.2.
Chl ¢ 1.2 is the marker pigment of the group of
chromophytes consisting of dinoflagellates, pelagophytes,
cryptophytes, and diatoms. Fucoxanthin is a marker
pigment, which mainly occurs in diatoms. The ratio of
fucoxanthin to Chl a« was very high throughout the
experiment, ranging between 0.56 and 0.87, which indicates
that the microphytoplankton size fraction consisted pri-
marily of diatoms. Chlorophyll ¢ 3 (Chl ¢ 3) and 19-
hexanoyloxyfucoxanthin (19-hex) increased in concentra-
tion from 4.8 to 90.2 ng L—! for Chl ¢ 3 and from 7.6 to
26.9 ng L=! for 19-hex. Both pigments are markers for
haptophytes. Haptophytes are small cells, belonging to the
pico- or nanophytoplankton. Therefore, they must have
been present in the colonial form of the haptophyte type
Phaeocystis to be found in the >20 um size class at the
beginning of the experiment.

The 2-8-um size fraction was only a minor part of the
total Chl a (5.7-20.1%; Fig. 7B), and absolute Chl
a concentrations only doubled. But unlike all other size
fractions, it is striking that the other pigments did not
follow the same trend as Chl a (Fig. 8B). Fucoxanthin
increased almost 8.7 times, while 19-hex, the most
abundant pigment after Chl « in the beginning, almost
halved. This resulted in fucoxanthin being the most
abundant pigment next to Chl a after day 22 (see arrow
in Fig. 8B). The marker pigment of pelagophytes 19-
butanoyloxyfucoxanthin (19-but), decreased 1.8 times,
while all other pigments showed almost no changes.

Hoffmann et al.
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Fig. 8.
>20 um size fraction and (B) the 2-8-um size fraction. The arrow
indicates the shift from high 19-hex to high fucoxanthin
concentrations between days 16 and 22.

Pigment composition at 20-m depth of (A) the

Relative changes in the proportion of five marker
pigments are summarized in Fig. 9. They clearly show the
massive fucoxanthin increase in the 8§-20-ym and >20-um
fractions. However, in both size fractions, fucoxanthin was
the dominant pigment from the beginning, while in the 2-8-
um fraction, there was a shift from high 19-hex to high
fucoxanthin concentrations. This relative increase of the
marker pigment of diatoms was mainly caused by the
overwhelming increase in the absolute fucoxanthin con-
centrations in every size fraction larger than 2 um.

Microscopic cell counts of the small diatom species
Fragilariopsis cylindrus, Cylindrotheca closterium, Chaeto-
ceros sp. (solitary cells), and an unidentified small pennate
diatom as well as the two haptophytes, Phaeocystis
antarctica (solitary cells) and Emiliania huxleyi, which all
fit into the 2-8-um size fraction, also showed a higher
increase of the diatoms than the haptophytes after day 22
(Fig. 10).

Discussion

Biomass response to iron fertilization—During EIFEX,
the fifth in situ iron fertilization experiment in the Southern
Ocean, we induced a massive phytoplankton bloom in
austral fall. The 5.3-fold increase in Chl a concentration
(Fig. 1) was of the same magnitude as in the two Southern
Ocean in situ iron-fertilization experiments SOIREE (6-
fold) and EisenEx (about 4.6-fold) (Boyd et al. 2000;
Gervais et al. 2002). The SOFEX North and South
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experiments showed higher Chl « increases (10- and 20-
fold), which were mostly due to the lower prefertilization
concentrations (Coale et al. 2004). The maximum Chl
a concentration in 20-m depth of more than 2,800 ng L—!
reached during EIFEX were higher than those measured
during SOIREE (about 1,800 ng L—!), EisenEx
(2,310 ng L—1), and SOFEX North (about 2,600 ng L—1),
but lower than those found at SOFEX South (about
3,800 ng L—1; Boyd et al. 2000; Gervais et al. 2002; Coale et

400
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Fig. 10. Cell numbers of the diatom species Fragilariopsis

cylindrus, Cylindrotheca closterium, Chaetoceros sp. (solitary
cells), one unidentified small pennate diatom, and the two
haptophytes species Phaeocystis antarctica (solitary cells) and
Emiliania huxleyi in the 2-8-um size fraction at 20-m depth. The
arrow indicates the shift from higher haptophyte cell numbers to
higher diatom cell numbers at day 20.

al. 2004). The decline in the Chl a, POC, PON, and POP
concentrations toward the end of the experiment suggests
the demise of the iron-induced bloom (Figs. 1 and 2). This
is in contrast with previous shorter experiments, where the
phytoplankton biomass remained high until the end of the
observations.

The POC, PON, and POP data result from measure-
ments of the total particulate material and include
autotrophic as well as heterotrophic biomass. An in-
terpretation of changes in the autotrophic community
from these parameters alone is therefore not unequivocal.
However, all particulate organic matter components
showed similar temporal patterns as Chl «a, indicating that
these changes are dominated by phytoplankton develop-
ment. A similar trend was found during EisenEx, where Chl
a, POC, and PON concentrations at 20-m depth inside the
fertilized patch increased constantly until day 21 (Riebesell
pers. comm.).

The strong decline in the POC : Chl « ratio of the whole
plankton community inside the iron-enriched patch in-
dicated a proportional increase in autotrophic biomass
relative to the heterotrophic plankton component (Fig. 3).
A similar trend was observed during SOIREE and EisenEx,
where the POC : Chl a ratio was reduced by a factor of two
in a time span of 13 days (Boyd et al. 2000) and by a factor
of 4.4 within 21 days (Riebesell pers. comm.). To some
extent, this could have been due to enhanced chlorophyll
synthesis upon iron repletion (chlorosis; Geider and
LaRoche 1994). In cultures of the diatom Phaeodactylum
tricornutum, cellular Chl a concentrations increased by
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Table 3.
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Changes in the absolute (ng L—1) and relative (% of total) amounts of Chl a of the pico- (<2 um), nano- (2-20 um), and

microphytoplankton (>20 um) during the first 26 (*29) days of EIFEX and 21 days of EisenEx (Gervais et al. 2002). EIFEX samples
were taken from 20-m depth and EisenEx data are mean values of all measurements between 0 m and 80 m.

Size fraction EIFEX (ng L-1)

EisenEx (ng L—1)

EIFEX (% of total) EisenEx (% of total)

>20 um 89.7 — 1,225 50 — 1,100
2-20 ym 321.5 —» 1, 477* 250 — 1,100
<2 um 97.2 — 212.7 200 — 300

12 — 46 10 — 43
63.2 — 459 50 — 44
*15 42 — 13

a factor of 4.4 and the ratio POC : Chl a decreased by
a factor of 3.2 upon iron addition (Greene et al. 1991). Also
during the present survey, the cellular Chl a content
determined by flow cytometry increased slightly in the
picophytoplankton group pico-Euk and Euk I and the
nanophytoplankton group Euk III through day 20 (Fig. 5).
Using the same method during EisenEx, cellular Chl
a values were found to increase by a factor of two for the
picophytoplankton community and up to a factor of four
for the nanophytoplankton (Veldhuis and Timmermans
unpubl. data). The small increase in cellular Chl a content
observed during EIFEX cannot explain the strong decrease
in POC : Chl a. Therefore, the observed decline in the total
plankton carbon to phytoplankton chlorophyll ratio was
predominantly due to preferential increase of mainly larger
phytoplankton relative to the heterotrophic community.

BPSi can be used as an indicator for diatom biomass, as
cell numbers of other organisms bearing silicious skeletons,
like radiolarians, were insignificant compared with diatoms
during EIFEX (Henjes pers. comm.). Surprisingly, the bPSi
concentration did not decline toward the end of our
observation (Fig. 2), while the diatom abundance, as
determined by pigment measurements and cell counts,
decreased after day 26 (Fig. 4A). A relative increase in the
abundance of full cells and broken and empty frustules of
heavily silicified diatoms compared with total diatom cell
numbers was observed toward the end of the experiment
(Table 2). This may be the cause for the slight increase in
total bPSi concentration while total diatom cell numbers
decreased. This assumption is also supported by the
bPSi : POC ratio of the total community that increased
from 0.24 to 0.5 during the experiment (Table 2).

Iron-induced growth in different size classes—A shift in
the phytoplankton size distribution toward larger cells as
a result of iron fertilization has been described for different
HNLC regions (Cavender-Bares et al. 1999; Gervais et al.
2002; Eldridge et al. 2004). Cavender-Bares et al. (1999)
found a dramatic change from a picoplankton-dominated
community to one dominated by diatoms larger than
10 um within 1 week in the equatorial Pacific. These
findings are comparable with those of in situ iron-
fertilization experiments in the Southern Ocean, despite
the large physicochemical and biological differences of the
two areas. During SOIREE, the first iron-fertilization
experiment performed in the Southern Ocean in austral fall,
the phytoplankton community was dominated by pico-
plankton (40% of total Chl a integrated over 65-m depth)
before iron fertilization, while micro- and nanoplankton

both contributed 30% (Gall et al. 2001a). During the
13 days of the experiment, microphytoplankton Chl a con-
centrations increased by one order of magnitude, nano-
plankton sixfold, and picoplankton threefold. Gall et al.
(2001h) showed that nano- and microphytoplankton in-
creased their primary production strongly while picophy-
toplankton primary production did not change much.

The absolute and relative changes in the nano- and
microphytoplankton during EIFEX, conducted during
austral fall, and a previous iron fertilization experiment in
the Southern Ocean (EisenEx), conducted during austral
spring, show generally similar developments (Table 3).
There are some differences in the changes of picoplankton,
which had twice as high Chl a concentration at the start of
EisenEx compared with EIFEX. The initial Chl a concen-
trations of the nano- and microphytoplankton were both
higher during EIFEX. Another difference is that, while the
Chl a increase of the nanophytoplankton was similar in
both experiments (factor of 4.6 during EIFEX and 4.4
during EisenEx), the microphytoplankton increased its
biomass much more during EisenEx (22 times) compared
with EIFEX (13.7 times). The difference in the rate of
microphytoplankton biomass increase between the two
experiments was mainly due to a stronger response of the
fast-growing diatom species Pseudo-nitzschia lineola during
EisenEx than EIFEX, based on microscopic cell counts
(Assmy unpubl. data). Irrespective of the absolute and
relative initial composition of the phytoplankton commu-
nity, iron fertilization induced a massive increase of
microphytoplankton biomass independent of the season.
The amount of pico- and nanophytoplankton growth
seems to be less stimulated by iron addition and may also
be strongly dependent on grazing pressure. The latter may
exert a strong influence but cannot be evaluated from our
data.

Stimulation of diatoms by iron fertilization—The pigment
fucoxanthin is mainly found in diatoms and therefore is
used as a marker pigment for diatom biomass. However,
fucoxanthin can be found in other phytoplankton groups
as well, such as haptophytes (van Leeuwe and Stefels 1998).
They describe that the fucoxanthin content of Phaeocystis
increases due to iron fertilization. Part of the increasing
fucoxanthin concentration found in the 2-8-um fraction
(size of solitary Phaeocystis cells) and in the >20-um
fraction (size of Phaeocystis colonies) may therefore result
from Phaeocystis instead of diatom growth. As microscopic
cell counts showed that diatoms clearly dominated the
microphytoplankton during EIFEX (Assmy et al. 2005), we



Phytoplankton size classes and Fe

assume that this is of minor importance for the >20-um size
fraction. In the 2-8-um size fraction, the Chl ¢ 1.2
concentration increased as well as the fucoxanthin concen-
tration (Fig. 8B). Chl ¢ 1.2 is only found in the group of
chromophytes (diatoms, dinoflagellates, pelagophytes, and
cryptophytes), but not in haptophytes. We conclude that the
increase in fucoxanthin was therefore primarily caused by
rising diatom concentrations. The fucoxanthin concentration
overtook the 19-hex concentration (indicator for hapto-
phytes) after day 22. This suggests that, before iron fertiliza-
tion, mainly haptophytes were present, which were exceeded
by diatoms from day 22 on. Apart from pigment analysis, cell
counts support these findings and show that diatoms between
2-um and 8-um size increased their abundance stronger than
haptophytes of the same size (Fig. 10). Gall et al. (2001a)
describe similar and more pronounced changes in the
composition of the whole phytoplankton community during
SOIREE. Initially, the haptophyte type Phaeocystis, as
determined by HPLC pigment measurements, dominated
the total phytoplankton community. After an initial increase
of these algae, diatoms became the dominant group about
1 week after iron fertilization.

Size-fractionated pigment analysis and microscopic cell
counts (Assmy et al. 2005) indicated that diatoms >20 um
were the main beneficiaries of iron addition during EIFEX,
leading to a massive growth of long, chain-forming
diatoms. This corresponds very well with other field data
and incubation experiments after iron enrichment (Hutch-
ins and Bruland 1998; Boyd et al. 2000; Gervais et al. 2002).
The reason for this is thought to be the higher iron
requirement of large cells due to the lower surface-to-
volume ratio compared with smaller ones (Sunda and
Huntsman 1995; Timmermans et al. 2001, 2004). Neverthe-
less, our pigment data suggest that iron fertilization
stimulates diatom growth not only in the >20-um size
class, but in every size fraction larger than 2 um (Fig. 9).
The ratio of fucoxanthin to Chl « increased 4.4 times in
the 2-8-um size fraction, while the increase was smaller in
the 8-20-um size fraction (1.6). This implies that even
the very small diatoms enhance their growth rates due
to iron fertilization. In the microphytoplankton, a massive
growth of long, chain-forming diatoms occurred, but it
did not change the relative group composition because
diatoms were already dominant at the start of the
experiment.

During EIFEX, diatoms dominated the phytoplankton
community already prior to the fertilization experiment
under iron-limiting conditions, and they were able to
increase their biomass to a greater extent than other
phytoplankton groups when iron became available (Fig. 4).
The reason why diatoms in general tend to have an
advantage over other phytoplankton groups under high
nutrient conditions is thought to be their relatively high
half-saturation constants (Sarthou et al. 2005). This is often
explained by a low surface-to-volume ratio, which is only
true for large cells but not for diatoms in general.
Laboratory experiments with a large (Chaetoceros dichaeta)
and a small (C. brevis) Southern Ocean diatom species
showed that C. brevis could not increase its growth rate
with increasing iron availability (Timmermans et al. 2001),
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which is in contrast with our findings. Hence, the success of
diatoms under iron-rich conditions may not only be
because of high half-saturation constants but may be
caused by several adaptive strategies. First, diatoms have
a generally better ability to take up and store iron
compared with other taxonomical groups. Sunda and
Huntsman (1995) describe that diatoms were able to
accumulate iron and reach Fe : C values that were 20-30
times higher than those needed for maximal growth, while
coccolithophores and dinoflagellates had only two to three
times higher Fe : C values than required for optimal
growth. Such luxury uptake of iron can be a major
advantage in regions where iron is only temporarily
available. This could allow diatoms to keep higher growth
rates while total iron concentrations in the surrounding
water are depleted. Second, diatoms are better protected
against grazing pressure by their silica frustules compared
with other, naked phytoplankton groups.

Changes in the elemental composition—The increasing
N:P and C:P ratios of the microphytoplankton as
a result of increased iron availability is a phenomenon that
has been previously described in the literature (de Baar et
al. 1997). The opposite trend within the nanophytoplank-
ton through day 29 and the increase thereafter has, to our
knowledge, not been described yet and is likely due to a shift
in the group composition in this size class. This is indicated
by strong changes in the marker pigment distribution of the
whole nanophytoplankton and especially the 2-8-um size
fraction as well as by cell counts of the latter size fraction as
described above.

Klausmeier et al. (2004) show that the N : P ratios of
different freshwater and marine species range between 7.1
and 43.3, although the median of 17.7 was close to
Redfield. The elemental composition of phytoplankton
can vary over a wide range between species or functional
groups, and diatoms in general have lower than Redfield
N : P and C: P ratios, ranging between 9.3-14.1 and 62—
100, respectively (Arrigo et al. 1999; Quigg et al. 2003; Ho
et al. 2004). Arrigo et al. (1999, 2002) describe that waters
of the Southern Ocean that are dominated by diatoms have
lower than Redfield N : P and C : P ratios of the above-
said range, while those dominated by the haptophyte
Phaeocystis antarctica exceed the Redfield ratio and range
between 17.2 and 19.5 for N : P and 120 and 154 for C : P.
This is assumed to be caused by luxury P uptake and the
formation of internal P pools in diatoms as a response to
iron stress (Tremblay and Price unpubl.). The observed
decrease in the N : P and C : P ratios of the nanoplankton
may therefore be primarily due to a species shift from
haptophytes to diatoms. Furthermore, it could explain why
the N: P and C: P ratios of the microphytoplankton,
which mainly consisted of diatoms, were already far below
those of the nano- and picoplankton at the start of the
experiment.

The increasing N : P and C: P ratios of the micro-
phytoplankton cannot be explained by a shift in assemblage
composition, as pigment data and cell counts indicate that
this size fraction was dominated by diatoms from the
beginning. However, species-specific shifts within the
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diatom assemblage, as observed during EIFEX, might
impact these ratios. It is likely that there are different
adaptation strategies of smaller and larger phytoplankton
species to iron limitation that result in different elemental
compositions. Additionally, nitrate uptake is inhibited
under iron limitation (Franck et al. 2003) because the
enzymes essential for nitrate uptake, nitrate and nitrite
reductase, are iron rich (Timmermans et al. 1994). Low
nitrate uptake and the possible formation of internal P
pools (Tremblay and Price unpubl.) result in a low N : P
ratio under low iron concentrations. With iron fertilization,
the growth rates of large diatoms increase in culture
experiments (Timmermans et al. 2004) and in situ
fertilization experiments. Increase in N uptake with iron
fertilization (de Baar et al. 1997; Franck et al. 2003;
Timmermans et al. 2004) and consumption of internal P
reserves at enhanced growth rates may be the reason for the
strong increase in N : P and C : P ratios in the micro-
phytoplankton (Fig. 6).

Biogeochemical models assessing the carbon export from
the upper ocean generally assume fixed elemental Redfield
ratios in the exported organic material. Our investigations
showed that the mean C : N and C : P ratios of the total
community inside the fertilized patch were 13% and 36%
lower than the Redfield ratio. This would result in
a significant overestimation of the carbon export based
on N or P uptake. Our data indicate that iron fertilization
causes more changes, especially in the species composition
of the small phytoplankton community, than hitherto
assumed. Part of this change is likely to be caused by
grazing. As the microphytoplankton is generally too large
to be consumed by most microzooplankton grazers and too
fast growing for mesozooplankton grazers when iron
becomes available (Coale et al. 1996), mainly smaller
phytoplankton groups are exposed to grazing pressure.
Changes in the pico- and nanophytoplankton community
structure and elemental ratios and, thus, changes in the
main food source of microzooplankton grazers will have
impacts on the composition of fecal pellets. Besides cell
aggregates, fecal pellets are an important transport
mechanism of carbon to the deep ocean after a phytoplank-
ton bloom. Recent biogeochemical models consider differ-
ent phytoplankton groups and size classes (Pasquer et al.
2005) and, hence, a detailed understanding of mechanisms
influencing the elemental composition of all phytoplankton
size classes is important.

The question remains whether the short-term changes
observed by these investigations also apply for long-term
iron fertilization. If continuous iron input would generally
alter the composition of the phytoplankton community
and size classes, the export of nutrients from the upper
water column would be different from the present iron-
limited situation. The observed slight increase in N : P
and C : P ratios would indicate a lesser export of P and
perhaps a higher export of N. However, these assumptions
do not take into account potential changes in grazing
pressure from micro- to mesozooplankton that may result
from prolonged iron fertilization, and therefore the
combined effects on the nutrient export are difficult to
predict.

Hoffmann et al.
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