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[1] The valve area of Fragilariopsis kerguelensis, the most abundant diatom species in the
Southern Ocean, strongly changes in size in response to varying conditions in the surface
ocean. We examined the link, both in two iron fertilization experiments and in sediment
samples covering several glacial Terminations, between size variability in this species
and environmental conditions across the Antarctic Polar Front, including sea ice extent,
sea surface temperature, and the input of eolian dust. The iron fertilization experiments
show valve area to be positively correlated with iron concentrations in ambient waters,
which suggests the possibility of a causal relation between valve size of Fragilariopsis
kerguelensis and ambient surface water iron concentration. Larger valves are usually found
during glacial times and thus seem to be related to lower sea surface temperature and wider
sea ice coverage. Moreover, our results indicate that there usually is a strong correlation
between larger valve size and increased input of eolian dust to the Southern Ocean.
However, this correlation, obvious for the fertilization experiments and for glacial
Terminations I, II, III, and V, does not seem to be valid for Termination VI, where size
appears to be inversely correlated to dust input.
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1. Introduction

[2] The export of carbon dioxide from the atmosphere
toward the deep ocean represents a sink for atmospheric
carbon dioxide, and this export process is referred to as the
“biological pump” [Falkowski et al., 1998]. This pump is
controlled by changes in the primary productivity and export
efficiency of the organisms living at the surface of the ocean.
Past changes in the efficiency of the biological pump during
glacial and interglacial times could have directly affected the
atmospheric carbon dioxide content.
[3] In high-nutrient, low-chlorophyll areas (HNLC) of the

ocean, phytoplankton does not completely utilize available
nutrients, and high levels of macronutrient (e.g., nitrogen
and phosphorus) correspond to lower than expected pri-
mary production. This puzzling observation was explained in
terms of productivity limitation due to lack of the micronu-
trient iron in the upper water column [Martin and Fitzwater,
1988;Martin et al., 1990]. As a corollary of this,Martin et al.
[1990] hypothesized that large blooms of phytoplankton
could be stimulated by adding iron into HNLC areas,

increasing the efficiency of the biological pump and resulting
in a net sequestration of carbon dioxide from the atmosphere.
[4] Large-scale additions of dissolved iron to HNLC areas

(iron fertilization experiments) have been performed exten-
sively during the last two decades at a variety of locations
[e.g.,Martin and Fitzwater, 1988; de Baar et al., 1990;Martin
et al., 1994; Coale et al., 1996; Boyd et al., 2000]. These iron
fertilization experiments, along with a series of in vitro
experiments [Hutchins and Bruland, 1998; Takeda, 1998; De
La Rocha et al., 2000; Timmermans et al., 2004] have dem-
onstrated how iron limitation strongly influences the relative
uptake ratios of the main nutrients in diatoms, and thus relief
from iron limitation may have a strong imprint on the bio-
geochemical cycle of these nutrients. In particular, the most
common large, bloom-forming diatoms in the Southern Ocean
(Fragilariopsis kerguelensis, Actinocyclus sp., Thalassiosira sp.)
display a marked decrease in the silicate/nitrate depletion
ratio with increased iron availability [Timmermans et al.,
2004]. This is a result of a decrease of silicate (and con-
comitant increase in nitrate) consumption in response to
increasing dissolved iron concentration [De La Rocha et al.,
2000; Timmermans et al., 2004].
[5] Interestingly, such a relief from iron limitation has

large consequences on the export of dissolved nutrients from
the Southern Ocean toward lower latitudes [Sarmiento et al.,
2004]. In fact, the modern Southern Ocean is iron limited
(higher silicate/lower nitrate consumption) and thus exports
nitrate toward lower latitudes via Sub-Antarctic Mode Water
(SAMW). When the Southern Ocean is under iron-replete
conditions (lower silicate/higher nitrate consumption) it
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exports silicate, thus strongly affecting ecosystem function-
ing at a global level [Sarmiento et al., 2004].
[6] An interesting aspect of iron-limited diatom blooms is

its connection to the observation that iron limitation is
relieved in the Southern Ocean during glacial times, due to
increased levels of iron in the surface waters. The main
sources of iron to the surface ocean are assumed to be eolian
dust, upwelling, and melting icebergs.Martínez-Garcia et al.
[2009] recently demonstrated how iron fertilization has been
a recurrent feature of the sub-Antarctic region over last 1.1Ma,
as dust/iron inputs to the ocean and marine export production
records are closely correlated over the entire interval.
[7] The European Project for Ice Coring in Antarctica

(EPICA) recovered an ice core that provides a climate record
for the past 800,000 years [EPICA Community Members,
2004; Jouzel et al., 2007]. We will use the dust record from
this core as a proxy for dust deposition into the Southern
Ocean, following John Martin’s iron fertilization hypothesis
and assuming that the fertilization during glacial periods
mainly occurs through dust-borne iron [Martin et al., 1990].
[8] The Southern Ocean is the largest HNLC area of the

world, and here marine diatoms are the main primary pro-
ducer and exporter of organic carbon. In the Southern Ocean,
the dominant diatom species Fragilariopsis kerguelensis
displays a strong variability in size [Cortese and Gersonde,
2007], but the specific environmental controls for this vari-
ability are currently unknown.
[9] The present study is aimed at testing whether the

observed pattern of larger F. kerguelensis during glacial
times, and smaller F. kerguelensis during interglacial times at
Termination I [Cortese and Gersonde, 2007] also holds true
for older Terminations. We additionally want to investigate
the link between size changes in this diatom and several
proxy records including summer sea surface tempera-
ture (SST), sea ice extent, major community shifts within

diatoms, and eolian input. Under perturbed modern con-
ditions, we also analyze the size variability of this species
during two artificial iron fertilization experiments in the
Southern Ocean: EIFEX [Smetacek et al., 2005] and EisenEx
[Smetacek, 2001].

2. Material and Methods

[10] We analyzed microscopic slides prepared from water
samples collected during two iron fertilization experiments
(Figure 1 and auxiliary material Data Set S1): the EIFEX iron
fertilization experiment, conducted at the Antarctic Polar
Front (49.4°S, 2.25°E) during R/V “Polarstern” expedition
ANTXXI/3 [Smetacek et al., 2005], and the EisenEx fertil-
ization experiment, that took place at 48°S, 21°E during
expedition ANTXVIII/2 [Smetacek, 2001].1

[11] Sediment samples covering the last glacial Termina-
tion (Figure 1 and Data Set S2) were analyzed from R/V
“Polarstern” cores PS1654 (50.2°S, 5.7°E, Antarctic Polar
Front), PS2498 (44.2°S, 14.2°W, north of Subantarctic
Front), and PS2499 (46.5°S, 15.3°W, Subantarctic Front).
Additional sediment samples (Data Set S3) were obtained
from Ocean Drilling Program (ODP) Site 1093, cored in the
southeast Atlantic sector of the Southern Ocean during Leg
177, close to the position of piston core PS1654 [Hodell
et al., 2002]. This site is located at the Antarctic Polar Front
and the examined sediment core documents the last 7 glacial
cycles (ca. 600,000 years).
[12] The age model for ODP Site 1093 has been developed

using the software Analyseries [Paillard et al., 1996] to
match the diatom-derived SST record from this site [Schneider-
Mor et al., 2008] and the EPICA ice core temperature record

Figure 1. Location of the studied sediment cores and iron fertilization experiments. The background map
represents the modern average valve area in Fragilariopsis kerguelensis (reprinted from Cortese and
Gersonde [2007], with permission from Elsevier). The black dots are the surface sediment samples used
to produce the map, and oceanic frontal positions and maximum sea ice extent are according to Belkin and
Gordon [1996]: Subtropical Front (red), Sub-Antarctic Front (yellow), Antarctic Polar Front (purple),
winter sea ice edge (blue).

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/pa/
2011pa002187. Other auxiliary material files are in the HTML.
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[Jouzel et al., 2007] plotted on its EDC3 chronology
[Parrenin et al., 2007]. The diatom-derived SST data for
ODP Site 1093 are reported in Data Set S5.
[13] The cleaning of the sediment samples and the prepa-

ration of permanent slides for light microscopy followed a
routine method established at the Alfred Wegener Institute for
Polar and Marine Research (AWI), described by Gersonde
and Zielinski [2000]. Pictures and measurements of the dia-
tom species Fragilariopsis kerguelensis were taken following
a method described by Cortese and Gersonde [2007]. An aver-
age of 40.5 specimens for each of the 206 samples (8343 pictures
in total) has been photographed using a video camera
attached to a Zeiss Axioskop microscope, at 1000x magnifi-
cation. The public domain image analysis software “ImageJ”
(freely available from the National Institute of HealthWebpage:
http://rsb.info.nih.gov) has been used to measure the length
and width of the specimen, and the length of five costae
within it (see Figure 2, image at bottom).

[14] Measurements of iron and dust concentrations/fluxes
from the EPICA Dome C core are from EPICA Community
Members [2004], Wolff et al. [2006], and Lambert et al.
[2008]. The reader is referred to these papers for details on
the analytical techniques used. Fe fluxes from the EPICA
Dome C core are reported in Data Sets S4 and S5. The data
pertaining to the EPICA ice core have been plotted on its
EDC3 chronology [Parrenin et al., 2007].
[15] MATLAB® was used to perform various statistical

tests: statistical power, chi-square, two-sample Kolmogorov-
Smirnov, and Wilcoxon rank sum test.
[16] The statistical power test was used to evaluate whether

forty diatom specimens were a large enough sample size to
capture the variability in the real population and justify the
inferences made in this paper. A chi-square test was used
to assess whether valve area data were normally distributed,
and two-sample Kolmogorov-Smirnov and Wilcoxon rank

Figure 2. Schematic representation of a diatom’s life cycle. The number of generations involving asexual
reproduction is not limited to three, and the switch to sexual reproduction involves the release of gametes,
formation of a zygote, and resetting of the valve size to the maximum one. The image at the bottom is a
valve of F. kerguelensis, with the main measurements taken in this study shown as red bars.
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sum tests were used to check whether glacial and interglacial
valve areas were significantly different.
[17] A sample size of 40 measured specimens proved to be

adequate to be able to separate, at power 0.90 and via a t test,
between a sample from a glacial interval and one from an
interglacial interval, and vice versa.
[18] As the chi-square tests indicated that most of the tested

populations had nonnormal distributions, the further tests we
used to evaluate significant differences in our data sets were
nonparametric.
[19] Both the two-sample Kolmogorov-Smirnov and

Wilcoxon rank sum test confirmed how the valve area values
measured in samples coming from glacial and interglacial
intervals are significantly different, both within the same core
(tested for PS2498, PS2499, PS1654) and for the whole
Termination I data set.
[20] More detailed explanations of statistical testing are

available in Texts S1 and S2, while Figures S1 and S2 pro-
vide error bar graphs (age versus area with standard deviation
for each data point) for all the valve area records.

3. Diatom Life Cycle

[21] Diatoms (microscopic algae belonging to the Class
Bacillariophyceae) require sunlight to photosynthesize, lim-
iting their distribution to the uppermost 200 m of the water
column. They are especially abundant in the ocean, where
they are estimated to contribute up to 45% of the total oceanic
primary production [Mann, 1999]. The hallmark of diatoms
is their pillbox shaped cell wall made of silica (SiO2� nH2O),
which can be preserved in the sedimentary record.
[22] The abundance of diatoms varies in space and time

as a response to environmental variables and availability
of macronutrients (nitrate, phosphate) and micronutrients
(iron). Some of these nutrients may at times not be available
in high enough levels, and thus become limiting for diatom
growth and bloom formation. During such blooms, diatoms
rapidly increase their numbers by repeatedly undergoing
vegetative (asexual/mitotic) reproduction by cell fission.
Diatoms are characterized by a peculiar structure and divi-
sion modality. The pillbox shaped cell wall is constituted by
two valves, the bottom valve (hypotheca) is slightly smaller
than the upper one (epitheca). When a cell undergoes divi-
sion, each daughter cell always builds a new hypotheca.
It follows that one of the two daughter cells will end up being
slightly smaller than its parent (Figure 2) and, through suc-
cessive divisions, the average size of diatom cells in a pop-
ulation will decrease. This process can be compensated by
the formation of new large cells that occurs during sexual
reproduction. The sexual phase can be induced in cells that
have reached a species-specific threshold size and includes
the formation of gametes, their fusion, and formation of a
zygote (auxospore) within which cells of the maximum size
are produced [Chepurnov et al., 2004]. Such a switch to
a sexual phase has been demonstrated to occur, with the
formation of auxospores, in F. kerguelensis during an iron-
induced bloom in the Southern Ocean [Assmy et al., 2006].
We therefore expect larger spores upon relief from iron
limitation.
[23] In sediment samples, many successive generations/

blooms of diatom valves are accumulated in the same layer.
As such, the average valve size of a population will represent

an integrated record of several bloom seasons and the
frequency at which sexual reproduction was induced over a
time interval of possibly several hundred years, rather than
reflecting the dynamics of a single bloom episode. None-
theless, the sedimentary record of diatom size variability
seems to suggest that size in some diatom species might be
strongly related to specific environmental conditions.
[24] Valves of F. kerguelensis range generally from 10 to

75 mm in length, and 5 to 11 mm in width. The valves have an
elliptical to lanceolate shape, and are isopolar (i.e., the two
extremes, poles, are identical, and the valve is symmetrical
along the transversal axis). Four to seven costae are present
over 10 mm, and two rows of alternating pores, easily
resolved under light microscopy, are present between two
adjacent costae. The length of five costae (Figure 2) were
recorded to allow comparisons to the results of Fenner et al.
[1976], who first investigated F. kerguelensis size variability
in the South Pacific Ocean.

4. Results

4.1. Fertilization Experiments

[25] In order to test how iron availability might affect size
in Fragilariopsis kerguelensis, we analyzed several samples
collected during two iron fertilization experiments (Figure 1)
conducted at the Antarctic Polar Front in the Atlantic Sector
of the Southern Ocean (EIFEX [Smetacek et al., 2005]
and EisenEx [Smetacek, 2001]). During these experiments,
a suitable oceanic eddy in a high-nutrient, low-chlorophyll
area is identified and tracked with an inert tracer (usually SF6,
sulphur hexafluoride), while at the same time being fertilized
with several tons of dissolved iron. Time series for many
biological and geochemical indicators are then generated
for the few weeks following the fertilization, in order
to document the occurrence and characteristics of the
ensuing plankton bloom. We studied changes in average
valve sizes both inside the fertilized patch, and in a few
additional control samples outside it, for both the EIFEX and
EisenEx fertilization experiments. The average valve size of
Fragilariopsis kerguelensis is smaller in the outside patch
compared to the fertilized patch throughout the EIFEX iron
fertilization experiment (Figure 3). Inside the fertilized patch,
the size remains at around 160 mm2 during the first 8 days of
the experiment, then drops to ca. 125 mm2, and displays a
steady rising trend after ca. 12 days, with a maximum size of
210 mm2 at about 36 days from the start of the experiment.
The four control samples from outside the fertilized patch
display an offset of ca. 30 mm2 compared to the in-patch
samples, and the size increases only slightly after ca. 17 days
from the beginning of the fertilization. However, average
valve size is greater in patch even before the fertilization
occurs, and throughout the experiment. The similar increas-
ing trends from day 18 to 33 both in and out of patch suggest
that the response in patch is mirrored by a similar response
outside of the fertilized patch.
[26] With the exception of one sample, the size of

F. kerguelensis is larger in the in patch, compared to the out
patch samples during the EisenEx experiment as well, and
the offset between the two curves is ca. 20 mm2. Although
there is a slight trend toward larger sizes as the experiment
progressed, the last analyzed sample (ca. 155 mm2 at 21 days
from start of the experiment) most likely does not capture the

CORTESE ET AL.: DIATOM SIZE VARIABILITY PA1208PA1208

4 of 14



rapid increase in size observed during the second half of the
EIFEX experiment. A very rapid increase is observed, for a
single sample, two days after the start of the experiment.

4.2. Last Glacial Termination (Termination I)

[27] The valve size evolution through the last 35 ka
(Figure 4) is remarkably similar for the three examined
locations, two of which are from north of the Sub-Antarctic
Front (PS2498 and PS2499), while the remaining one
(PS1654) has been sampled at the Antarctic Polar Front in the
Atlantic Sector of the Southern Ocean (Figure 1). All three
cores have substantially larger valves during glacial com-
pared to interglacial times. Average valve sizes oscillate
around 190–210 mm2 during the interval 35 to 17–18 kyr,
then rapidly decrease throughout the glacial Termination,
and stabilize to their smaller interglacial sizes after ca. 8 kyr
BP. The only two noticeable differences among the core sites
are the following:
[28] 1. The Antarctic Polar Front location (core PS1654)

seems to document larger valve size during the Holocene
(140–150 mm2) compared to the 100–110 mm2 observed at
the two sub-Antarctic sites (PS2498 and PS2499).
[29] 2. At the Sub-Antarctic Front location (core PS2499),

average valve size at the start of glacial Termination
(220 mm2 at 18 ka) is much larger than at the other two core
sites.
[30] Dust flux values for the Epica Dome C (EDC) ice core

are much higher during glacial than interglacial times: the
main decrease occurs at ca. 19–16 kyr (and is thus synchro-
nous to the decrease in valve area), after which dust flux
values are very low.

4.3. Previous Terminations

[31] The analyzed sediment samples from ODP Site 1093
(Antarctic Polar Front) cover the last 550 kyr, including the

four transitions from glacial to interglacial conditions that we
analyzed (Terminations II, III, V, and VI). We were partic-
ularly interested in examining changes in average valve size
of F. kerguelensis during glacial, interglacial, and glacial
Termination conditions, and their link to several environ-
mental proxy records including sea surface temperature, sea
ice extent, major ecosystem shifts within diatoms, and eolian
dust/Fe flux input (Figures 5 and 6).
4.3.1. Termination II
[32] At ODP Site 1093, SST [Schneider-Mor et al., 2008]

is much colder under full glacial conditions (Marine Isotope
Stage, MIS 6) than during the following full interglacial
(MIS 5). This is marked with a sharp transition (Figure 5),
with SST rising from ca. 0.5°C to an interglacial maximum of
ca. 5°C. Following an interglacial optimum, SST slightly
decreases and fluctuates around 3.5°C. There is a clear cor-
relation between SST and relative abundances of the Fragi-
lariopsis curta group, a proxy for winter sea ice (Figure 5):
during full glacial times, when SST is low, F. curta is con-
stantly abundant and reaches its peak right before the start of
Termination II. With the onset of the transition, the abun-
dance of this species drops to about zero, indicating how
there is almost no sea ice present during interglacial times.
F. kerguelensis is abundant during the whole period, with a
slight increase during warmer interglacial times (Figure 5).
Shortly before and during Termination II, this species shows
a sharp shift in size (Figure 6), as its average valve area
switches from high values during glacial times (ca. 200 mm2)
to much lower values during interglacial intervals
(ca. 100 mm2). Termination II shows a drop to the lowest
observed average area values (ca. 70 mm2). A positive cor-
relation is apparent between iron input and average area
(Figure 6), as during full glacial times iron is high and
constantly available for F. kerguelensis and valve areas are
around 200 mm2. As iron decreases during Termination II,

Figure 3. F. kerguelensis valve area through two iron fertilization experiments. Samples from EIFEX
[Smetacek et al., 2005] and EisenEx [Smetacek, 2001]. The solid lines represent samples from within the
fertilized patch, while the dotted lines refer to the out-patch, control samples.
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Figure 4. (top) F. kerguelensis valve area and dust flux at EPICA Dome C. The Marine Isotope Stage
(MIS) boundaries are after Lisiecki and Raymo [2005], while the iron flux data are from Lambert et al.
[2008] and are also reported in Data Set S4. (bottom) IRD record from ODP Site 1094 and Th-corrected
opal flux data during Termination I. The ice-rafted debris record from IODP Site 1094 [Kanfoush et al.,
2002] appear as a dotted black line, and the Th-corrected opal flux data [Anderson et al., 2009] from
cores TN057–013PC4, TN057–014PC4, and EL27–23PC are shown in shades of red. The right-hand scale
applies to both IRD (in mg/g) and Th-corrected opal flux (in g cm�2 kyr�1). The vertical dashed line at
17 ka roughly marks the start of the glacial Termination, with a sharp decrease in valve size coinciding with
the shift from (larger) predominantly eolian/IRD to (smaller) upwelling/iceberg sources of iron.
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average area values plunge to approximately 70 mm2. During
the following interglacial period, iron values remain very low
and average area values fluctuate around 110 mm2.

4.3.2. Termination III
[33] SST is slightly colder under full glacial conditions

(MIS 8) than during full interglacial (MIS 7), with SST rising
from ca. 2°C to a ca. 5°C maximum (Figure 5). During the

Figure 5. SST, F. kerguelensis and F. curta percentages, and F. kerguelensis valve area at ODP Site 1093,
plus EPICA Dome C Fe flux. SST (estimated via a diatom transfer function) and diatom abundance data
from Schneider-Mor et al. [2008]. Iron flux data for the EPICA Dome C ice core [EPICA Community
Members, 2004; Jouzel et al., 2007; Lambert et al., 2008] are also shown. Vertical dashed lines mark
glacial terminations.
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MIS 7 interglacial, SST decreases and fluctuates around 3°C.
The correlation between SST and abundances of the sea ice–
related diatom F. curta is clearly visible (Figure 5): during
full glacial times, when temperatures are low, F. curta is
constantly abundant and reaches peak abundances of 4%.
At the onset of the Termination, the abundance of F. curta,
and therefore sea ice concentrations, drops to almost zero.
F. kerguelensis is constantly abundant during the whole
period, with the exception of a large decrease during full
glacial conditions (Figure 5). Iron concentrations are high
during full glacial and positively correspond with high
average area values around 170–180 mm2 for F. kerguelensis
(Figure 6). Once iron concentration decreases during
Termination III, average area values sharply decrease
to approximately 100 mm2. During the interglacial, iron
values are very low and average area values fluctuate around
150–160 mm2.
4.3.3. Termination V
[34] SST at full glacial conditions (MIS 12) is distinctly

lower than during full interglacial conditions (MIS 11), with
a SST rise from ca. 0.5°C to a maximum of ca. 6.5°C
(Figure 5). During the MIS 11 interglacial, SST is constant
and fluctuates around 5.5°C. Over this time interval as well,
there is a strong correlation between SST and amount of sea
ice, as recorded by F. curta abundances. During full glacial

times, sea ice is relatively abundant, with F. curta abundance
peaking at 5% (Figure 5). At the onset of the Termination
and during interglacial, sea ice and F. curta abundance levels
drop to almost zero. F. kerguelensis displays high abun-
dances during the whole period with an increase during
interglacial (Figure 5). During full glacial, iron is high
and positively corresponds with high average area valves
with values of ca. 190 mm2 for F. kerguelensis (Figure 6).
A declining trend toward smaller interglacial valves (140–
150 mm2) is visible, corresponding to iron levels reaching
almost zero.
4.3.4. Termination VI
[35] SST at full glacial conditions (MIS 14) is slightly

colder than during full interglacial conditions (MIS 13), as
Termination VI documents a SST rise from 1.5°C to a max-
imum of 4°C (Figure 5). The temperature contrast between
glacial and interglacial is thus small compared to later glacial
Terminations. Temperature and F. curta abundances are well
correlated as, during full glacial times, F. curta reaches a
peak abundance of 1.5%, indicating presence of sea ice in the
proximity of the core location during this glacial period,
although in lower abundance, and with a sea ice edge located
south of the core location, compared to what is observed for
later glacial periods (Figure 5). The cutoff value for sea ice
presence is a relative abundance of 3% F. curta, therefore

Figure 6. F. kerguelensis valve area and SST at ODP Site 1093, plus EPICA Dome C dust flux. The four
graphs show enlargements for Terminations II, III, V, and VI for the EPICA dust flux [EPICA Community
Members, 2004], SST at OPD Site 1093 [Schneider-Mor et al., 2008], and average valve area in
F. kerguelensis from ODP Site 1093 (this study). The right-hand scale is valid for both SST (°C) and dust
flux (10�2 mg/m2 y). The vertical black lines represent glacial Terminations, with their timing according to
Lisiecki and Raymo [2005], and separate interglacial MIS (uneven numbers) from glacial marine isotopic
stages (even numbers).
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both sea ice indicators and dust flux [Lambert et al., 2008]
display lower values before MIS 12 compared to later glacial
intervals.
[36] At the onset of the Termination, F. curta abundances

drop and during interglacial they remain at around zero,
indicating no sea ice presence during this time interval.
F. kerguelensis is abundant throughout this interval, with
little fluctuation around 60% (Figure 5). The abundance
pattern for this species is opposite to what is commonly
observed, with slightly higher abundances (up to 70%) dur-
ing the glacial compared to the interglacial interval (down to
50%). Its average valve area increases while iron flux
decreases (Figure 6), also an opposite trend compared to
what is observed at the other glacial Terminations. The
highest average area measured in this study (240 mm2) was
found during the interglacial time.

5. Discussion

5.1. Iron Fertilization Experiments EIFEX
and EisenEX

[37] During EIFEX all in patch and out patch stations were
located within the eddy core, but the latter was not homog-
enous in terms of chlorophyll distribution, and mini blooms
which faded away over the course of the experiment were
sampled in some of the initial out stations (P. Assmy,
personal communication, 2011). Moreover, some degree of
diffusion between the in- and out-patch regions is to be
expected.
[38] These heterogeneous conditions in the fertilized patch

explain why our area values in patch and out patch differ
significantly at fertilization time and before ca. day 8–12,
when a significant increase in auxospore numbers is reported
to occur [Assmy et al., 2006], and why parallel, increasing
trends from day 18 to 33 occur both inside and outside the
fertilized patch. Additionally, Station 424 (the first “out
patch” sample in Figure 3) can be classified as in patch/out
patch, as sampled just at the border between the two areas,
briefly before the Fe addition at the beginning of the EIFEX
experiment.
[39] However, independent studies by P. Assmy (unpub-

lished data, 2011) confirm that the largest (>65 mm) apical
length fraction of F. kerguelensis was more abundant inside
as compared to outside the patch, in accordance with what
we observe for valve area (Figure 3).
[40] We document a trend in the iron fertilization experi-

ments with an increase through time in valve area both
inside and outside the fertilized patch. This indicates
F. kerguelensis reacts to iron addition and to the development
of a diatom bloom at the Antarctic Polar Front. This is par-
ticularly true for the EIFEX experiment, where the average
valve area after 5 weeks is 40% larger than at the beginning
of the fertilization.
[41] The presence of populations having, in average, larger

valves inside the fertilized patch compared to the outside
patch controls (Figure 3) suggests, in line with what found
by Assmy et al. [2006] during the EIFEX experiment, that
the observed increase in the number of F. kerguelensis
auxospores upon relief from iron limitation strongly affects
the population’s size range.
[42] This is also in accordance with the observation that

under iron-limited conditions most diatom species decrease

their cell volumes by up to 50% [Maldonado and Price,
1996; Marchetti and Harrison, 2007], with the extent of
this reduction being species specific. A smaller cell volume
has many, very important, physiological consequences for
the cell: it implies an increase of the cell surface to volume
ratio, a decrease of the diffusive boundary layer thickness,
a maximization of nutrient uptake rates, and a decrease in
the diffusion-limited threshold for optimal growth [Hudson
and Morel, 1990; Pahlow et al., 1997]
[43] These observations lead us to turn to sedimentary

records, as there are indications of increased dustiness and
dust flux into the Southern Ocean and Antarctica during past
glacial intervals [Mahowald et al., 2006]. If this dust input
increased the amount of bioavailable dissolved iron into
the Southern Ocean, a large-scale “natural iron fertilization”
(and relief from iron limitation) of the Southern Ocean might
have occurred during these time intervals. In turn, this would
have affected the average valve size in F. kerguelensis.
[44] There are, however, two caveats: (1) in the iron fer-

tilization experiments (Figure 3), the trend in valve size with
time inside the patch is paralleled by a similar valve size
evolution outside the fertilization patch, and (2) the proposed
pattern of a positive correlation of valve size with dust flux
at glacial-interglacial scale (Figure 6) could as well be
interpreted as a negative correlation of valve size with SST.
For these reasons, the iron/dust–valve size correlation cannot
serve as an indication of a causal relation between iron and
valve size, and has to be considered as a working hypothesis
at this stage.

5.2. Last Glacial Termination

[45] Cortese and Gersonde [2007] demonstrated that
F. kerguelensis strongly fluctuates in size, with larger valves
occurring at the Antarctic Polar Front during the last glacial
period, and smaller valves prevailing during the Holocene
interglacial. The present study was aimed at testing whether
this pattern also held true at other locations in the Southern
Ocean and/or at older glacial Terminations.
[46] The link between higher iron availability and larger

valves in F. kerguelensis, which is hypothesized in the iron
fertilization data, seemed to remain valid for last glacial
Termination, according to our sediment data along three
cores recovered from the Southern Ocean (core PS1654 from
the Antarctic Polar Front, cores PS2498 and PS2499 from
north of the Sub-Antarctic Front). At these different loca-
tions, the response to strongly decreased dust flux to the
EDC ice core in Antarctica (and therefore presumably lower
dust/Fe input to the Southern Ocean) was a strong reduction
in size (from ca. 200 mm2 during the glacial to ca. 100 mm2

during the interglacial). Valve size remained very high dur-
ing the last portion of Marine Isotope Stage (MIS) 3, through
most of MIS 2, and started to decrease in concert with the
decrease of dust flux between 19 and 16 kyr BP. Under
MIS 1 interglacial conditions, valves seem to be larger
(PS1654, ca. 150 mm2) at the Antarctic Polar Front (APF)
compared to the Sub-Antarctic Zone (ca. 100 mm2).
[47] The correlation between valve size and dust flux

(Figures 4–6), while striking, may at least partly also be
a reflection of changes in wind patterns and intensity,
two climate mechanism that can potentially impact diatom
assemblages and valve size through their modulation of other
processes in the circum-Antarctic ocean, such as upwelling
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and frontal migrations. As an example of this, the trend of
smaller while diverging valve sizes during Termination I and
MIS 1 (Figure 3) after a prolonged time of similar valve sizes
during full glacial conditions may be a consequence of
diverging ocean regimes at these three core sites, probably in
association with shifting circum-Antarctic wind patterns and
oceanic fronts.
[48] The different baseline values in the Holocene for

PS1654/ODP1093 (at the APF) are therefore probably a
consequence of the different sources of iron available at the
APF today (Figures 1 and 4), even under full interglacial
conditions, compared to sites located further to the north in
the Sub-Antarctic Zone (PS2499 and PS2498). At the APF,
upwelling of deep waters [Lefèvre and Watson, 1999] and
melting icebergs/sea ice [Raiswell et al., 2006; Smith et al.,
2007; Geibert et al., 2010] may provide sources of
bioavailable iron that fuel slightly larger valve sizes in
F. kerguelensis, even in the absence of the dominant eolian
source. None of those additional iron sources seem to play an
important role in the Sub-Antarctic Zone.
[49] In order to test whether other sources of iron, in

addition to eolian dust, might at times have become impor-
tant close to the Antarctic Polar Front in the Southern Ocean
over last 35 ka, we compared (Figure 4) our valve area record
for last glacial Termination to records of ice-rafted debris
[Kanfoush et al., 2002], a proxy for iron sourced from melt-
ing icebergs, and Th-corrected opal flux [Anderson et al.,
2009], a proxy for iron sourced from upwelling of deep
waters.
[50] However, overall in the Atlantic Southern Ocean IRD

deposition is important only during glacials [Diekmann et al.,
2003] and thus acts in the same direction as the eolian dust
deposition. In fact, more than 90% of the IRD signal recorded
by Kanfoush et al. [2002] was later identified to represent
tephra particles transported by sea ice from the South Sand-
wich Island volcanic arc, and not by icebergs from the Ant-
arctic continent [Nielsen et al., 2007]. It is highly unlikely
that the tephra particles, when falling through the water col-
umn after sea ice melt, will have an effect on the micronu-
trient concentration in surface waters.
[51] More likely sources besides the eolian input [see

Ridgwell and Watson, 2002] are the advection of Fe-enriched
deep water by intensified upwelling and icebergs, as proposed
by Abelmann et al. [2006] for Termination I in the study area.
Such mechanisms of Fe deposition, although not exceeding
the effect of dust, may explain the prolonged decline of the
F. kerguelensis valve size at glacial terminations.
[52] Increased Th-corrected opal flux (used as a proxy for

increased advection of the nutrient silicon by upwelling) is
restricted to the 10–17 ka time window (i.e., at the glacial
Termination). In contrast, strong upwelling of deep and
nutrient-rich waters during glacials is not supported by
nutrient proxies [Sigman et al., 2010]. The potential of
Fe deposition by iceberg melting was highlighted by Smith
et al. [2007].
[53] We can draw the following conclusions from these

observations: (1) Iron deposition in surface waters by
upwelling is negligible during the glacial (and thus cannot
have an influence on glacial valve size), but may play a
role during the increased upwelling of nutrient-rich water
at glacial terminations; (2) a second source of Fe may
be iceberg melting, preferentially at terminations; and

(3) both additional sources (upwelling and icebergs) do
not cause a valve size effect that exceeds the one caused by
dust deposition during glacials. The valve area data set for
Termination I also allowed us to test whether there was a
change in population structure between MIS 1 to MIS 2, and
what the possible biological reasons for this may have been.
There is a certain degree of positive correlation between
valve size and standard deviation, albeit variable between
glacial Terminations/sites (Figure S3a), with a maximum
correlation value (r2 = 0.49) observed for ODP Site 1093,
with all previous glacial Termination data grouped together.
This positive correlation might suggest a size spectrum shift
from glacial to interglacial times, with a broader size range
during glacial intervals.
[54] The histograms for all valve area measurements from

MIS1 and MIS2 (Figures S3b and S3c), both all grouped
together and split core by core (PS2499, PS2498, PS1654),
albeit not easy to compare directly, as they are based on
a different number of observations, seem to indicate how
(1) both distributions are skewed toward low values, and this
is more extreme for the MIS1 interglacial population, and
(2) the size range is broader for the glacial population,
particularly for values from ca. 200 to 400 mm2, which are
relatively underrepresented in the interglacial population.
Both these observations seem to hold true as well once the
data are split by core.
[55] These data may indicate how F. kerguelensis popula-

tions resorted more frequently to auxospore formation during
glacial (MIS2) compared to interglacial (MIS1) times, in line
with what observed during iron fertilization experiments in
the modern ocean, where auxospore abundances increase
in the fertilized patch [Assmy et al., 2006]. Furthermore, the
prevailing conditions of limited Fe availability during inter-
glacial times may have affected this diatom’s life cycle,
resulting in the production of auxospores of smaller size,
thus constraining the population within a narrower cell size
range.
[56] Our main hypothesis is therefore that the size increase

following iron addition (either in fertilization experiments
or glacial times) is related to an increase in the importance
of the auxospore stage in this diatom’s life cycle. This can
be represented by either an increase in their total number, as
demonstrated by Assmy et al. [2006] for iron fertilization
experiments, and/or in the auxospore area itself. For our
glacial Termination I data, the result of these processes is
represented by a shift in size spectra for the whole population
(Figure S3b).
[57] As also suggested by Assmy et al. [2006], another

biological process may also have played an important role in
shaping the population structure: selective predation of the
more fragile (compared to the vegetative cell) auxospore
stage during interglacial compared to glacial intervals. Under
this scenario, a specific predator (maybe present in higher
numbers during warmer intervals?) would have been more
efficient in removing the ca. 250 to 400 mm2 size fraction
during interglacial compared to glacial times.
[58] However, many additional complexities, particularly

behind predation and export mechanisms, suggest exerting
caution when attempting a direct interpretation of the size
structure of the populations. Such interpretation is probably
best left to a more in-depth treatment of additional data from
culturing and ecosystem modeling, which are currently being
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collected by fellow researchers in an underway collaborative
study between AWI and the Zoological Station “Anton
Dohrn,” Naples.

5.3. Previous Terminations

[59] We then checked how F. kerguelensis fared at the
Antarctic Polar Front through previous glacial Terminations,
by producing records of its average valve area variability
through the last 550 ka at ODP Site 1093. Maximum average
valve areas for this diatom were indeed found under glacial
conditions, while smaller valves occurred during interglacial
times (Figure 6). During full glacial times the valve size was
about 200 mm2 on average, and therefore ca. twice as large as
under interglacial conditions. This pattern was observed at
Termination II, Termination III and Termination V, and thus
matched well the previously observed pattern for Termina-
tion I. However, the time interval around Termination VI
shows an inverse relationship between valve size and glacial/
interglacial conditions (Figures 6 and 7): F. kerguelensis
valves were larger during MIS 13 (interglacial) and smaller
during MIS 14 (glacial). The largest valve areas measured in
this study (up to 240 mm2) were found during MIS 13.
[60] In order to better understand the paleoenvironmental

significance of the observed size changes in F. kerguelensis,
we tested the link between them and several proxy record
time series, including sea ice temperature, sea ice extent,
eolian input, as well as major ecosystem shifts within dia-
toms. The diatom F. kerguelensis is constantly abundant
through time in the Southern Ocean, with slightly higher
relative abundances during interglacial times. In order to
test the effect of changes in iron availability and relief from
iron limitation in the Southern Ocean on the valve size of
F. kerguelensis, we compared our sediment core records for
size variability over several glacial-interglacial transitions to

a regional record of dust input and flux stored in an Antarctic
ice core. The EPICA Dome C ice core from East Antarctica
provides highly resolved records of atmospheric parameters
over last 800,000 years, including a significant increase of
iron in glacial compared to interglacial periods [Wolff et al.,
2006]. This proxy record of iron flux shows increased iron
input to the Southern Ocean during glacial conditions, and
thus potentially a strong linkage between higher valves areas
averages of F. kerguelensis during this period, and higher
dust/iron concentrations.
[61] Our valve area data for Termination VI indicate

smaller valves during full glacial and an increase to larger
valves during full interglacial conditions (i.e., a pattern
opposite to what observed at the other, later, glacial
Terminations).
[62] In this respect, it is interesting to note how at this

glacial Termination both the oceanic SST and atmospheric
CO2 concentration contrast between full glacial and inter-
glacial conditions was strongly reduced compared to later
glacial Terminations. In fact, the CO2 record from the EPICA
Dome C core [Siegenthaler et al., 2005] displays the partial
pressure of atmospheric CO2 oscillating between 260 and
180 ppm before 430 ka, a range that is almost 30% smaller
than that of the last four glacial cycles.Martínez-Garcia et al.
[2009] suggest that such a change in the amplitude of the CO2

cycles was most likely driven by physical processes, and
related to changes in Antarctic sea ice extent, surface water
stratification, and westerly winds position. Changes in these
three processes will have strong consequences on both dia-
toms and the whole Southern Ocean ecosystem, thus signi-
fying different boundary conditions and response to glacial
Terminations in the Southern Ocean during Termination VI
and older, compared to younger time intervals.

Figure 7. Schematic illustration of the correlation between temperature, average valve area, and iron flux
through several glacial Terminations. Results for Terminations I, II, III, and V are represented by solid
lines, and dashed lines mark results for Termination VI.
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[63] Indications of substantial diatom assemblage differ-
ences are noticeable when comparing Termination VI
floral records to those representative of younger glacial
Terminations: lower relative abundances of Chaetoceros
spp. (ca. 5% versus 30%, indicating a very different diatom
assemblage and possibly lower competition for dissolved
nutrients in F. kerguelensis) and lower relative abundances of
Fragilariopsis obliquecostata and F. curta (indicating lower
summer and winter sea ice coverage). On longer timescales,
shifts in diatom assemblage composition have been demon-
strated to play an important role in the geological history
of biogenic silica burial in the Southern Ocean over the past
3–4 million years [Cortese and Gersonde, 2008]. These
floral shifts strongly affected the export efficiency, and ulti-
mately helped in establishing the Antarctic Polar Front as
the main site for burial of biogenic silica in the World Ocean,
with F. kerguelensis as the prime exporter. At the suborbital
scale of interest here, relative abundance shifts may have as
well contributed to a different functioning of the Southern
Ocean ecosystem.
[64] An additional line of evidence for an anomalous

behavior during Termination VI comes from F. kerguelensis
itself: as mentioned above, the correlation of valve size
to SST is usually negative (higher SSTs correspond to
smaller valves and vice versa), while for Termination VI
the correlation is positive (higher SSTs correspond to larger
valves). However, at this Termination, F. kerguelensis rela-
tive abundances display a peculiar pattern, as this species is
(opposite to what is commonly observed in the Southern
Ocean) more abundant during the glacial MIS 14 compared
to the interglacial MIS 13 (Figure 5). As this species is
usually a warm water indicator in the Southern Ocean and
is very abundant in this area, the observed pattern suggests
that SST is not the only control on the abundance and size of
this species at Termination VI.
[65] In our study, with the exception of Termination VI,

there is a negative correlation between valve area and rela-
tive abundances in F. kerguelensis: larger mean valve areas
are observed when the relative abundance of this species is
lower (during glacial intervals). This result is the opposite
of what is observed in a recent biometric investigation of
F. kerguelensis [Crosta, 2009]. In a study of Holocene
samples from sediment core MD03–2601 (Antarctic Conti-
nental Shelf off Adélie Land, East Antarctica), Crosta [2009]
found this species to be bigger and more abundant during the
warmer mid-Holocene period and smaller and less abundant
during the colder late Holocene period, that is, a positive
correlation between valve size and relative abundance in
F. kerguelensis. Two considerations allow reconciliation of
these seemingly conflicting lines of evidence:
[66] 1. Holocene boundary conditions are different from

those prevailing during glacial times and glacial Termina-
tions. Therefore, the changes in size observed in these two
studies (one based on an interglacial record, the present study
looking at changes between glacial, glacial Terminations,
and interglacials) may have had different controls and
significance.
[67] 2. We concur with Crosta [2009] that the strongest

control on size in F. kerguelensis is most likely linked to
favorable environmental/paleobiological conditions for this
species in the environment where it is observed. Crosta

[2009] argues that the observed positive size/abundance
relationship is linked to the fact that the core location stands
today at the lower ecologic limit for F. kerguelensis. At the
Antarctic continental shelf location, where iron limitation
is not an issue, more adequate environmental conditions for
F. kerguelensis (warmer, less icy) allowed restoration of
bigger initial cells and overall bigger average size for the
entire populations. In our study, monitoring F. kerguelensis
in a prime iron-depleted area of the ocean (where ecological
conditions in terms of SST and sea ice are far from the limit
for this species, and are actually close to optimal), the SST
control on the valve size of this species may have played
a subordinate role compared to the availability of iron. These
different controls might have given rise to the negative
relationship observed in this study between valve size and
relative abundance at the Antarctic Polar Front, with lower
SSTs (but higher iron content) during glacial times repre-
senting “favorable conditions” for larger F. kerguelensis
valves at this location.

6. Conclusions

[68] 1. Two iron fertilization experiments suggest the
possibility that the valve area of Fragilariopsis kerguelensis
increases in water samples containing elevated iron con-
centrations. There is an offset of ca. 20–30 mm2 between the
in- and out-patch time series, with the in-patch populations
being consistently larger than the out-patch populations,
most likely a result of the increased number of auxospores in
the in-patch samples.
[69] 2. The study of last glacial Termination at three dif-

ferent locations in the Southern Ocean (core PS1654 from
the Antarctic Polar Front, cores PS2498 and PS2499 from
the Sub-Antarctic Zone) provides strong evidence for the
occurrence of larger average valve areas of F. kerguelensis
during the glacial MIS 2 compared to the interglacial MIS 1.
A synchronous drop in dust flux during Termination I
recorded in the EDC ice core opens the possibility that
decreased dust-derived Fe flux to the Southern Ocean played
a role in establishing predominantly smaller valve sizes.
[70] 3. The analysis of valve size variability at the Ant-

arctic Polar Front (ODP Site 1093) over several past glacial
Terminations, spanning the shift from full glacial to full
interglacial conditions, revealed how average valve size
seems to be directly correlated to increased input of eolian
dust to the Southern Ocean, and inversely correlated to Sea
Surface Temperature.
[71] 4. This correlation does not seem to be valid for glacial

Termination VI, where size appears to be inversely correlated
to dust input. Anomalous patterns in species composition (for
Chaetoceros spp., F. obliquecostata, and F. curta), relative
abundances of F. kerguelensis, sea ice extent, SST, and CO2

conditions are all possible explanations for the deviation
from the expected pattern of larger valve size during glacial
compared to interglacial times.
[72] 5. SST can still prevail over iron/dust input in con-

trolling average valve size of F. kerguelensis in environ-
ments, such as those prevailing during the Holocene close
to the Wilkes’ Land Antarctic coast, where the SST con-
ditions are very close to the lower ecological limit for this
species.
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[73] 6. At this stage, the linkage between iron availability,
flux of dust to the surface ocean around Antarctica, and valve
area in F. kerguelensis (albeit very likely given the impact,
well documented in literature, Fe limitation has on diatom
size) remains hypothetical, and has yet to be confirmed by
further studies and more in-depth statistical examination of
these and similar data sets. As an example, promising inroads
in establishing causal links between other morphometric
characters (e.g., length-normalized width) and environmental
conditions have been performed by Marchetti and Cassar
[2009], based on the previously published version of this
data set [Cortese and Gersonde, 2007], including only sur-
face sediment and Termination I data from one locality.
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