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[1] This study presents the first high-resolution multiproxy investigation of primary productivity (PP) during
the Holocene from the Antarctic continental margins. Micropaleontological and geochemical data from the
sediment core MD03-2601, associated to sea ice model outputs, give unprecedented insights into the biological
pump of the Antarctic coastal area off Adélie Land in response to climatic changes. Plurimillennial and
millennial changes of PP are observed in the study area in response to changes in nutrient availability,
stratification, and growing season duration, which are linked to sea ice, upwelling, wind, and glacier dynamics.
The precessional cycle seems to be responsible in the PP long-term variations, while forcing factors involved at
the millennial timescale remain more enigmatic. Our results emphasize enhanced biological pump during
warmer and windier Holocene phases because of a longer growing season and greater nutrient input. Antarctic
coastal and continental shelf zones may therefore represent a more intense carbon sink in the future.

Citation: Denis, D., X. Crosta, S. Schmidt, D. S. Carson, R. S. Ganeshram, H. Renssen, J. Crespin, O. Ther, I. Billy, and J. Giraudeau

(2009), Holocene productivity changes off Adélie Land (East Antarctica), Paleoceanography, 24, PA3207,

doi:10.1029/2008PA001689.

1. Introduction

[2] Coastal and continental shelf zones (CCSZ) are
among the most productive ecological provinces of the
Southern Ocean which account for ca. 76% and 3.5% of
the total primary productivity (PP) of the marginal ice zone
(MIZ) and Southern Ocean, respectively [Smith and
Gordon, 1997; Arrigo et al., 2008]. Enhanced PP levels in
ice edge zones are commonly related to a combination of
nutrient enrichment, seasonal stratification of the surface
ocean by ice melting, and growing season duration [Smith
and Nelson, 1985; Leventer, 1992; Arrigo and van Dijken,
2003; Arrigo et al., 2008]. Enhanced seasonality in CCSZ,
which favors a high export/production ratio, subsequently
induces higher accumulation and burial of organic matter in
the underlying sediment [Berger and Wefer, 1990;
Buesseler, 1998]. Therefore, the Antarctic sea ice zones
are significantly involved in the global carbon biological
pump (i.e., the amount of carbon removed from the atmo-
sphere and permanently buried in the sediment) and related
atmospheric pCO2 modulations [Longhurst and Harrison,
1989; Nelson et al., 1995].
[3] Currently, the response of PP and resultant global

carbon cycle in sea ice zones to global warming remains
unclear and controversial [Arrigo et al., 1999; Collier et al.,

2000; Arrigo and Thomas, 2004; Tortell et al., 2008; Arrigo
et al., 2008]. However, model studies predict that the
ongoing climate change will induce enhanced Southern
Ocean upwelling of nutrient rich waters [Toggweiler et al.,
2006; Russell et al., 2006], reduced iron availability
[Kattenberg et al., 1996; Sarmiento et al., 1998], and retreat
of sea ice extent [Goosse and Renssen, 2001; Lefebvre and
Goosse, 2008]. These parameters are important in control-
ling PP levels via the modulation of the nutrient supply,
stratification and growing season duration.
[4] Given the debate surrounding the impact of climate

change on PP in the CCSZ, we have investigated the response
of PP to glacier, oceanic, atmospheric, and sea ice changes in a
Holocene sediment archive from the CCSZ off Adélie Land,
East Antarctica. Records of opal and organic carbon vertical
fluxes, which are robust tracers of the biological pump
efficiency in the CCSZ [Carson, 2009], are compared to
new records of 230Th-normalized iron and organic nitrogen
fluxes, nitrogen stable isotopic ratio, diatom assemblages and
sea ice cover model transient simulations for the Holocene
period. This new data set allows us (1) to constrain Holocene
variations of buried paleoproductivity, (2) to identify themain
controlling factors of past PP variations, (3) to better under-
stand the impact of past climatic conditions (sea ice, upwell-
ing, wind, temperature, glacier) on PP controlling factors in
order to (4) construct a comprehensive picture of the biolog-
ical pump changes throughout the last 11 ka. Interpretations
drawn for the Holocene period can be used to infer future PP
in warming climate.

2. Environmental and Biological Settings

[5] The Dumont d’Urville Trough (DDUT), which com-
prises many glacial depressions, is located off Adélie Land
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on the East Antarctica margin (Figure 1). These depressions
act as sediment traps, which focus the phytoplankton
detritus produced in the area, increasing their preservation
potential.
[6] The DDUT region is influenced by several water

masses and currents [Rintoul, 1998; Bindoff et al., 2000a,
2000b; Williams and Bindoff, 2003]: (1) the wind-driven
East Wind Drift (EWD), also called Antarctic Coastal
Current, which flows westward at the surface; (2) the
Antarctic Surface water (AASW) constituting the summer
near-surface water mass on the continental shelf; (3) the
Modified Circumpolar Deep Water (MCDW) which upwells
at the Antarctic Divergence; and (4) the high-salinity shelf
water (HSSW), formed by brine rejection during winter sea
ice formation and cooling of the MCDW (Figure 1), which
flows northward as part of the Adélie Land Bottom Water
(ALBW).
[7] The CCSZ is supplied with macronutrients and micro-

nutrients from several sources such as upwelling of MCDW
[Coale et al., 2005], resuspension of shelf sediments
[Sedwick et al., 2000], aeolian input [Cassar et al., 2007],
and melting of glacial ice and sea ice [Edwards and
Sedwick, 2001; Lannuzel et al., 2007]. In the CCSZ, macro-
nutrients are generally not exhausted at the end of the
growing season [Strutton et al., 2000] whereas trace metals
such as iron (Fe) can become a limiting factor for annual PP
[Arrigo et al., 2003; Smetacek and Nicol, 2005].
[8] The coastal area off Adélie Land is presently exposed

to strong katabatic winds [Périard and Pettré, 1993] that
support the Dumont d’Urville polynya, located southward at
66.11�S–139.31�E, throughout the winter season [Adolphs
and Wendler, 1995; Arrigo and van Dijken, 2003]
(Figure 1). The DDUT area is totally ice-free or under the
influence of the Dumont d’Urville postpolynya (e.g., the

winter polynya that extends into the spring-summer season)
from late spring to late summer [Schweitzer, 1995; Arrigo
and van Dijken, 2003]. The ice-free conditions last between
3 and 5 months (e.g., between November–December and
February–March), and hence give a good estimation of the
length of the phytoplanktonic growing season in the DDUT
area (Figure 1).
[9] Primary productivity in surface waters of the DDUT

is around 4.6 molC/m2/a, which is on the lower side of the
range of PP estimates in CCSZ, between 1 and 13 molC/
m2/a [Nelson et al., 1996; Arrigo and van Dijken, 2003;
Beucher et al., 2004; Beans et al., 2008]. The only data set
available on PP preserved in the CCSZ sediment shows
values around 0.02 molC/m2/a (values are not 230Th
normalized) in the Ross Sea [Nelson et al., 1996], which
is among the most productive CCSZ areas [Arrigo and van
Dijken, 2003]. PP is initiated in spring when light avail-
ability and stratification are favored by sea ice waning,
whereas decreasing PP at the end of the summer-autumn
season likely results from trace metal limitation and
grazing pressure [Smetacek et al., 2004]. The algal com-
munity is mainly controlled by surface water stratification,
which depends on temperature, wind stress, sea ice and
glacial runoff [Wright and van den Enden, 2000]. Diatoms
blooms are favored by injection of freshwater that produ-
ces a stratified stable environment [Leventer, 1992] and are
dominant in the Adélie Land region at present time
[Wright and van den Enden, 2000].

3. Material and Methods

3.1. Core Description

[10] Piston core MD03-2601 (66�03.070S; 138�33.430E;
746 m water depth) was recovered from the slope of one of

Figure 1. Map of the study area (modified after Denis et al. [2009]), showing the location of sediment
core MD03-2601, altimetry and bathymetry, locations of glaciers (in italic), limit of summer sea ice cover
[Schweitzer, 1995], detail of oceanographic currents and different water masses [Rintoul, 1998; Harris
and Beaman, 2003;Williams and Bindoff, 2003], katabatic wind directions [Massom et al., 1998], and the
average winter and summer extent of the DDUT polynya [Arrigo and van Dijken, 2003]. Winter sea ice
covers the whole oceanic area encompassed by the map. EWD, East Wind Drift; MCDW, Modified
Circumpolar Deep Water; HSSW, high-salinity shelf water. Bathymetry data are based on ETOPO2 data
set from http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html.
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the depressions comprising the DDUT (Figure 1) in 2003
during the CADO cruise (MD130 Images Coring Adélie
Diatom Oozes) on board the R/V Marion Dufresne II. The
age model used here, detailed in the work by Denis et al.
[2009], is based on 7 radiocarbon dates (depths shown in
Figure 2) completed on the humic fraction of bulk organic
matter, corrected with a 1300 years age reservoir [Ingólfsson
et al., 1998], calibrated using CALIB 5.0 software
(M. Stuiver et al., 2005; available at http://radiocarbon.pa.
qub.ac.uk/calib/) and the marine calibration Marine04
[Hughen et al., 2004]. The 40-m-long sediment core covers
the 1–11 cal ka B.P. period with a mean accumulation rate
of 0.4 cm/a and shows submillimetric to centrimetric
seasonal laminations [Denis et al., 2006, 2009].

3.2. Geochemical Data

[11] Downcore iron (Fe) measurements were performed
every 32 cm (�80 years resolution) by X-ray fluorescence
(XRF) analysis, optimized for major elements. Complete
XRF methodology is described by Fitton et al. [1998].
Standard deviations of Fe measures are 0.03. Iron content
has been 230Th normalized from high-resolution 230Th
measurements (n = 60 [Denis et al., 2009]) following the
Francois et al. [2004] calculation, yielding to a 170 year
resolution (see method details in the work by Carson
[2009]). The 230Th-normalized Fe fluxes present a mean s
error of 24% (p > 0.05) by addition of the errors associated
to the 14C age, thorium and uranium extraction and treat-
ment, DBD calculation and Fe determination (see error bars
in Figure 2e). The 230Th normalization permits to circum-
vent problems of lateral focusing and sediment component
changes, and therefore allows accurate reconstructions of
the vertical flux [Francois et al., 2004].
[12] Nitrogen isotopic measurements (d15Nbulk) and or-

ganic nitrogen content (Norg) on bulk organic matter were
undertaken every 4 cm to 8 cm (�10–20 years resolution)
on a Carlo Erba 2500 elemental analyzer in line with a VG
Isoprime, following the method described by Crosta et al.
[2005a]. The mean standard deviation is 0.25 % for the
d15Nbulk and 0.01% for the Norg. Organic nitrogen content
(%) has been 230Th normalized as explained for Fe in order
to reconstruct the preserved vertical flux of nitrogen at a
170 years resolution (mean s error = 24% for p > 0.05, see
error bars in Figure 2a).

3.3. Micropaleontological Data

[13] Diatom census counts, followed Schrader and
Gersonde [1978] and Laws [1983] were performed every
4–8 cm at the same depth than Corg and Norg samples,
presenting a �10–20 years resolution. More details about
slide preparation and diatom identification are found in the
work by Crosta et al. [2004]. Around 350 diatom valves
were counted in each sample and the relative abundance of
each was determined as the fraction of diatom species
against total diatom abundance in the sample.
[14] The relative abundances of some diatom species have

been summed according to their relative similar ecological
preferences. Fragilariopsis kerguelensis and F. rhombica,
which have been both previously published by Crosta et al.
[2005a, 2008] are summed with F. ritcherii, F. separanda,
Pseudonitzschia spp., Thalassiosira tumida, Thalassiothrix

spp. and Thrichotoxon reinboldii in the summer diatom
group. Studies of diatom distribution in surface sediments
and in laminated fossil sediments have shown that these
species grow during the summer season with ice-free
conditions [Armand et al., 2005; Crosta et al., 2005b;
Maddison et al., 2005, 2006; Stickley et al., 2005; Denis
et al., 2006; Timmermans et al., 2008].
[15] Chaetoceros Phaeoceros spp. (dominated by

C. dichaeta), Corethron pennatum, Rhizosolenia spp. and
Proboscia spp. have been summed in the setae diatom
group. Several studies have identified these species during
spring [Denis et al., 2006; Maddison et al., 2006] and/or
summer and fall seasons [Leventer et al., 2002], in neritic
and/or more oceanic waters [Armand et al., 2005; Crosta et
al., 2005b], in well-stratified [Leventer et al., 2002] and/or
mixed water column [Beans et al., 2008], and in oligotro-
phic [Stickley et al., 2005] and/or nutrient-rich surface
waters [Beans et al., 2008]. Nonetheless, in Adélie Land
region, Beans et al. [2008] associated clearly the species of
the setae diatom group with nutrient-rich and mixed surface
waters.
[16] Finally, we use the Chaetoceros Hyalochaete spp.

resting spore (CRS) relative abundances, which the 9–1 cal
ka B.P. part of the MD03-2601 record have been previously
published by Crosta et al. [2005a, 2008]. Resting spore
formation of Chaetoceros Hyalochaete spp. are mainly
associated to surface waters depleted in nutrient after
intense spring blooms, which have been promoted in
well-stratified nutrient-rich water column [Leventer, 1991,
1992; Crosta et al., 1997; Leventer et al., 2002].

3.4. Model Simulations

[17] Variations of annual sea ice cover was extracted
between 130–150�E and 64–70�S from a 9000-year-long
transient experiment simulated with the ECBilt-CLIO-
VECODE coupled atmosphere–sea ice–ocean–vegetation
model [Renssen et al., 2005]. This experiment was forced
by millennial-scale forcings, i.e., variations in orbital
parameters and atmospheric greenhouse gas levels. Using
the simulated sea ice cover, the number of months per year
with ice-free conditions was determined according to Arrigo
and van Dijken [2003], i.e., considering a mean sea ice
cover of less than 50%. At the end of the experiment (e.g.,
200 years B.P.), yearly ice-free duration are slightly lower
than those reported by Arrigo and van Dijken [2003] on the
1997–2002 period (3 instead of 4 months per year). This
underestimation of ice-free duration in the model is possibly
due to the nonrepresentation of the DDU polynya and
postpolynya, which favor earlier ice-free conditions. It is
worth noting that the model outputs can be examined over
the Milankovitch timescale and not at the sub-Milankovitch
one, as external forcings important at the latter timescale
(such as variations in solar irradiance and volcanic aerosol
content of the atmosphere) were not considered in the
experiment of Renssen et al. [2005].

4. Results

[18] Our results are presented and described concomitantly
to 230Th-normalized BSi and Corg fluxes, which have been
previously presented by Carson [2009].
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[19] The 3-order polynomial functions applied to 230Th-
normalized fluxes of Norg, Corg and BSi show similar trends
during the Holocene with relatively low values between 11
and 9 cal ka B.P., a long-term increase between 9 and 3 cal
ka B.P. and a slight decrease after 3 cal ka B.P. (Figure 2a).
Between 9 and 3 cal ka B.P., the 230Th-normalized fluxes of
Norg, Corg and BSi show a 1.5-fold increase from 0.004 to
0.006 molN/m2/a, 0.03 to 0.05 molC/m2/a and 0.2 to
0.3 molSiO2/m

2/a (Figure 2a). On the basis of the general
trend, highest Corg and Norg fluxes occurred between 5 and
1 cal ka B.P. while highest flux of BSi occurred between 6
and 2 ka B.P. (Figure 2a). The Holocene general trend is
punctuated by several increases of the 230Th-normalized
fluxes of Norg, Corg and BSi at around 10.6–10.2, 8.7–8,
7.6–7, 6.2–5.3, 4.6–3.5, and 2.4–1.4 cal ka B.P. and noted
hereafter P1 to P6, respectively (Figure 2a). We note that the
amplitude and the duration of the PE follow the Holocene
pattern with an increase from PE1 to PE5 and a decrease
since PE5. The amplitude increased by 1.5 to 2.5 fold while
the duration increased from 500 to 1000–1200 years
between the early and the late Holocene, respectively

(Figure 2a). The 230Th-normalized biogenic fluxes are
significantly correlated together (Table 1).
[20] The summer diatom group accounts for 13 to 40% of

the diatom assemblages. It is the more abundant diatom
group between 9 and 3.5 cal ka B.P., representing more than
one third of the diatom assemblage during this period
(Figure 2b). The summer diatom group shows a long-term
increase between 9 and 3.5 cal ka B.P., subsequently
followed by a pronounced decrease (Figure 2b). Millennial
events of increasing occurrence at around 10.6–10.2, 8.7–
8, 7.6–7, 6.2–5.3, 5.1–4.9, 4.6–3.5, 2.4–2 and 1.5–1 cal
ka B.P. are superimposed to the Holocene trend (Figure 2b).
The summer diatom group record is significantly correlated
with 230Th-normalized BSi flux (Table 1). The summer
diatom group record also shows positive correlations with
230Th-normalized Corg and Norg fluxes though the test of
significance is just below the threshold (Table 1).
[21] CRS relative abundances show a long-term decrease

from 60 to 10% between 11 and 1 cal ka B.P. [Crosta et al.,
2008] (Figure 2c). This general trend is interrupted by
several drops at around 10.6–10.2, 8.7–8.3, 7.6–7, 6.4–

Figure 2. Micropaleontological, geochemical, and isotopic records in core MD03-2601 versus time compared to records
of Antarctic climate. Marine, ice core, and model records are presented on independent timescales. (a) The 230Th-
normalized fluxes of Norg (black line), BSi (dark gray line), and Corg (light gray line) from Carson [2009] (error bars
represent the confident interval at p > 0.05) and their plurimillennial trends, emphasized by a 3-order polynomial function.
(b) Relative abundances of the summer diatom group (10-point running average). (c) Relative abundances of Chaetoceros
Hyalochaete spp. resting spores (CRS) (10-point running average; note the reversed y axis) [Crosta et al., 2008].
(d) Relative abundances of the setae diatom group (10-point running average). (e) The 230Th-normalized iron flux (error
bars represent the confident interval at p > 0.05). (f) Nitrogen stable isotope ratio in bulk sediments (d15Nbulk) (10-point
running average; note the reversed y axis). (g) Non–sea salt Ca2+ content in Siple Dome ice core [Mayewski and Maasch,
2006; Mayewski et al., 2009; P. Mayewski, personal communication, 2008] (10-point running average). (h) Orbital
precessional index [Berger and Loutre, 1991]. (i) Duration of the ice-free season modeled for the study area (130�–140�E,
south of 64�S) (200-point running average). (j) Empirical orthogonal function of deuterium isotopic ratio records in 11 ice
cores from East Antarctica [Masson et al., 2000]. (k) Periods of glacier/sea ice advance and retreat reported from Denis et
al. [2009]. (l) Worldwide rapid climatic changes (RCC) presented by Mayewski et al. [2004] stacked from 50 Holocene
paleoclimatic records. At the top, triangles represent the positions of the 14C dates used in the age model [Denis et al.,
2009], and at the bottom, the climatic periods of the Holocene are defined from Crosta et al. [2005a]. Gray shaded areas
highlight millennial increases of paleoproductivity called PE1 to PE6, which are reported at the top of the plot.

Table 1. Kendall’s tau correlation coefficientsa

230Th-BSi 230Th-Corg
230Th-Norg Fe Summer Group CRS Setae Group d15Nbulk n s = p > 0.001 s = p > 0.1

230Th-BSi 1.5E-15 4.4E-18 2.1E-01 7.5E-06 9.0E-03 8.0E-03 8.4E-01 60 1.7E-05 1.8E-03
230Th-Corg 0.707 2.1E-20 2.6E-02 8.0E-03 5.0E-03 4.0E-03 1.3E-01 60 1.7E-05 1.8E-03
230Th-Norg 0.768 0.820 5.7E-03 4.1E-03 1.2E-03 8.0E-04 1.8E-01 60 1.7E-05 1.8E-03
Fe 0.111 0.197 0.245 1.8E-02 2.2E-01 1.5E-01 1.0E-03 60 1.7E-05 1.8E-03
Summer Group 0.397 0.236 0.254 �0.210 3.6E-10 5.0E-02 1.1E-12 528 1.9E-06 2.0E-04
CRS �0.229 �0.246 �0.287 �0.109 �0.183 2.7E-80 5.4E-34 528 1.9E-06 2.0E-04
Setae Group �0.232 �0.258 �0.297 �0.127 �0.050 �0.552 3.7E-59 528 1.9E-06 2.0E-04
d15Nbulk 0.018 �0.135 �0.119 �0.303 0.207 0.354 �0.472 528 1.9E-06 2.0E-04

aCorrelation coefficients are reported in the bottom left side, and significance values (p values) are reported in the top right side (bold and normal fonts
represent p > 0.001 and p > 0.1, respectively, and italic font represents the nonsignificant values). The test is significant if its associated probability (p value)
is smaller than the level of confidence s. Here we used the Šidák-Bonferonni correction, which takes into account the number of samples considered (n), to
determine the s required following the equation srequired = 1 � (1 � s)1/n, where s is the p value chosen and n is the number of samples considered [Abdi,
2007]. Number of samples and s required to have significant correlation at p > 0.001 and p > 0.1 are reported in the last three columns. The Kendall’s tau
correlation coefficient calculations have been calculated using the free software PAST 1.75 (Ø. Hammer et al., 2007; available at http://folk.uio.no/
ohammer/past). This test has been performed on 230Th-normalized fluxes of BSi, Corg, Norg, and Fe on diatom relative abundances and on d15Nbulk values.
Diatom relative abundances and d15Nbulk are particularly sensitive to seasonal variability. We therefore smoothed their high-resolution records to reduce the
seasonal noise possibly captured in the stepwise sampling of the laminated MD03-2601 core. Given the laminated structure of the core, it appears
hazardous to calculate correlation coefficients between records having different resolutions. We therefore calculated the Kendall’s tau correlation coefficient
between two records at the highest common resolution.
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6, 5.6–5.3, 4.7–4.4, 4–2.6, 2.4–2 and 1.4–1 cal ka B.P.
(Figure 2c). CRS relative abundances are significantly
anticorrelated along the Holocene with relative abundances
of the summer diatom group and 230Th-normalized Norg

flux. CRS abundances also display negative correlations
with 230Th-normalized fluxes of BSi and Corg though the
test of significance is just below the threshold (Table 1).
[22] The setae diatom group reaches 1 to 8% of the

diatom abundances along the Holocene with relatively
low percentages around 2% in the first part of the Holocene
and a steady increase since 5 cal ka B.P. to reach around 6%
at the core top (Figure 2d). This general trend is punctuated
by several peaks of higher relative abundances at around
8.7–8, 7.6–7, 6.2–5.3, 4.1–3.9, 3.4–2.6, 2.4–1.6 and
1.5–1 cal ka B.P. (Figure 2d). The setae diatom group
record shows strong negative correlations with CRS relative
abundances and 230Th-normalized Norg flux and negative
but nonsignificant correlations with 230Th-normalized
fluxes of BSi and Corg (Table 1).
[23] The 230Th-normalized flux of iron varies between

130 and 580 mg/m2/a along the Holocene. This record
displays a relatively similar evolution than the setae diatom
group record with a linear trend between 11 and 5 cal ka
B.P. and a steady increase between 5 and 1 cal ka B.P.
(Figure 2e) though these two records display a nonsignifi-
cant negative correlation (Table 1). Superimposed to this
general trend, the 230Th-normalized Fe flux exhibits several
increases at around 10.6–10.2, 8.9–8.2, 7.6–7, 6.2–5.3,
4.5–3.5, and 2.4–1.4 cal ka B.P. (Figure 2e).
[24] Values of the nitrogen stable isotope ratio of the bulk

sediment (d15Nbulk) vary from 1.5 to 3 %. When inversed
on its y axis, the d15Nbulk record shows a similar trend than
the setae diatom group record and the 230Th-normalized
Fe flux record with heavier values between 11 and 5 cal ka
B.P. and a steady trend since 5 cal ka B.P. toward lighter
values (Figure 2f). Episodic decreases (lighter values) at
around 10.6–10.2, 9.9–9.4, 8.7–8, 7.6–7, 6.5–6, 3–2.6
and 1.6–1 cal ka B.P. are superimposed on the general trend
(Figure 2f). The d15Nbulk signal displays significant nega-
tive correlations with the setae diatom group and the
230Th-normalized Fe flux and a negative but nonsignificant
correlation with the 230Th-normalized Norg flux (Table 1).
Conversely, the d15Nbulk record is significantly correlated
to records of the summer diatom group and the CRS
relative abundances (Table 1).
[25] Modeled ice-free duration in months per year shows

a long-term increase from 9 to 1.7 cal ka B.P., followed by a
slight decrease until 0.2 cal ka B.P. (Figure 2h). Model
output indicates that the ice-free season was shorter during
the Early Holocene (January–February) than during the
Late Holocene (January–March at 1.7 cal ka B.P.).

5. Discussion

5.1. Holocene Paleoproductivity

[26] Records of 230Th-normalized fluxes of BSi, Corg and
Norg present similar patterns during the Holocene (Figure 2a)
as attested by the significant positive correlation coefficients
between the three records (Table 1). The 230Th-normalized
fluxes of BSi, Corg and Norg in core MD03-2601 display

significant changes in Holocene paleoproductivity. Carson
[2009] compared 230Th-normalized BSi and Corg fluxes in
core MD03-2601 to modern estimations of opal and organic
carbon fluxes. This study demonstrated that these fluxes did
not result from differential preservation at the sea sediment
interface, therefore, representing an accurate reconstruction
of past buried productivity.
[27] Paleoproductivity, and resultant organic matter se-

questration in the DDUT area, during the Holocene show
changes at two timescales. At plurimillennial timescale, the
Hypsithermal 1 period, which was affected by the end of the
deglaciation, is characterized by globally low paleoproduc-
tivity, whereas the Hypsithermal 2 period is marked by a
long-term increase of organic matter burial. During the
Neoglacial period, the organic matter sequestration in the
DDUT remained high though decreasing toward modern
time. The Neoglacial plurimillennial trend should however
be taken with caution because it here covers only the 3.5–
1 ka B.P. period and presents a strong millennial signature.
Nonetheless, the Holocene can be coarsely divided with
lower and higher biological pump efficiency before and
after 5 cal ka B.P., respectively (Figure 2a).
[28] At the millennial timescale, 6 major events of higher

organic burial have occurred at around 10.6–10.2, 8.7–8,
7.6 – 7, 6.2 – 5.3, 4.6 – 3.5, and 2.4 – 1.4 cal ka B.P.
(Figure 2a). These productive events, referred as PE1 to
PE6, are defined within the age model uncertainties. The
amplitude and duration of PE increased along the Holocene
until 3 cal ka B.P. and decreased since 3 cal ka B.P., in
agreement with the plurimillennial pattern (Figure 2a).

5.2. Paleoproductivity and Diatom Assemblages

[29] In Adélie Land, diatoms are the dominant phyto-
plankton group in surfaces waters [Wright and van den
Enden, 2000; Beans et al., 2008]. At the Holocene scale,
diatoms have dominated the hemipelagic sedimentation as
demonstrated by the good concordance between total dia-
tom abundances and paleoproductivity proxies between 9
and 2.4 cal ka B.P. [Carson, 2009].
[30] The summer diatom group shows congruent varia-

tions with the three paleoproductivity records both at
plurimillennial and millennial timescales though relative
abundances of the summer diatom group slightly predate
PE1 and are subdued during PE6 (Figures 2a and 2b and
Table 1). The summer diatom assemblage in the CCSZ
presents generally low growth rates, high degrees of silic-
ification and high cellular content [Martin-Jézéquel et al.,
2000;Menden-Deuer and Lessard, 2000; Kemp et al., 2006;
Assmy et al., 2006; Armand et al., 2008]. High degree of
silicification reduces dissolution and grazing pressure while
promoting rapid export of BSi and organic matter to the
seafloor [Smetacek et al., 2004]. The capacity of these
diatom species to stock large amount of organic matter
and efficiently export it to the seafloor explains the con-
comitant Holocene changes between the relative abundan-
ces of the summer diatom group and the paleoproductivity
proxies observed here.
[31] In contrast, ‘‘bloomer’’ species such as Chaetoceros

spp. are thought to add little to the preserved paleoproduc-
tivity signals. Indeed, relative abundances of Chaetoceros
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Hyalochaete spp. resting spores display opposite trends to
the paleoproductivity proxies with significant negative
correlation with the Norg flux record and almost significative
negative correlations with BSi and Corg flux records
(Figures 2a–2c and Table 1). CRS can achieve high relative
abundances in surface water and be efficiently buried in
sediment forasmuch as high sinking rates [Leventer, 1991]
as observed during the Early Holocene (Figure 2c). How-
ever, the residual burial in term of BSi and organic material
is low (Figures 2a–2c) mainly because of their small size
and low biogenic content [Armand et al., 2008].
[32] Our diatom results in core MD03-2601 demonstrate

that periods of strong organic matter burial in the CCSZ do
not result from rapid and intense blooms, but are generally
due to the slow summer production of large and highly
silicified diatoms. However, the amplitude of burial fluxes
during PE6 are higher than the corresponding signal in the
relative abundances of the summer diatom group (Figures 2a
and 2b) and in total diatom absolute abundances
[Carson, 2009]. This may indicate that the summer diatom
community was not the only vector of the biogenic vertical
fluxes to the seafloor during this period. Several processes,
possibly acting together with diatoms, may explain PE6.
First, high abundances of species of the setae diatom group
can achieve great abundances in surface waters of the CCSZ
[Leventer et al., 2002; Beans et al., 2008]. However, these
species are generally scarce in the sediment because of their
low export efficiency. Diatom species that possess setae and
large spines are more easily dissolved because of their great
buoyancy and high surface/volume ratio [Beucher et al.,
2004; Ragueneau et al., 2006]. In core MD03-2601, the
summed relative abundances of these species peak during
PE2, PE3, PE4, PE5 and especially PE6 (Figure 2d)
indicating that they may participate to biogenic silica and
organic matter export when abundant. Second, high occur-
rence of other Antarctic siliceous phytoplankton groups
such as parmales and sponge spicules may contribute to
BSi export though they may little participate to Corg and
Norg burial. Other siliceous organisms present low abun-
dances in core MD03-2601, generally not in phase with PE.
Third, other sources such as bacteria, broken diatoms and
other phytoplankton, and fecal pellets can export BSi, Corg

and Norg [Krell et al., 2005]. These fractions are difficult to
assess downcore.
[33] The efficiency of the biological pump, which has

increased between 9 and 5 cal ka B.P. to reach highest
Holocene levels between 5 and 1 cal ka B.P. for Corg and
Norg and 6–2 cal ka B.P. for BSi at the plurimillennial
timescale and during PE at millennial timescale, was clearly
associated with greater export of large and heavily silicified
diatoms thriving during ice-free summer season, except
during PE6. Warmer temperatures and less icy environmen-
tal conditions promoting the summer species were prevail-
ing during the 9–3.5 ka B.P. period [Crosta et al., 2005a,
2008]. It is therefore possible that the recent and future
warming inducing longer sea ice–free season at high
southern latitudes will be favorable to higher paleoproduc-
tivity and consequently more active biological pump.
There is however a need to better understand what are

the environmental factors controlling modern and past
productivity.

5.3. Factors Controlling Paleoproductivity

[34] We now compared our results with a set of proxies
that document the nutrient pool, the stratification and the
duration of the growing season in order to identify the role
of these controlling factors on past biological pump
efficiency.
5.3.1. Nutrient and Trace Metal Availability
[35] Variations in macronutrient and micronutrient pools

and utilization are here investigated from the records of the
setae diatom group, the 230Th-normalized Fe flux and the
d15Nbulk, respectively. According to the Beans et al. [2008]
study conducted in the Adélie Land region, the setae diatom
group is associated to nutrient-rich and mixed surface waters.
This is here supported at the Holocene scale by the significant
anticorrelation between relative abundances of the setae
group and of CRS. Chaetoceros resting spores are known
to form in well-stratified surface waters that prevent nutrient
refill [Leventer, 1991, 1992; Crosta et al., 1997; Leventer et
al., 2002] (Table 1). The 230Th-normalized Fe flux here
reconstructs Holocene changes of iron stocks in surface
waters, and thus, more largely, of micronutrient availability.
The d15Nbulk is considered as a proxy for relative nutrient
utilization in nitrate replete environments whereby enriched
d15Nbulk values indicate higher nitrate relative utilization
[Altabet and Francois, 1994]. The nitrate relative utilization
here represent a balance between nitrate supply via the
MCDW upwelling and consumption by the phytoplankton.
[36] Records of the setae diatom group and 230Th nor-

malized Fe flux show significant inverse relationship with
the d15Nbulk record, thus indicating less nitrate relative
utilization under replete conditions (Table 1). Conversely,
the d15Nbulk record shows significant and positive correla-
tions with the summer diatom group and the CRS relative
abundances (Table 1).
[37] At the plurimillennial timescale, both the macronu-

trient pool and the iron pool display lower levels prior to
5 cal ka B.P. and higher levels after 5 cal ka B.P. Low
nutrient levels older than 5 cal ka B.P. are congruent to high
nitrate relative utilization and lower paleoproductivity while
high nutrient levels younger than 5 cal ka B.P. are concom-
itant to decreasing nitrate relative utilization and higher
paleoproductivity (Figures 2a, 2d, 2e, and 2f).
[38] At the millennial timescale, macronutrient and trace

metal availabilities in Adélie Land surface waters increased
concomitantly during PE2, PE3, PE4 and PE6. In same
time, nitrate relative utilization decreased (Figures 2a, 2d,
2e, and 2f). During PE1, the iron pool increased and the
nutrient relative utilization decreased, and the setae diatom
group showed no significant changes. During PE5, both the
macronutrient and iron pools increased but were not ac-
companied by significant change in the d15Nbulk (Figures 2a,
2b, 2e, 2f, and 2g).
[39] The d15Nbulk signal follows the pattern of nutrient

and micronutrient proxies, except during PE1, and is
opposite to the paleoproductivity records. Statistically, the
d15Nbulk signal presents a stronger correlation with the setae
diatom group (Table 1), which is a proxy for the upwelling
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of MCDW. In core MD03-2601, the d15Nbulk signal appears,
therefore, mainly controlled by changes in the nitrogen
supply rather than in the nitrogen uptake by phytoplankton.
The d15Nbulk signal along the setae group and the Fe flux
records are coherent to depict an increase in macronutrient
and micronutrient supply during periods of highest paleo-
productivity, observed after 6–5 cal ka B.P. and during PE.
Higher nutrient supply sustained phytoplankton production
by delaying the appearance of limiting conditions. Several
studies in coastal Antarctic environments demonstrate that
nutrients, and particularly iron, stimulate surface water
productivity by accelerating the growth rate of small diatom
species [Smetacek et al., 2004; Leventer et al., 2006;
Timmermans et al., 2008]. In contrast in core MD03-
2601, nutrient-rich periods congruent to higher paleopro-
ductivity are associated with large diatom species having
low growth rate. Thereby, other factors are certainly in-
volved to explain the relationships between paleoproduc-
tivity, diatom assemblages and nutrient supply in the DDUT
region during the Holocene.
5.3.2. Water Column Stratification
[40] Water column stratification is another key environ-

mental factor for the biological pump efficiency because it
determines phytoplankton community and, here, diatom
specie assemblages. Different diatom species present differ-
ent organic and silica contents along with different sinking
rates, which in turn dictates the quality of the organic matter
exported (e.g., new or recycled production, broken or intact
phytoplanktonic cells) [Arrigo et al., 1999, 2008; Kemp et
al., 2000, 2006; Wright and van den Enden, 2000]. In
DDUT, we observe a decrease of the water column strati-
fication over the course of the Holocene, demonstrated by
the decrease of the CRS [Crosta et al., 2008] and the
increase of the diatom setae group (Figure 2d). The inferred
trend in surface water stratification is opposite to the long-
term increase of Holocene paleoproductivity, at least until
3–4 cal ka B.P. (Figures 2a, 2c, and 2d). Since then,
productivity started to decrease slightly while stratification
continued to diminish at the same pacing. Similarly, at the
millennial timescale, during PE, drops in CRS abundances
are concomitant to peaks in the setae diatom group abun-
dances (Figures 2c and 2d). Thereby, in Adélie Land, the
periods of higher paleoproductivity at both plurimillennial
and millennial timescales are associated to nutrient-rich and
mixed surface waters.
[41] The two majors processes that control both stratifi-

cation and nutrient supply in CCSZ are spring sea ice
melting and upwelling of MCDW [Edwards and Sedwick,
2001; Sambrotto et al., 2003; Lannuzel et al., 2007], with
opposite impacts on the water column stratification. Sea ice
and ice melting release fresh, cold and nutrient-rich waters
at the origin of a strong pycnocline that reduces the
exchange with underlying waters. In contrast, upwelling
of MCDW, which is promoted by winds [Toggweiler et al.,
2006], mixes and renews the CCSZ water masses. The
prevalence of mixed and nutrient-rich conditions during
periods of higher paleoproductivity (e.g., Late Holocene
and PE) could indicate a strengthening of the upwelling/
wind regime that recurrently destroyed the upper water
column stratification induced by sea ice melting. More

precisely, spring conditions, e.g., well-stratified water col-
umn with a well established pycnocline, were rapidly
disappearing because of stronger winds, thus promoting
the onset of summer conditions, e.g., deeper and less stable
water column with a more permeable pycnocline, earlier in
the season and extended later in the autumn. The early
destruction (just after sea ice waning) of the upper water
column stratification would reduce the development of
small, high growth rate diatom species that are most
competitive in well-stratified water column conditions
[Leventer, 1991, 1992; Maddison et al., 2005, 2006;
Stickley et al., 2005; Beans et al., 2008].
5.3.3. Growing Season Duration
[42] The length of the growing season or ice-free season

strongly impacts the species composing diatom assemblages
and therefore productivity and export/burial. In the CCSZ,
the growing season duration is mainly controlled by the
annual sea ice cycle, e.g., the timing of sea ice waning and
waxing, which depends on several parameters such as
temperature, wind, oceanic circulation, glacier.
[43] Our results (Figure 2b) suggested that the ice-free

season increased along the Holocene since 3.5 cal ka B.P.
and then decreased as previously shown by Crosta et al.
[2008]. These changes in sea ice duration are accompanied
by a later sea ice melting in spring and later sea ice freezing
autumn during the Neoglacial than the Hypsithermal period
[Crosta et al., 2008; Pike et al., 2009]. Modeled ice-free
season duration in DDUT increased from 9 cal ka B.P. to
1.7 cal ka B.P. and subsequently diminished (Figure 2i). The
ice-free season is progressively extended on the autumn
season with January–February ice-free conditions on the
Early Holocene to January–March ice-free conditions on
the Late Holocene (at 1.7 cal ka B.P.) (Figure 2i). At the
Southern Ocean scale, the model reports similar increase of
the ice-free season duration until 5 cal ka B.P., as a result of
later sea ice melting in spring and later sea ice freezing in
autumn [Renssen et al., 2005]. After 5 cal ka B.P., the model
output for the Southern Ocean shows a shortening of the
ice-free season by a later sea ice melting in spring and an
earlier sea ice freezing in autumn [Renssen et al., 2005].
[44] Therefore up to 5 cal ka B.P., diatom records and

model outputs support each other and demonstrate an
increase of the ice-free season duration toward the autumn.
After 5 cal ka B.P., some discrepancies appear between the
different model outputs and the geological data, which are
certainly link to local specificity such as the impact of
glacier readvance on sea ice that have occurred at 3.5 cal ka
B.P. [Denis et al., 2009] (Figure 2k). Thereby, we believe
that in DDUT, longer ice-free conditions are maintained up
to 3.5 cal ka B.P.
[45] The long-term variations in duration and timing of

the ice-free season resulted from an increase of oceanic and
atmospheric temperatures and wind strength combined to
changes in the seasonality of local insolation at the preces-
sional timescale [Renssen et al., 2005] (Figure 2h). These
orbitally forced Holocene changes work in the same direc-
tion to provoke early waning and later waxing of sea ice up
to 3.5–5 cal ka B.P. though the modeled winter sea ice
cover increases during the Holocene [Renssen et al., 2005;
Denis et al., 2009]. The apparent paradox between winter
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and summer sea ice cover results from the increasing
seasonality caused by the Holocene evolution of the pre-
cessional index (Figure 2h).
[46] The increased duration of ice-free conditions until

3.5 ka B.P. (Figure 2b) induced a progressive longer
phytoplanktonic growing season favorable to the production
of summer diatoms that have lower growth rates [Martin-
Jézéquel et al., 2000; Kemp et al., 2006; Armand et al.,
2008; Assmy et al., 2006]. A longer growing season is also
suitable to the build up of more robust diatoms frustules by
incorporation of more nutrients [Martin-Jézéquel et al.,
2000], supported by concomitant higher nutrient supply.
Larger and heavier silicified diatoms sink more rapidly and
are more resistant to grazing pressure, which both contribute
to an efficient drawdown of organic matter (Figures 2a and
2b). Reduction of the ice-free season, and resulting phyto-
plankton growing season, since 3.5 cal ka B.P. led to less
summer diatom production and decreasing of the paleopro-
ductivity though it can be partly counterbalanced by auspi-
cious nutrient conditions (Figures 2a, 2b, 2d, 2e, and 2f). At
plurimillennial timescales, the length of the phytoplanktonic
growing season, which is closely linked to sea ice dynam-
ics, appears, thus, a key factor in determining the specific
composition of the diatom assemblage and the intensity of
the PP.
[47] At millennial timescale, PE1, PE3 and PE5 occurred

during warmer Holocene phases in East Antarctica, which
could be favorable to extended ice-free season (Figure 2j
[Masson et al., 2000]). In contrast, PE4 spanned over a
warm and a cold phase, which is associated to glacier and
sea ice advance (Figures 2j and 2k [Masson et al., 2000;
Denis et al., 2009]). PE2 and PE6 occurred during cold
phases and glacier/sea ice advances (Figures 2j and 2k
[Masson et al., 2000; Denis et al., 2009]). At face value,
no general pattern between climate/sea ice dynamic and
millennial-scale PE is discernable in the DDUT region. All
PE show an increase in the summer diatom group abun-
dances (Figure 2b), which argue for a longer summer season
during millennial events. A longer growing season during
cold phases may be related to the mechanical breakup of the
sea ice by more intense winds (Figure 2f).
[48] Lower paleoproductivity are reported during periods

of massive freshwater input at �11 and �9.5 cal ka B.P. and
of major glacier/sea ice readvances at �7.7 and �3 cal ka
B.P. (Figure 2k [Denis et al., 2009]). Therefore, the local
behavior of glacier can strongly modulate the growing
season duration through its impact on the sea ice cycle,
on the surface water stratification and resulting upwelling.

5.4. Paleoclimatic Implications

[49] Climate-forced changes in nutrient supply, stratifica-
tion and growing season duration determined the type and
amount of surface water PP at both plurimillennial and
millennial timescales. Periods of enhanced wind and up-
welling associated to longer ice-free season led to nutrient-
rich mixed surface waters that supported high surface and
exported/buried PP as a result of the development of larger
and heavier silicified diatoms. In contrast, periods of re-
duced wind and upwelling activity associated to shorter ice-
free season led to nutrient depleted and well-stratified

surface waters that supported low surface PP and subse-
quently limited organic matter burial.
[50] We highlight here the positive effects of stronger

winds and enhanced seasonal sea ice cycle on the Si, C and
N biological pump in the CCSZ off Adélie Land. A
plurimillennial increase of the upwelling/wind intensity
during the Holocene is consistent with several geological
and model studies that reported/suggested a long-term
increase of the wind intensity over the Holocene in East
Antarctica [Steig et al., 2000; van Ommen et al., 2004] and
high southern latitudes [Vimeux et al., 2001; Renssen et al.,
2005]. Accordingly, long-term changes in ice-free season
duration, recorded in Adélie Land area, may represent a
Holocene Antarctic-wide feature because Holocene patterns
in winds, ocean and atmosphere temperatures are similar
around AA [Renssen et al., 2005]. Therefore, plurimillen-
nial changes in the CCSZ would be dictated by the
Milankovitch precessional cycle with feedback from the
regional cryosphere.
[51] Much less is known about forcing factors of the

Antarctic PP at the millennial scale. Our results demonstrate
that wind intensity and sea ice dynamic are the main
controlling factors with strong feedback from the regional
glaciers. Indeed, though homogenous wind variations over
the Southern Ocean and CCSZ are expected (Figure 2g
[Mayewski and Maasch, 2006; Mayewski et al., 2009]),
local ice cap morphology and glacier dynamic [Ingólfsson et
al., 1998; Denis et al., 2009] strongly modulate local winds,
sea ice cycle and water column structure. As a result,
millennial productivity variations may be decoupled from
climate changes (Figures 2a–2j). It is also worth exploring
whether high-latitude climate modes, such as the Antarctic
Dipole, characterized by an out-of-phase relationship be-
tween sea ice and surface temperature anomalies in the
South Pacific and South Atlantic [Yuan, 2004] prevailed
during the Holocene at the millennial scale and could
affect organic matter sequestration. Finally, we note that
PE2, PE4, PE5 and the major glacier readvance at 3.5 cal ka
B.P. recorded in core MD03-2601 coincide with the world-
wide rapid climatic changes (RCC) reported in the 50-
paleorecord study of Mayewski et al. [2004] (Figure 2l).
Therefore, millennial climatic variations recorded in Adélie
Land, and possibly in Antarctic CCSZ with close environ-
mental conditions and phytoplanktonic successions, could
be part of a more general Holocene pattern.
[52] Predictions of future climate suggest enhanced

Southern Ocean winds, enhanced upwelling of nutrient-rich
waters [Toggweiler et al., 2006; Russell et al., 2006], retreat
of sea ice extent and longer ice-free season [Goosse and
Renssen, 2001; Lefebvre and Goosse, 2008]. In that per-
spective, our results would emphasize an increase of the
carbon biological pump in the CCSZ, which would impli-
cate a slight negative feedback on climate warming as
suggested by Arrigo and Thomas [2004], Tortell et al.
[2008] and Arrigo et al. [2008]. In addition, the decrease
in dust-bearing iron to Antarctica and surrounding waters
[Kattenberg et al., 1996; Sarmiento et al., 1998], which
represent a minor source to coastal Antarctic waters, will
have a limited impact on the phytoplankton productivity of
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the CCSZ [Edwards and Sedwick, 2001; Lannuzel et al.,
2007].

6. Conclusion

[53] This study provides the first 230Th-normalized high-
resolution Holocene record of primary productivity (PP)
from the Antarctic Continental Shelf (CCSZ), therefore
giving unprecedented insights on the biological pump of
the Adélie Land CCSZ in response to climatic changes at
both plurimillennial and millennial timescales. A long-term
increase of PP since 9 cal ka B.P. to reach highest values
between 5 and 1 cal ka B.P. for Corg and Norg and 6–2 for
BSi and six events of higher paleoproductivity at 10.6–
10.2, 8.7–8, 7.6–7, 6.2–5.3, 4.6–3.5, and 2.4–1.4 cal ka
B.P. are evidenced along the Holocene. More efficient
biological pump at these two timescales was mainly pro-
moted by higher PP and the development of large and
heavily silicified summer diatoms, which are associated to
higher nutrient supply, reduced stratification and longer ice-

free season. These environmental conditions were mainly
controlled at these timescales by the wind regime and the
sea ice cycle as well as the dynamic of adjacent glaciers.
Our results, emphasizing enhanced PP during warmer and
windier Holocene periods, suggest stronger CO2 biological
pump in the future though the relationships between the
biological pump and the environmental conditions in the
CCSZ were not straightforward throughout the Holocene. In
this vein, additional studies are necessary to constrain the
influence of seeding, aggregate formation, bacterial and
grazing pressure in relation to the sea ice cycle.
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