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[1] An increase in iron supply associated with enhanced dust inputs could be responsible for higher marine
phytoplankton production leading to the typically lower glacial atmospheric CO2 concentrations, as suggested
by the ‘‘iron hypothesis.’’ The enhanced dust supply may also have provided the oceans with significant
amounts of silica, which would have favored the growth of diatoms over coccolithophores, as suggested by the
‘‘silica hypothesis.’’ Here we present new data on molecular biomarkers in a sediment core from the
midlatitudes of the Southern Hemisphere, which reveal dust-induced changes in the relative contribution of
the phytoplankton to total productivity. Our results illustrate a shift in the relative abundance of siliceous over
calcareous organisms during glacial times, when terrestrial aeolian input was enhanced. Although we did not
detect a significant glacial decrease in coccolithophorid productivity, the decrease in the CaCO3/Corg rain ratio
could have still contributed to some extent in lowering atmospheric CO2 levels. INDEX TERMS: 1055
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1. Introduction

[2] The Southern Ocean has long been recognized as
playing a key role in driving the major CO2 changes
observed during glacial/interglacial cycles [Knox and
McElroy, 1984; Martin and Fitzwater, 1988; Petit et al.,
1999; Sarmiento and Toggweiler, 1984]. Today, this ocean
is characterized by high nutrients levels which are not fully
utilized by phytoplankton. The low productivity appears to
be due to low iron levels, which significantly inhibits
phytoplankton growth [Martin et al., 1990]. In situ iron-
enrichment experiments have confirmed that the addition of
iron to areas like the Southern Ocean (the so-called high-
nutrient, low-chlorophyll (HNLC) areas), where aeolian
iron input is among the lowest in the world oceans
[Mahowald et al., 1999], greatly enhances phytoplankton
productivity [Boyd et al., 2000; Coale et al., 1996;Martin et
al., 1994; Tsuda et al., 2003]. During glacial times, the more
arid and dustier conditions supplied the Southern Ocean
(today’s largest HNLC region) with 10 to 50 times more
iron [Kumar et al., 1995; Mahowald et al., 1999; Martin

and Fitzwater, 1988; Petit et al., 1999]. This would have
stimulated the biological pump with the subsequent draw-
down of dissolved CO2 [Martin, 1990]. However, an
enhanced biological production during glacial times is not
fully supported by palaeoceanographic data. Alternative
hypotheses such as increased water stratification or en-
hanced sea-ice coverage have been proposed to explain
low glacial atmospheric CO2 (see review by Anderson et al.
[2002]). Moreover, there is still no evidence of the ultimate
fate of the CO2 that was taken up by the enhanced algal
blooms that occurred after the fertilization experiments. No
significant increase of iron-derived export production and,
therefore, efficient CO2 drawdown was detected during
these experiments [Boyd et al., 2000].
[3] Complementary to the ‘‘iron hypothesis,’’ Harrison

[2000] proposed the ‘‘silica hypothesis’’ which does not
require further changes in total productivity, but a change in
phytoplankton community, namely diatoms and coccolitho-
phores. Both siliceous and nonsiliceous organisms remove
dissolved CO2 during photosynthesis. However, the secre-
tion of coccolith calcite skeletons (CaCO3) results in an
increase in pCO2, whereas the siliceous diatom frustules
represent a net drawdown of this greenhouse gas, solely
incorporated as organic matter. The contribution of diatoms
to total biological production largely depends on the avail-
ability of silicic acid: when Si(OH)4 is not limited, diatom

PALEOCEANOGRAPHY, VOL. 19, PA2020, doi:10.1029/2003PA000992, 2004

1Also at Petroleum and Marine Division, Geosciences Australia,
Canberra, ACT, Australia.

Copyright 2004 by the American Geophysical Union.
0883-8305/04/2003PA000992$12.00

PA2020 1 of 10



production is favored over coccolithophores [Egge and
Aksnes, 1992]. Increased silicate dust availability during
glacial times [Harrison, 2000] or, alternatively, a more
efficient distribution of Si-rich glacial Antarctic waters
[Brzezinski et al., 2002; Matsumoto et al., 2002] or in-
creased riverine input [Tréguer et al., 1995; Tréguer and
Pondaven, 2000] may have resulted in a major increase in
diatom productivity and a decrease in coccolithophores.
This could potentially explain the observed glacial/intergla-
cial CO2 cycles through a decrease in calcite production
and, in turn, in the CaCO3/organic carbon rain ratio reach-
ing the seafloor. A decrease in the ‘‘rain ratio,’’ due to a
decrease in the export of calcium carbonate or an increase in
organic matter production, would lead to a change in ocean
alkalinity and pH and thus in pCO2 [Archer and Maier-
Reimer, 1994]. This scenario would be particularly effective
in modern low-Si waters, such as the subantarctic and
subtropical regions where coccolithophores dominate pri-
mary productivity [Brzezinski et al., 2002]. Furthermore, in
situ Fe fertilization [Watson et al., 2000] and bottle experi-
ments [Franck et al., 2000; Hutchins and Bruland, 1998;
Takeda, 1998] have also shown that the addition of iron not
only enhances diatom growth over other taxa, but also
decreases the Si:N uptake ratios. This phenomenon makes
diatoms more efficient at removing surface dissolved CO2,
thus exporting more organic carbon per unit of buried opal.
There is still no evidence in the palaeorecord, however, of
such a shift in the phytoplanktonic community between
glacial and interglacial times.
[4] In order to test whether changes in phytoplankton taxa

took place during glacial times, we studied a marine
sediment core retrieved from off southeast Australia. It
covers the last four glacial/interglacial cycles and has been
investigated by means of terrestrial and marine molecular
biomarkers. Our results show glacial/interglacial shifts in
the relative contribution of diatoms and coccolithophores to
total phytoplankton productivity. These shifts are strongly
correlated with changes in dust input. A previous study
based on molecular biomarkers in a southern Caribbean
core illustrated the potential of this palaeoceanographic tool
to reconstruct past changes in phytoplankton composition,
showing a shift from diatoms to coccolithophores during the
transition from the Younger Dryas cold period to the
Holocene [Werne et al., 2000].

2. Oceanographic Setting

[5] Core Fr94-GC3 was recovered from the east Tasman
Plateau and it has already been the focus of other palae-
oceanographic studies [Hiramatsu and De Deckker, 1997;
Nees, 1997]. It is located north of the present position of the
subtropical front (STF; 44�150S, 149�590E, 2667 m water
depth; Figure 1), which separates warm and saltier subtrop-
ical waters from the cold, less saline and nutrient rich
subantarctic waters of the Southern Ocean [Rintoul et al.,
1997; Wyrtki, 1962]. In the Tasman Sea, the STF is not a
well-marked frontal structure, but a broadly branched front
of temperature and salinity gradients centered around 45�–
47�S, which varies in time (see Belkin and Gordon [1996]
for a summary of different criteria for STF identification).

During glacial times, the STF only moved slightly equator-
ward in the vicinity of the east Tasman Plateau [Martinez,
1994; Nees, 1997; Passlow et al., 1997]. On the basis of the
abundance of left-coiling Neogloboquadrina pachyderma,
the STF location was inferred north of 43�S during glacial
marine isotope stages (MIS) 6, 10 and 12 [Martinez, 1994]
and around 45�S during the last glacial period [Passlow et
al., 1997]. In this area, changes in productivity over glacial/
interglacial times have been associated either with (1) the
presence and migration of the STC over the location of the
studied cores [Nees et al., 1999; Passlow et al., 1997], (2) an
intensification of eddy formation associated with the south-
ward flow of the east Australian Current [Nees, 1997] or
(3) an increase in dust supply to surface waters [Ikehara et
al., 2000; Nees et al., 1999]. As described in section 4, our
data give support to this last mechanism as being the most
important in fertilizing surface waters of the south Tasman
Sea. Since the STF is located near our core location,
productivity changes associated with migration of the front
cannot be completely ruled out. However, it is important to
note that both subtropical and subantarctic waters south of
Australia have low concentrations of dissolved Fe and Si
which could limit primary production [Sedwick et al.,
1997]. Hence changes in productivity due to migrations of
the STF are not expected to be as important as, for instance,
those associated with the movement of the strong north-
south Si gradient related with the polar front (55–57�S),
further south of our core location.

3. Methods

[6] The age model was established by comparing the
oxygen isotope record of the planktonic foraminifera Glo-

Figure 1. Locations of core Fr94-GC3 in the east Tasman
Plateau and Antarctic Vostok ice core. Arrows indicate the
source and path of dust reaching the Tasman Sea [Hesse,
1994].
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bigerina bulloides to the global SPECMAP isotope curve
[Imbrie et al., 1984;Martinson et al., 1987], which provides
an average sedimentation rate of 1.2 cm/kyr for the last
450 kyr. There are no drastic changes in sedimentation rate,
but minor artificial fluctuations may exist due to possible
inaccuracies of the age model, which are inherent to any
record older than 40 kyr, beyond the limit of radiocarbon
dating. For this reason, and to avoid ambiguous calculations
based on age model-dependent mass accumulation rates
[e.g., Pelejero, 2003], absolute biomarker concentrations
have been used instead.
[7] Analysis and characterization of total lipid content,

together with U37
K0

sea surface temperature (SST) estimations
were performed at Geoscience Australia laboratories fol-
lowing published methods [Calvo et al., 2003]. Briefly, 3–
4 g of freeze-dried sediment were loaded into 11 mL
stainless steel extraction cells of a Dionex ASE 200 pres-
surized liquid extraction system. After addition of an
internal standard (n-hexatriacontane) and subsequent extrac-
tion with dichloromethane, the extracts (�25 ml) were
evaporated to dryness under a nitrogen stream. Six percent
potassium hydroxide in methanol was used to hydrolyze
wax esters and eliminate interferences during quantitation of
gas chromatographic data. After derivatization with bis
(trimethylsilyl) trifluoroacetamide, extracts were dissolved
in toluene and then injected in a Hewlett Packard HP6890
Gas Chromatograph with a flame ionization detector and
equipped with a CP-Sil 5 CB capillary column (50 m,
0.32 mm I.D. and 0.12 mm film thickness). The oven was
programmed from 90�C (holding time of 1 min) to 160�C at
15�C/min, 160�C to 280�C at 10�C/min with 30 min hold at
280�C and finally, from 280�C to 310�C at 6�C/min with a
holding time of 6 min. Triplicate extraction and analyses of
a marine sediment with similar alkenone content gave an
analytical estimated uncertainty of ±0.04�C. Selected sam-
ples were analyzed by GC-MS for compound identification,
using a Hewlett-Packard HP5973 MSD attached to an
HP6890 GC and with the same capillary column. The mass
spectrometer was operated at 70 eV in full scan mode from
50 to 600 m/z.

4. Results and Discussion

[8] Several key marine and terrestrial organic tracers were
analyzed to assess changes in the source of organic matter
and, in particular, in the relative contribution of the different
phytoplanktonic taxa to primary productivity. We used long-
chain odd n-alkanes (C25-C31) derived from terrestrial
higher plants [Eglinton and Hamilton, 1967] as tracers of
terrestrial input to the marine environment. Long chain
alkenones were used to trace Haptophyta algae input, such
as the coccolithophore Emiliania huxleyi, the most abundant
source of alkenones in today’s ocean waters [Brassell,
1993]. Changes in alkenone concentrations provided qual-
itative information of past productivity of coccolithophorid
algae [Pailler et al., 2002; Villanueva et al., 2001]. In the
same manner, 24-methylcholesta-5,22-dien-3b-ol has been
used as a proxy for diatom abundances [Schubert et al.,
1998; Schulte et al., 1999; Werne et al., 2000]. However,
this compound can also be synthesized by some Haptophyta
algae and thus, although it represents the major sterol in

most species of diatoms, it may not be a specific tracer for
diatom productivity [Volkman, 1986]. In this work, we
focus on periods when decoupling occurs between the
alkenone and 24-methylcholesta-5,22-dien-3b-ol records,
as this phenomenon implies that the sources of these
biomarkers must have been different (see further discussion
below). Hereafter, the term ‘‘brassicasterol’’ will be used
instead of 24-methylcholesta-5,22-dien-3b-ol, for simplifi-
cation. However, it should be noted that, strictly speaking,
the term ‘‘brassicasterol’’ refers exclusively to the com-
pound with the b stereochemistry at C24, while epibrassi-
casterol is the name given to the a-isomer. The two
isomers cannot be separated by the gas chromatographic
columns commonly used in palaeoceanographic studies.
Additionally, two more sterols have been analyzed:
dinosterol (4a, 23, 24-trimethyl-5a-cholest-22-en-3b-ol),
a marker for dinoflagellate input [Boon et al., 1979] and
cholesterol (cholest-5-en-3b-ol) which is normally ascribed
to zooplankton, although it can also be synthesized by a
wide variety of phytoplankton [Volkman, 1986].

4.1. Terrestrial n--Alkanes

[9] In core Fr94-GC3, a strong predominance of odd
versus even carbon-numbered n-alkanes is encountered,
with an average carbon preference index of 5.9, indicating
origin from higher plants [Peltzer and Gagosian, 1989]. An
aeolian transport of the n-alkanes is supported by the
absence of major rivers and the location of the core under
the influence of westerly winds, which brings dust to the
Tasman Sea from southeastern Australia and Tasmania
[Hesse, 1994]. Indeed, atmospheric transport of n-alkanes
originating in Australia has also been recognized in aerosol
samples from New Zealand, 1500 km from east Australia
[Gagosian et al., 1987].
[10] Over the last 450 kyr, terrestrial n-alkane (C25, C27,

C29 and C31) concentrations display a clear glacial-
interglacial pattern, with the highest values recorded
during glacial times (Figure 2b, note reverse axis). This
record of terrestrial input is inversely correlated with the
long- and short-term trends exhibited by SST based on the
U37
K0

(C. Pelejero et al., manuscript in preparation, 2004)
suggesting a strong link between climate and dust input.
Measurements of aeolian grain size in the same core
corroborate this link, displaying larger quartz grains during
glacial times and thus substantiating the prevalence of
stronger winds (M. MacPhail and P. De Deckker, unpub-
lished data, 2000). The Vostok dust record for the last 420 kyr
shows a remarkable increase in dust content during glacial
periods (Figure 3c), which has been associated with a global
increase in continental aridity and more vigorous atmo-
spheric circulation bringing also larger dust particles to
Antarctica [Petit et al., 1999]. The good parallelism between
our n-alkane record and the dust content in Vostok indicates
that the climatic changes observed south of Tasmania were
not only restricted to that region.
[11] The C31 n-alkane homologue is the most predomi-

nant of all the n-alkanes, representing 41% and 58% of the
total n-alkanes during interglacial and glacial periods,
respectively. The increased abundance of the n-C31 during
glacial times, with respect to shorter chain compounds (C29
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and C27), is reflected in the average chain length (ACL)
index (Figure 2d). This index is used as a proxy for changes
in the vegetation type within the source area or a change in
the source region itself [Cranwell, 1973; Cranwell et al.,
1987; Gagosian et al., 1987]. In previous studies, longer
chain length alkanes (high ACL) have been associated with
vegetation from warm tropical areas, whereas a low ACL is
associated with plants input from cooler regions [Peltzer
and Gagosian, 1989; Poynter et al., 1989]. However, the
ACL relationship with temperature does not seem to operate
in core Fr94-GC3. We observe consistent higher ACL
values during cold, glacial times and lower values during
interglacial periods (Figure 2d). An alternative explanation
to the observed ACL changes would be a physiological

plant response to more arid conditions during glacial
periods. The n-alkanes are major components of epicutic-
ular waxes of higher plants and their main function is to
prevent them from water loss. Studies on hydrocarbon
composition adaptation to environmental changes, such as
drought stress, have shown a relationship between alkane
chain length and plant permeability [Dodd et al., 1998;
Dodd and Afzal-Rafii, 2000, and references therein]. Under
water stress conditions (due to either high temperature or
aridity), plants tend to synthesize longer chain length
alkanes in order to provide a more efficient wax coating.
[12] On the other hand, alkane distribution in lake sedi-

ments have also shown to be indicative of the type of
vegetation in the drainage basin, with higher abundances of
n-C31 associated with the development of grasses compared
to trees [Cranwell, 1973; Cranwell et al., 1987]. For
example, Fischer et al. [2003] attributed the occurrence of
longer chain n-alkanes in lake sediments to inputs from
grasses associated with periods of deforestation, while
shorter ACL compounds were encountered during periods
of greater arboreal input from land. Pollen data from core
Fr94-GC3, available only for the last 150 kyr, show an
increase in the percentage of pollen derived from C4 plants
(shrubs and herbs) versus C3 plants (rain forest and ferns) in
glacial samples, reflecting a change in terrestrial plant cover
toward more arid conditions (Figure 2c). Indications of drier
conditions during the Last Glacial Maximum also come
from a pollen record in a marine core offshore Victoria,
southeastern Australia [Harle, 1997]. Alternatively, a
change in the source area itself could also explain the
variations observed in the ACL and pollen records.
Although this possibility cannot be discarded, modeling
studies suggest that the position of the westerlies over
Australia has been similar during glacial times [Wyrwoll et
al., 2000]. If that is the case, and the source area has not
changed, our data would more likely reflect changes in
vegetation due to climate change.
[13] It is still not clear whether the wind system was

stronger or continental aridity was enhanced during glacial
times [Hesse and McTainsh, 1999] but, regardless the cause,
n-alkane abundances in core Fr94-GC3 indicate that dust
inputs, and thus associated iron and silica, are consistently
higher during glacial periods.

4.2. Marine Biomarkers

[14] To assess links between dust input and the response
of marine biota to the release of Fe and Si, n-alkane
concentrations have been evaluated together with two
marine productivity proxies, C37 alkenones and brassicas-
terol (Figures 3a and 3b). The response of the phytoplank-
ton community to dust inputs seems to have been different
during glacial MIS 10 compared to the last 330 kyr BP. For
the oldest part of the record, all three biomarkers exhibit the
same temporal evolution with a marked maximum during
glacial MIS 10, giving support to an enhanced marine
productivity as a result of increased terrestrial aeolian input.
However, due to the parallel trends in the alkenone and
brassicasterol records, assessment of differences between
diatom and coccolithophorid productivity is not possible
during this glacial stage. Since Haptophyta algae can

Figure 2. (a) The d18O record of planktonic foraminifera
Globigerina bulloides used to establish the age model.
(b) Comparison of U37

K0
- SST estimations with C25 to C31

odd n-alkane concentrations used as proxy of terrestrial
input (note reverse axis). Temperature minima are strongly
correlated with higher inputs of continental material, very
likely related to enhanced dust inputs. The global calibration
from Müller et al. [1998] has been used to translate U37

K0

values into SST. (c) Percent pollen derived from shrubs and
herbs (M. MacPhail and P. De Deckker, unpublished data,
2000) . (d) Average chain length (ACL) (ACL = ([C25] �
25 + [C27] � 27 + [C 29] � 29 + [C 31] � 31)/([C 25] + [C27 ] +
[C29] + [C31])) as an indicator of continental aridity. Gray
shaded areas denote glacial periods.
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contribute both brassicasterol and alkenones, the high
abundances of C37 alkenones (>2000 ng/g) make it difficult
to differentiate between the contribution of diatoms and
coccolithophores to total productivity. In contrast, the
period after 330 kyr BP is suitable to be studied by
molecular biomarker comparison since a significant decou-
pling exists between brassicasterol and alkenones. Changes
in the different contribution of haptophytes and diatoms to
brassicasterol abundances can also be evaluated qualita-
tively looking at the brassicasterol/alkenone ratio. This
ratio, which has been calculated after normalizing each

biomarker to its highest abundance value, should take
higher values when diatoms predominate over haptophytes.
Thus the gradual increase in brassicasterol/alkenone ratios
observed for the youngest section of the record indicates the
increasing importance of diatoms as the main source of
brassicasterol.
[15] In core Fr94-GC3, brassicasterol abundances closely

parallel the glacial/interglacial changes exhibited by
n-alkanes, while C37 alkenone concentrations do not
correlate with the terrestrial glacial/interglacial signal but
follow a decreasing trend with the lowest values recorded

Figure 3. Total odd n-alkane abundances compared with two marine biomarkers. (a) C37 alkenones and
(b) brassicasterol. While brassicasterol and total odd n-alkanes follow a clear glacial/interglacial pattern,
C37 alkenone concentrations show no response to the main orbital parameters (see Figure 4). (c) Dust
concentration as recorded in the Vostok ice core [Petit et al., 1999]. The mismatching with our n-alkane
record during glacial MIS 10 is likely due to difficulties in cross-correlating marine and ice cores.
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during the Holocene (Figure 3). Spectral analysis of these
three biomarkers corroborates the different pattern that can be
visually observed in these profiles (Figure 4). The n-alkanes
and brassicasterol records show a strong response to orbital
parameters of eccentricity (100 kyr cycle) and obliquity
(41 kyr cycle), along with a third periodicity of about 30 kyr,
which has been reported in aeolian records from the Pacific
and Indian Oceans [Rea, 1994]. In contrast, C37 alkenone
content shows no coherence over any of the frequency bands
observed by the n-alkanes and brassicasterol (Figure 4),
indicating that these two phytoplankton communities re-
sponded differently to changes in dust input.
[16] In order to explore plausible mechanisms for the

different pattern presented by the C37 alkenone record, the
effects of changes in the coccolithophorid species respon-
sible for alkenone production are considered. The main
alkenone producer in today’s oceans is the coccolithophore
E. huxleyi, but this alga first appeared about 270 kyr ago
[Thierstein et al., 1977] and did not become abundant until
late MIS 5. Prior to 270 ka, the most likely contributors of
alkenones to marine sediments are the closely related
species from the genus Gephyrocapsa [Marlowe et al.,
1990]. Culture experiments have confirmed the existence of
alkenones in the species Gephyrocapsa oceanica [Volkman
et al., 1995; Sawada et al., 1996; Conte et al., 1998]. In
Figure 5, available data on nannoplankton abundances for
core Fr94-GC3 [Hiramatsu and De Deckker, 1997] are
compared with alkenone concentrations in order to assess
any possible influence of changes in alkenone-producing
coccolithophores on the decreasing trend displayed by the
biomarker record. A study in a marine core off Namibia
found a positive correlation between alkenone concentra-
tions and Gephyrocapsa spp. percentages, with the lowest
alkenone concentrations occurring during the Holocene,
when Gephyrocapsa spp. was also less abundant [Müller et
al., 1997]. In core Fr94-GC3, Gephyrocapsa spp. are the
most abundant coccolithophores through most of the record,
with the exception of the last 30–40 kyr, when E. huxleyi
became the predominant species (Figure 5). Thus it is very
likely that Gephyrocapsa species were the responsible
organism of the alkenone occurrence during most part of the
record. However, the alkenone decreasing trend recorded in
sediments of the Tasman Sea is not closely followed by a
parallel decrease in the percentage of Gephyrocapsa spp,
although there are some similarities during MIS 6 and 7. For
instance, the high-alkenone abundances during MIS 10 do
not correspond to higher percentages of Gephyrocapsa
spp. A positive relationship between alkenone abundances
and Gephyrocapsa spp. percentages would be expected
if the amount of alkenones synthesized per coccolith was
higher for Gephyrocapsa spp. than for E. huxleyi. Culture
experiments, however, show similar production ratios of
alkenone/algal cell, at least for G. oceanica, compared
with E. huxleyi [e.g., Sawada et al., 1996]. Instead, the
high-alkenone abundances observed during MIS 10 are
more likely related to an increase in the total biomass of
coccolithophores. Unfortunately, total coccolithophore
abundances are not available from the original work done
by Hiramatsu and De Deckker [1997], which was only
focused on nannoplankton composition.

[17] The analysis of two additional biomarkers also cor-
roborates the independent behavior of coccolithophorid pro-
ductivity when compared to other planktonic species.
Dinosterol and cholesterol abundances display a parallel
trend to that shown by the brassicasterol record with the
highest values recorded during glacial periods (Figure 6). The
low-dinosterol concentrations registered through the whole

Figure 4. Results of spectral analyses of total oddn-alkanes,
C37 alkenones, and brassicasterol records. (top) Cross-
spectral analysis of long chain n-alkanes and brassicasterol
shows strong coherence to the eccentricity (100 kyr cycle) and
obliquity (41 kyr) bands. (bottom) Cross-spectral analysis of
odd carbon number n-alkanes and alkenones shows no
response to any of the orbital parameters. Dashed line
represents the nonzero coherency at the 95% level. BW
indicates bandwidth.
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record (which sometimes made difficult its quantification)
may indicate a minor contribution of dinoflagellates to total
productivity. Despite the low concentration of some sections,
the observed variability generally matches the glacial/inter-
glacial changes recognized in the brassicasterol record. On
the other hand, the occurrence of cholesterol is more difficult
to interpret due to the wide variety of precursor organisms.
Cholesterol is one of the most abundant sterols in the marine
environment and has been generally related to zooplankton
productivity, although it has also been found inmany diatoms,
dinoflagellates and haptophytes [Volkman, 1986]. In core
Fr94-GC3, cholesterol concentrations peaked during glacial
periods, at times when both brassicasterol and dinosterol
values were also higher (Figure 6). The lack of similarity
with the alkenone record suggests that coccolithophores
were not a significant source of cholesterol. Otherwise, the
high alkenone abundances displayed during glacial MIS 10
should also be translated into high cholesterol concentra-
tions and, on the contrary, it is during this glacial period
when cholesterol values are the lowest of all four glacial
periods. Thus the common productivity pattern illustrated
by brassicasterol, dinosterol and cholesterol records suggest
that cholesterol was mainly derived by diatoms and/or
dinoflagellates or, alternatively, it can be interpreted as a
tracer of zooplankton productivity. In any case, these results
further illustrate the generally independent pattern of
coccolithophorid productivity when compared with the rest
of the assessed organisms, which followed a consistent and
uniform trend closely linked to changes in dust inputs.

[18] Interpretation of molecular biomarker data as
reflecting productivity or continental input can be ham-
pered by potential effects of differential degradation of
these compounds on the sedimentary record. Long chain
alkanes and alkenones are among the most refractory
compounds because of their chain length and the unusual
transconfiguration of the double bounds in the alkenones
and thus tend to be selectively better preserved in the
sediment [Wakeham et al., 1997]. Owing to the similar
stability of these two series of compounds, it is expected
that any diagenetic effect should be recorded equally on
both the n-alkane and alkenone records. In core Fr94-GC3,
the increase in alkenone concentrations in the older sections
suggests that degradation is not overriding the original

Figure 5. Comparison of (a) C37 alkenones concentrations
with (b) relative abundances (%) of Emiliania huxleyi and
Gephyrocapsa spp. Gephyrocapsa spp. include all species
of this genus found in core Fr94-GC3 (G. muellerae,
G. oceanica, G. aperta, G. caribbeanica, G. ericsonii, and
G. sp. (closed) [Hiramatsu and De Deckker, 1997]). Prior to
the first appearance of E. huxleyi, species of the genus
Gephyrocapsa are the most likely contributors of alkenones
to the sedimentary record.

Figure 6. Concentrations of the marine biomarkers
analyzed in this study (C37 alkenones, brassicasterol,
dinosterol, and cholesterol) together with the brassicasterol/
C37 alkenone ratio. This ratio has been calculated after
normalizing each biomarker to its highest abundance value.
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alkenone signal. More importantly, the different pattern
displayed by the alkenone and the n-alkane records further
corroborates the absence of a major postdepositional effect,
which would have equally affected both records. Concern-
ing sterols, the existence of functional groups makes them
more reactive than n-alkanes or alkenones. However, a
selective degradation of sterols would not explain the good
correlation between n-alkanes (which seems not to be
significantly affected by diagenesis, as discussed above)
and, for instance, brassicasterol (Figure 3), suggesting that
differential degradation is not dominating our biomarker
records.

4.3. The ‘‘Silica Hypothesis’’

[19] The ‘‘silica hypothesis’’ suggests that, during glacial
times, diatom productivity would be favored over coccoli-
thophores due to an increased availability of Fe and Si from
aeolian inputs. The resulting decrease in calcite production
would draw down atmospheric CO2 levels to glacial values
through an increase in ocean alkalinity and pH [Archer et
al., 2000; Harrison, 2000; Nozaki and Yamamoto, 2001;
Tréguer and Pondaven, 2000]. Our results corroborate the
expected shift in the relative abundance of siliceous over
calcareous organisms induced by higher glacial dust inputs
during the last three glacial periods. However, a complete
displacement of coccolithophores by diatoms did not occur
(Figure 3). During glacial times, brassicasterol concentra-
tions were consistently higher (about 3 times those recorded
during interglacials) and tightly coupled to enhanced dust
inputs. The enhanced diatom productivity contrasts with
the decreasing trend of alkenone abundances through the
record, with no evident glacial/interglacial imprint (Figures 3
and 4). Similar differences between these two biomarkers
were also encountered for the last two deglaciations in a
subantarctic core taken south of our core location [Ikehara
et al., 2000].
[20] Archer and Maier-Reimer [1994] suggested that the

80 ppm difference between glacial and interglacial CO2

levels could be explained by a 40% decrease in calcite
production. For this premise to be fully accomplished, our
observed higher diatom productivity during glacial periods
should have been accompanied by a significant decrease in
calcite deposition, which is not evident in our alkenone
record. Nonetheless, even if diatoms did not totally displace
coccolithophores, the observed glacial change in phyto-
plankton composition with an increase in diatoms popula-
tion would have still contributed to the lowering of CaCO3/
organic carbon rain ratio. The increase in organic matter
reaching the seafloor would increase alkalinity through
degradation of the organic carbon and CaCO3 dissolution
which, in turn, would contribute to some extent in lowering
CO2 concentrations. The lack of a glacial/interglacial
pattern in the alkenone record indicates that this mechanism
was not equally effective for all glacial periods. For
example, the high alkenone abundances recorded during
MIS 10 suggest that alkenone-containing coccolithophores
were particularly predominant in this region during this
time, even when compared with the previous and following
interglacials (MIS 11 and 9; Figure 3). Since glacial CO2

levels during MIS 10 were similar to those observed during

more recent glacial periods [Petit et al., 1999], other
mechanisms must have played a more important role in
driving atmospheric CO2 changes.
[21] Recently, Brzezinski et al. [2002] suggested an

alternative mechanism to enhance diatom productivity
through a more efficient redistribution of available dis-
solved Si. Today, most of the upwelled silicic acid is
consumed by diatoms in the Antarctic waters, south of the
polar front and only a small amount is transported
northward into the subantarctic, limiting diatom production
in these waters. During glacial times, with the release of
iron and the reduced Si:N uptake ratios of diatoms [Franck
et al., 2000], Antarctic diatoms would have exported
organic carbon more efficiently, leaving behind unused
silicic acid available to be transported to subantarctic waters
and farther north [Brzezinski et al., 2002]. This increased
supply of dissolved Si would have enhanced diatom
productivity in waters as far as the subtropics, with the
consequent displacement of coccolithophores. Silicon iso-
tope measurements of diatoms (d30Si) from Antarctic
sediments show a decrease in Si utilization during glacial
times [Brzezinski et al., 2002; De La Rocha et al., 1998],
which would also support this ‘‘silicic acid leakage’’
scenario [Matsumoto et al., 2002]. A crucial role of the
Southern Ocean in the distribution of nutrients has recently
been emphasized by Sarmiento et al. [2004], which
identifies this region as the main return path of nutrients
from the deep ocean to most of the ocean’s surface waters.
In the context of our results, this scenario, together with the
increased Fe and Si eolian inputs, could certainly explain as
well the increase in diatom abundances observed in the
location of core Fr94-GC3 during glacial times.

5. Conclusions

[22] Concentrations of long chain n-alkanes, C37 alke-
nones, brassicasterol, dinosterol and cholesterol have been
used to assess past glacial/interglacial changes in phyto-
plankton composition due to changes in continental dust
inputs. Our results reveal that diatom productivity responded
to changes in dust input, with an increased relative
abundance of diatoms versus coccolithophores during the
last three glacial periods. However, our alkenone record
does not show any significant glacial decrease in cocco-
lithophorid productivity. Thus in the studied area, diatoms
apparently did not totally displace coccolithophores as
required by the silica hypothesis in order to account for the
full glacial/interglacial atmospheric CO

2
change [Harrison,

2000]. Nonetheless, and despite the fact that the carbonate
pump was still effective during glacial times, at least in this
area of the Southern Hemisphere, the enhanced diatom
productivity represented a shift in the CaCO3/Corg ratio
which would still have partly contributed to reduce
atmospheric CO2 concentrations [Archer et al., 2000; Bopp
et al., 2003; Matsumoto et al., 2002].
[23] This study illustrates the potential of using molecu-

lar biomarkers to elucidate changes in the composition of
the phytoplankton community to help understand the role
of marine biota in sequestration of atmospheric CO2. The
application of this approach in other oceanic areas could
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help to obtain a global picture for the contribution of
phytoplankton in regulating past atmospheric CO2 changes.
Lower latitudes of the subtropical and tropical Pacific
would be of particular interest to test the silica hypothesis
and the ‘‘silicic acid leakage’’ scenario, which suggests an
increased Si availability in these areas during glacial times
[Brzezinski et al., 2002; Matsumoto et al., 2002].
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