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Abstract In this study, we present a unique high-resolution Holocene record of oceanographic and climatic
change based on analyses of diatom assemblages combined with biomarker data from a sediment core
collected from the Vega Drift, eastern Antarctic Peninsula (EAP). These data add to the climate framework
already established by high-resolution marine sedimentary records from the Palmer Deep, western Antarctic
Peninsula (WAP). Heavy sea ice conditions and reduced primary productivity were observed prior to 7.4 ka B.P.
in relation with the proximity of the glacial ice melt and calving. Subsequent Holocene oceanographic
conditions were controlled by the interactions between the Westerlies-Antarctic Circumpolar Current
(ACC)-Weddell Gyre dynamics. A warm period characterized by short seasonal sea ice duration associated
with a southern shift of both ACC and Westerlies field persisted until 5 ka B.P. This warm episode was then
followed by climate deterioration during the middle-to-late Holocene (5 to 1.9 ka B.P.) with a gradual increase
in annual sea ice duration triggered by the expansion of the Weddell Gyre and a strong oceanic connection
from the EAP to the WAP. Increase of benthic diatom species during this period was indicative of more
summer/autumn storms, which was consistent with changes in synoptic atmospheric circulation and the
establishment of low- to high-latitude teleconnections. Finally, the multicentennial scale variability of the
Weddell Gyre intensity and storm frequency during the late Holocene appeared to be associated with
the increased El Niño–Southern Oscillation frequency.

1. Introduction

Instrumental data show that Antarctica experienced a significant rise in atmospheric temperatures over the
past 50 years, despite high spatial heterogeneity in the amplitude of the warming [Vaughan et al., 2003; Steig
et al., 2009; Bromwich et al., 2013]. In particular, the Antarctic Peninsula (AP) has experienced the largest warm-
ing, with an average temperature rise of 2.5°C recorded at Esperanza station over the last five decades [Vaughan
et al., 2003; Turner et al., 2005]. Several mechanisms such as intensification of circumpolar Westerlies [Shindell
and Schmidt, 2004] and warming [Gille, 2002] and intensification of Upper Circumpolar Deep Water (UCDW)
upwelling [Meredith and King, 2005] have been suggested as responsible for such warming.

This recent warming, more pronounced on the western side than the eastern side of AP [King et al., 2003], is
coincident with a rapid retreat of glaciers across the peninsula [Cook et al., 2005] and the collapse of major ice
shelves [Scambos et al., 2003; Hodgson et al., 2006] such as the Larsen B Ice Shelf, unprecedented in the
Holocene history (the last 11.7 ka B.P.) of this glacial system [Domack et al., 2005; Rebesco et al., 2014]. The last
decades were also accompanied by drastic reduction in sea ice coverage on both side of AP [Parkinson, 2002],
particularly accentuated in the Bellingshausen and the western Weddell sectors where satellite data revealed
a dramatic decrease winter sea ice concentration of ~4–10% per decade [Liu et al., 2004].

To place this recent rapid regional warming in the context of natural climate variability, researchers have used
paleoclimatic archives, including marine sediment and ice cores, to reconstruct deglacial and Holocene
paleoenvironmental changes. The high-resolution Palmer Deep records from the western AP (WAP)
[Domack et al., 2001; Leventer et al., 2002; Taylor and Sjunneskog, 2002; Sjunneskog and Taylor, 2002;
Shevenell et al., 2011; Pike et al., 2013; Etourneau et al., 2013] provide a Holocene climate framework for the
WAP. These studies document Holocene climate fluctuations in relation to changes in theWesterlies intensity
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and latitudinal position, inferred variations in upwelling rates of UCDW, modulations in ENSO frequency, and
the local insolation at the precessional timescale. However, a recent synthesis of existing paleoenvironmental
records from AP indicates that the reconstructions in Palmer Deep are not representative of the whole region
and that major climatic events throughout the Holocene might not be synchronous across the AP [Domack
et al., 2003; Bentley et al., 2009]. However, the limited number of high-resolution records from the eastern AP
(EAP) so far has precluded a detailed comparison of the paleoenvironmental responses in WAP and EAP in
relation to common forcing factors.

This study aims to provide a new high-resolution record of Holocene sea ice and ocean variability in the
northern part of the Prince Gustav Channel (PGC), localized in northern EAP. Based on diatom assemblages

Figure 1. (a) Map of Antarctic Peninsula with bathymetry (FromOcean Data View, http://odv.awi.de) showing the location of the Vega Drift and the places quoted on
the text (WAP: West Antarctic Peninsula, EAP: East Antarctic Peninsula, JRI: James Ross Island, PGC: Prince Gustav Channel). (b) Map of the Antarctic Peninsula
region showing detail of oceanographic currents and different water masses (modified from Hofmann et al. [1996]; Zhou et al. [2002];Domack et al. [2003]), position of
the present day average summer and winter sea ice limits (from Fetterer et al. [2002], updated in 2007), and the average summer position of the Southern Westerlies.
ACC: Antarctic Circumpolar Current; UCDW: Upper Circumpolar Deep Water; WSTW: Weddell Sea Transitional Water.
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and specific diatom biomarker lipids, highly branched isoprenoids (HBI), we here attempt to infer the rela-
tionships between the different compartments of the internal climate system at the regional-to-synoptic
scales during the Holocene.

2. Oceanographic and Climatological Setting

WAP water masses are mainly influenced by the Southern Ocean Westerlies and the Antarctic Circumpolar
Current (ACC; Figure 1) [Orsi et al., 1995; Smith et al., 1999] which transports the relatively warm and salty
UCDW onto the continental shelf [Smith et al., 1999] (Figure 1). In contrast, EAP water masses are mainly
influenced by the clockwise oceanic circulation of the Weddell Gyre [Orsi et al., 1993]. The Weddell Gyre,
driven by synoptic winds in relation with atmospheric pressure pattern along the AP and the Weddell
Basin, is composed of a narrow westward branch flowing along the south coast of the Weddell Sea, a north-
ward branch along the EAP, and a wide eastward drift following the ACC [Venegas and Drinkwater, 2001].

The cyclonic circulation carries warm UCDW into the Weddell Gyre in the eastern part of the Weddell Sea.
Progressively cooled along their pathway, these waters then reach the EAP coasts in the southern part of
the Weddell Sea before flowing northwards and out of the Weddell Sea into the Bransfield Strait [Orsi
et al., 1993; Hellmer et al., 2009] in the form of the cold and salty Weddell Sea Transitional Water (WSTW;
Figure 1) [Tokarczyk, 1987]. The WSTW interact then with the UCDW, upwelled in the WAP, in the
Bransfield Strait [Tokarczyk, 1987, Garcı ́a et al., 2002; Zhou et al., 2002]. These relatively warm and nutrient-rich
water masses [Hofmann et al., 1996; Smith et al., 1999] are separated from the colder and less saline Antarctic
Surface Water by a permanent pycnocline. The depth and intensity of the pycnocline vary seasonally with sea
ice melting/formation, solar radiation, and storm mixing [Foster and Carmack, 1976; Klinck, 1998; Robertson
et al., 1985; Smith and Klinck, 2002; Annett et al., 2010]. Sea floor morphological structures suggest a westward
bottom current flow in the northern part of the PGC and a circulation pattern dominated by an anticlockwise
gyre around JRI [Camerlenghi et al., 2001].

The Weddell Sea is characterized by one of the most extensive sea ice regimes in the Southern Ocean
[Stammerjohn and Smith, 1996]. Overall, sea ice cover reaches a maximum extent in August and a minimum
extent in February [Stammerjohn and Smith, 1996]. Summer sea ice is often observed in the southern EAP as a
result of transport and compaction by the Weddell Gyre [Venegas and Drinkwater, 2001; Turner et al., 2002].
However, the seasonal and interannual sea ice variability in the westernmost part of the Weddell Sea is
strongly sensitive to the Weddell Gyre activity which is highly dependent on atmospheric circulation variabil-
ity in relation to the Southern Annular Mode (SAM) and the El Niño–Southern Oscillation (ENSO) [Yuan, 2004;
Stammerjohn et al., 2008]. These climate modes, through the modulation of sea level pressures (SLP) anoma-
lies in the Amundsen/Bellingshausen Seas region (The Amundsen Sea Low (ASL)), strongly impact the AP
pluriannual sea ice trend. Indeed, negative SLP anomalies (deepening) associated with positive SAM
(+SAM) and/or La Niña events strengthen northerly winds and cyclonic activity in the AP region during
autumn spring. This, in turn, leads to a reduction of the seasonal sea ice duration [Lefebvre and Goosse,
2005; Yuan, 2004; Stammerjohn et al., 2008]. The opposite scenario applies to positive SLP anomalies related
to negative SAM (�SAM) and/or El Niño events.

3. Materials and Methods
3.1. Core Description and Age Model

Piston core JPC38 (63.717°S, 57.411°W; 760m water depth; 1986 cm long) was retrieved from the Vega Drift,
in the northern PGC, by the RVIB Nathaniel B. Palmer during the NBP00-03 cruise in 2000, in the vicinity of the
JRI (Figure 1). The sediment core is composed of diatom-poor clays and silts below 1550 cm, laminated dia-
tom oozes and sandy muds between 1550 cm and 600 cm, and bioturbated silty diatom muds above 600 cm
(Figure 2). The magnetic susceptibility, obtained using a Bartington MS-2C meter, displays consistently high
values below 1850 cm, decreases between 1850 cm and 1750 cm, and presents uniform low values above
1750 cm (Figure 2).

The stratigraphy of core JPC38 is constrained by a combination of four accelerator mass spectrometer radio-
carbon (AMS 14C) ages from pelecypod shell material [Willmott et al., 2006] performed at the University
of Arizona (Table 1) and 210Pbxs activity measurement performed on low background, high-efficiency,
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well-shaped γ detector [Schmidt et al., 2014] (Figures 2 and 3). 14C dating was calibrated to calendar years
B.P. (cal B.P.) using the Calib 6.1.1 software [Stuiver et al., 2005] associated with the Marine 09 curve [Reimer
et al., 2009], assuming a marine reservoir age correction of 1260 years as recommended for the AP region
[Domack et al., 2001]. The 210Pbxs activity was measured in three horizons spanning the top 10 cm of core
JPC38 and compared with the 210Pbxs activity of the corresponding multicore MTC38C (Figure 3) [Barbara
et al., 2013]. The 210Pbxs activity in JPC38 surface sample intersects the exponential regression in the multi-
core MTC38C at around 28 cm, indicating an equivalent loss of sediment during coring process (Figure 3).
Using the age-depth relationship calculated for MTC38C [Barbara et al., 2013], the age of JPC38 surface
sediments was calculated at 1956 Common Era or “~0 cal B.P.” at the timescale of the Holocene
(Figure 2). The age model of core JPC38 was established using a second-order polynomial fit between

Figure 2. Synthetic log of JPC38marine core, magnetic susceptibility curve, and agemodel in calendar kiloannum B.P. with
the second-order polynomial best fit curve. Red diamonds and the white circle indicate dates based on 14C and 210Pbxs
(see profiles in Figure 3), respectively.

Table 1. Radiocarbon Dates and Calibrated Ages for Core JPC38a

Laboratory Code Core Core Depth (cm) Conventional Radiocarbon Age (B. P.) Calibrated Age (cal B. P.)

AA44751 JPC38 466 2904 ± 46 1652
AA44752 JPC38 552 3580 ± 44 2477
AA44753 JPC38 861 4610 ± 55 3718
AA44754 JPC38 1661 7621 ± 46 7322

aResults are reported with a 2σ uncertainty.
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the four dates 14C and the 210Pbxs-based age
(R2=0.9939; Figure 2). Core JPC38 covers the last
8800 years with a mean sedimentation rate of
0.21 cm/years. Dates are reported in the text in
calibrated thousand years B.P. (ka B.P. with B.P.
relative to A.D. 1950).

3.2. Diatom Analysis

Diatom analyses were performed at species level
every 8 cm between the core top and 1600 cm and
every 16 cm below 1600 cm, yielding an ~40 year
temporal resolution over the Holocene. Sediment
treatment and slide preparation followed the tech-
nique described in Rathburn et al. [1997]. At least,
300 intact valves were counted at a magnification
of 1250 using the methodology described in
Crosta and Koç [2007]. Diatoms were identified to
species or species group level, and their relative
abundance was determined as the fraction of
diatom species against the total diatom abundance
in the sample. Due to the high numbers of
Chaetoceros resting spores (CRS) dominating dia-
tom assemblages in AP records [Leventer, 1991],
slides were counted twice as usually performed in
paleostudies [Taylor et al., 2001; Barcena et al.,
2002; Heroy et al., 2008; Etourneau et al., 2013]. The
slides were first counted including the CRS to calcu-
late the total diatom concentration and the relative

proportions of CRS in the diatom assemblage. Second, the slides were counted excluding CRS to assess the
relative contributions of other species to the overall assemblage.

In order to extract from the diatom record the most detailed environmental information, species morpho-
types were recognized. As such, the valves of Thalassiosira antarctica species were split into two morpholo-
gical types (T1 and T2) following Taylor et al. [2001]. Moreover, Eucampia specific counts were performed
by counting 100 specimens per slide when abundance permitted, or by counting all specimens on one slide,
to evaluate the relative contribution of Eucampia antarctica var. recta (“symmetric” variety) versus Eucampia
antarctica var. antarctica (“asymmetric” variety) and terminal versus intercalary valves [Fryxell, 1989; Fryxell
and Prasad, 1990].

3.3. Hydrocarbon Analysis

The use of the specific lipid biomarkers highly branched isoprenoids (HBIs) as a sea ice proxy has been pro-
posed and discussed by previous studies in Antarctica [Barbara et al., 2010, 2013; Denis et al., 2010; Massé
et al., 2011; Collins et al., 2013; Etourneau et al., 2013]. Isotopic analyses revealed that the diunsaturated HBI
(HBI:2) is synthesized by sea ice dwelling diatoms while triunsaturated isomer (HBI:3) is produced by open
water diatom species in the marginal ice zone [Massé et al., 2011; Collins et al., 2013]. Furthermore, it has been
proposed that the ratio of the two compounds [HBI:2]/[HBI:3] reflects the relative contribution of sea ice algae
versus open water phytoplankton to the sediment [Barbara et al., 2010; Denis et al., 2010; Massé et al., 2011;
Etourneau et al., 2013]. In this study, we combined the HBI proxy with diatoms assemblage data to provide a
more robust Holocene reconstruction of sea ice of EAP.

Biomarkers analysis followed the technique described by Belt et al. [2007] andwere performed every 4 cm along
the core, yielding a ~20year temporal resolution over the Holocene. An internal standard (seven hexyl nonade-
cane) was added to each freeze dried sediment sample in order to determine HBI relative concentrations. Lipids
were extracted using a CH2Cl2/CH3OH (2/1) mixture to yield a total organic extract (TOE) and elemental sulfur
was removed using the tetrabutylammonium sulfite method [Jensen et al., 1977; Riis and Babel, 1999]. TOE was

Figure 3. Excess 210Pb activity in dpm (disintegrations per
minute) per gram and 1σ error bars, with depth in MTC38C
marine core (green diamonds) from Barbara et al. [2013]. The
210Pbxs data for JPC38 core top (red circles) were replaced
onto MTC38C downcore 210Pbxs activities and suggest that
28 cm of sediment were lost from the surface of this core
during the coring process.
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purified using open silica column chromatography. Hydrocarbons were analyzed by an Agilent 7890A gas
chromatograph (GC) fitted with 30m fused silica Agilent J&C GC columns (0.25mm ID and 0.25μm film) and
coupled to an Agilent 5975C Series mass selective detector with triple axis detector. Relative abundances of
HBI isomers were calculated on the basis of their individual GC-mass spectrometer responses relative to those
of the internal standard.

3.4. Multivariate Statistical Analysis

Statistical analysis was performed on the diatom data set using PAST [Hammer et al., 2001], to investigate
diatom community association and significant assemblage changes along the core JPC38. The statistical
analyses were performed only on 17 diatom species or group of species for which relative abundances
account for more than 2% within the CRS-free data set in at least one sample, and the data were logarithmi-
cally transformed to increase the statistical weight of species that occur in lower abundances. Then, Q-mode
principal component analysis (PCA) was performed.

4. Results
4.1. The Siliceous Fraction
4.1.1. Total Diatom Abundances
Total diatom concentration in core JPC38 varied between 7 and 1400 millions of valves per gram of dry sedi-
ment (.106 v/gds; Figure 4). The JPC38 diatom record exhibited low abundance values (around 7.106 v/gds)
before 7.9 ka B.P., immediately followed by a slight increase between 7.9 and 7.4 ka B.P. The highest diatom
concentrations were recorded between 7 and 2.2 ka B.P. with peak values reaching up to ~1400.106 v/gds at
2.4 ka B.P. and 2.2 ka B.P. Total diatom concentrations subsequently decreased again to values below
~400.106 v/gds after 2.2 ka B.P., except of a short period centered at ~0.5 ka B.P., when ~1200.106 v/gds
was encountered (Figure 4).
4.1.2. Diatom Assemblages
A total of 51 diatom species were identified, and the number of species in each sample ranged from 8 to 29,
with an average of 20 species. Some diatom species have been selected and grouped (Figure 4) according to
their ecological affinities and according to previous published work in the same region [Buffen et al., 2007;

Figure 4. Total diatom concentration, relative abundance of the CRS-free assemblage of selected diatom species, and ratio Eucampia antarctica asymmetric/symmetric
and terminal/intercalary forms in sediments from core JPC38. Horizontal dashed lines indicate the diatoms stratigraphic zone described in the text.
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Barbara et al., 2013]. When excluding CRS, diatom assemblages are dominated by valves of the warm form of
Thalassiosira antarctica resting spores (T2) [Taylor et al., 2001], with relative abundances ranging between
15% and 80% (Figure 4). The relative abundances of T. antarctica T2 were the lowest between 8.8 and
7.9 ka B.P. and then increased rapidly to reach highest values between 7.4 and 5 ka B.P. This period was then
followed by a second interval of high T. antarctica abundance between 1.9 and 1.5 ka B.P. By contrast, the
intervals 5–1.9 ka B.P. and 1.5 ka B.P. to the present were characterized by lower relative abundances of this
species. The two periods of T. antarctica T2 highest relative abundances presented larger amplitude changes
than periods of lower abundances.

Other important species contributing to the diatom assemblages were Fragilariopsis curta (2–20%) and
F. cylindrus (3–25%), grouped within the Sea Ice Assemblage along with F. sublinearis (0–9%) and F. vanheurckii
(0–8%). In core JPC38, the downcore records of F. curta and F. cylindrus were anticorrelated to the one of
T. antarctica T2 over the entire record (Figure 4). Relative abundances of these species range between 5 and
30%, with highest values encountered before 7.4 ka B.P. and during the 5–1.9 ka B.P. and 0.6–0 ka B.P. intervals.
The lowest abundances of F. curta and F. cylindruswere observed during the 7.4–5 ka B.P. and centered at 1.5 ka
B.P. F. sublinearis and F. vanheurckii relative abundances remained low along the core (Figure 4).

Thalassiosira antarctica cold form T1 (0–36%) and T. gracilis (0–15%), were grouped within the Cold Open
Water Assemblage. The highest relative abundances of these species were observed prior to 7.4 ka B.P.
and decreased rapidly to account for 0–2% of the CRS-free assemblages until modern time (Figure 4).

Relative abundances of benthic diatoms such as Navicula spp. (0–7%) and Cocconeis spp. (0–7%), grouped
within the Wind/Storm Assemblage, were very low prior to 7.4 ka B.P. and progressively increased until the
present, showing highest variability during 5–0 ka B.P. interval (Figure 4).

Relative abundances of Eucampia antarctica (0–20%) show highest values between 8.8–7.4 ka B.P. interval
(Figure 4) and decreased progressively until 5 ka B.P. to subsequently account for 0–2% of the CRS-free
assemblages until modern time. The ratio of asymmetric/symmetric form of E. antarctica displayed highest
values during the 7.9 and 5.5 ka B.P. period and remained very low throughout the rest of the record

Figure 5. Biplot of the two first axes generated by principal components analysis (PCA) showing diatoms species
(black arrows) and ordination of samples (colored circles). The large ellipses encompass the samples corresponding to the
same diatom stratigraphic zone. T.ant T1: Thalassiosira antarctica T1, E.ant: Eucampia antarctica, T.gra: Thalassiosira
gracilis, F.sub: Fragilariopsis sublinearis, F.cyl: Fragilariopsis cylindrus, F.curta: Fragilariopsis curta, Nav: Navicula spp.,
Coc: Cocconeis spp., Other ben: other benthic, P.pseu: Porossira pseudodenticulata, T.ant T2: Thalassiosira antarctica T2.
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(Figure 4). The ratio of E. antarctica terminal/intercalary valves conversely showed lowest values before 5.5 ka
B.P. and then increased during the upper part of the record (Figure 4).
4.1.3. PCA and Diatom Stratigraphic Zones
The PCA yielded four axes explaining 42.0%, 13.2%, 11.9%, and 9.7% of the variance, respectively, for a total of
76.8%. The PCA biplot (Figure 5) shows the ordination of samples and species along the two axes with the
highest eigenvalues (PCA axis 1 and PCA axis 2). Diatom species and samples with a high degree of similarity
are plotted close to each other on the PCA biplot. The two first axes component score changes of sign
(Figure 6) illustrate the most significant assemblage transitions and display distinct stratigraphic separations.
Based on the PCA biplot, two diatom stratigraphic zones and five subzones were defined following sample
scores from PCA axis 1 and PCA axis 2, respectively (Figures 5 and 6). The first zone (prior to 5 ka B.P.) is
characterized by negative scores on PCA axis 1. It is separated in two subzones based on positive scores
on PCA axis 2 prior to 7.4 ka B.P. (zone 1a) and highly variable scores between 7.4 and 5 ka B.P. (zone
1b). Diatom assemblages are dominated by E. antarctica and species of the Cold Open Water
Assemblage in zone 1a and by T. antarctica T2 in zone 1b. The second zone (5 ka B.P. to present) is charac-
terized by positive scores on PCA axis 1 and separated in three subzones by positive scores on PCA axis 2 during
both the 5–1.9 ka B.P. and 0.6–0 ka B.P. periods (respectively, zones 2a and 2c) and negative scores on PCA axis 2
values in the 1.9–0.6 ka B.P. period (zone 2b). The Sea Ice Assemblage represents the main diatom species over
zone 2 except during zone 2b when T. antarctica T2 and species of the Wind/Storm Assemblage increased again
(Figures 5 and 6).

Figure 6. [HBI:2] and [HBI:3] concentrations in μg g�1, [HBI:2]/[HBI:3] in sediments from core JPC38 and Q-mode scores of PCA axes 1 and 2, where different colors
and horizontal dashed lines highlight changes between diatom stratigraphic zones.
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4.2. HBI Proxy in JPC38

In core JPC38, the highest of both [HBI:2] and [HBI:3] are observed before 7.4 ka B.P., in the diatom strati-
graphic zone 1a (Figure 6). [HBI:3] peaked at approximately 7.9 ka B.P. and decreased to reach near zero
values at about 7 ka B.P. By contrast while [HBI:2] remained high until approximately 7.4 ka B.P. and rapidly
decreased until 6.7 ka B.P. when they reached a minimum concentration. Both [HBI:2] and [HBI:3] remained
low during the diatom stratigraphic zones 1b and 2a until 4.2 ka B.P. Concentrations of the two markers
increased rapidly and remained relatively high until 1.9 ka B.P when they dropped again to very low values.
[HBI:2]/[HBI:3] was lowest before 7 ka B.P when it increased abruptly (Figure 6). Subsequently, [HBI:2]/[HBI:3]
varied between ~25 and ~75 with few periods when values were above 100 at 7–6.5, 5.5, 5.2, 2.2-2.3, 1.7, 1.3,
and 0.2 ka B.P.

5. Discussion

The diatom stratigraphic zones described above reflect the oceanographic and glaciological conditions of
Vega drift region during the Holocene. The PCA ordination diagram (Figure 5) allowed us to group the diatom
species with the same ecology together (Figure 7) and to discuss the environmental significance of these
changes in the context of regional and global climate records.

5.1. Paleoenvironmental Reconstructions in the Northern PGC: Diatom Stratigraphic Zone
5.1.1. Proximity of Glacial Ice Melt and Heavy Sea Ice Conditions Prior to 7.4 ka B.P. (Diatom
Stratigraphic Zone 1a)
The diatom stratigraphic zone 1a corresponds to clayey silt sediments with high magnetic susceptibility
values (Figure 3) and rare microfossils, typical of glacimarine sediments deposited nearby the ice shelves
and heavy seasonal sea ice cover [Domack et al., 2005; Evans et al., 2005; Pudsey et al., 2006]. Low diatom
abundances resulted from high supply of terrigenous particles from the receding grounded ice, diluting
the biogenic fraction, and probably low primary productivity.

Zone 1a contains high concentrations of both [HBI:2] and [HBI:3] (Figure 6). Previous investigations have
shown that the presence of [HBI:2] in the Antarctic sediments was linked to the development of the sympagic
diatom flora when sea ice melts during spring or early summer [Belt et al., 2007; Massé et al., 2011]. As such,
[HBI:2] is absent from sediments when sea ice is either absent or permanent [Collins et al., 2013]. Conversely,
synthesis of [HBI:3] was only observed in diatoms thriving at the sea ice edge or in the open ocean during the
spring-summer season [Massé et al., 2011; Collins et al., 2013]. In core JPC38, the concomitant high concentra-
tions of both [HBI:2] and [HBI:3] suggest that the study area experienced heavy sea ice conditions with a very
short open ocean season prior to 7.4 ka B.P.

Thalassiosira antarctica T1 and T. gracilis present lowest absolute abundances but highest relative abun-
dances during diatom stratigraphic zone 1a (Figure 4). Grouped together within the Cold Open Water
Assemblage [Barbara et al., 2013], T. gracilis and T. antarctica T1 further support the presence of open water
conditions in the vicinity of the sea ice margin with cool sea surface temperatures [Taylor et al., 2001; Pike
et al., 2008; Hey, 2009]. Furthermore, highest relative abundances of E. antarctica were also observed in
stratigraphic zone 1 (Figure 4), and, when the whole downcore records is considered, this species plots
nearby to the species of the Cold Open Water Assemblage on the PCA biplot (Figure 5). Eucampia antarctica
thrives in iron rich environments close to sea ice (Eucampia antarctica var. recta) or open ocean islands
(Eucampia antarctica var. antarctica) [Armand et al., 2005]. The occurrence of the symmetric form
(Eucampia antarctica var. recta) in zone 1a suggests proximity to melting ice [Garrison et al., 1983; Burckle,
1984a]. Taken altogether, the sediment structure, low absolute diatom abundances, and the high occurrence
of [HBI:2] and [HBI:3] along with high relative abundances of cold open ocean diatoms and E. antarctica
depict a heavily glaciated environment with a very short sea ice free season during which surface waters were
stratified due to the melting of the proximal ice shelf.

However, the diatom assemblage in stratigraphic zone 1a also contains T. antarctica T2 (average of 20%)
(Figure 7b), a species that was observed to co-occur with Fragilariopsis kerguelensis and T. lentiginosa in
WAP sediments [Taylor et al., 2001] and associated with seasonally open ocean waters. The relatively low
abundance, but consistent presence of T. antarctica T2, suggests advection from seasonally open surface
water at the mouth of PGC.
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Figure 7
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5.1.2. Hypsithermal Conditions in PGC (Diatom Stratigraphic Zone 1b: 7.4–5 ka B.P.)
Diatom stratigraphic zone 1b is characterized by a rapid decrease of magnetic susceptibility values along
with a change in facies from clayey silt to laminated diatom ooze sediment (Figure 3). These data indicate
lower terrigenous inputs of glacial plume sediments and a transition from proximal glacial ice melt to a
well-established seasonal sea ice cycle with summer open marine conditions. The prevailing environmental
conditions allowed for higher primary productivity than in stratigraphic zone 1a as revealed by total diatom
concentrations varying between 100.106 and 1000.106 v/gds (Figure 4).

Relative abundances of the T. antarctica T2 rapidly increased at the beginning of the diatom stratigraphic zone
1b (Figure 4 and 7b), while relative abundances of both the Cold Open Water Assemblage and E. antarctica
dropped (Figure 4 and 7f). On the PCA biplot, T. antarctica T2 is positioned opposite to T. antarctica T1, T. gracilis
and E. antarctica on the PCA axis 1 (Figure 5). Given the ecology of these species and the result of the PCA, we
propose that a warm and less stratified water environment developed at the end of the ice shelf recession and
prevailed during the 7.4–5 ka B.P. period.

The sustained high atmospheric temperatures (Figure 7j) and the more southerly location of the Westerlies
during this period (Figure 7g) [Lamy et al., 2001, 2002] may have resulted in the intrusion of warm UCDW
waters and promoted early sea ice retreat as shown by low relative abundances of the Sea Ice Assemblage
(Figures 4 and 7c). Lower sea ice concentration also is supported by the low E. antarctica
terminal/intercalary ratio values during the 7.4–5 ka B.P. period (Figure 4). The low ratio values indicate the
presence of long chains of E. antarctica var antarctica, whereby two terminal winter valves embed a variable,
but greater than two, number of intercalary winter valves that can be synthesized only when winter sea ice
concentration decreases [Kaczmarska et al., 1993; Whitehead et al., 2005].

A short seasonal sea ice duration reduced sea ice algae production and synthesis and export of [HBI:2]
(Figure 6). Unexpectedly, [HBI:3] concentrations dropped even more during the diatom stratigraphic zone 1b,
resulting in high [HBI:2]/[HBI:3] values (Figures 6 and 7a), opposite to the decrease in the Sea Ice and Cold
Open Water Assemblages (Figure 4). A recent study has shown that [HBI:3] is synthesized in open waters at
the marginal sea ice zone within sea ice melt-induced stratified surface waters [Collins et al., 2013].
5.1.3. Deteriorating Conditions and Extended Sea Ice Cover (Diatom Stratigraphic Zone 2a: 5–1.9ka B.P.)
Sediments of the diatom stratigraphic zone 2a are characterized by laminated diatom oozes (Figure 2).
Diatom absolute abundances are highest varying between 20.106 and 1400.106 v/gds (Figure 4). The Sea Ice
Assemblage presents its highest relative abundances (Figures 4 and 7b). High abundances of these species
in the sediment reflect ice edge environments characterized by sea ice persisting longer during the growing
season [Armand et al., 2005; Zielinski and Gersonde, 1997], which late melting stratifies the upper water column
[Leventer, 1992]. [HBI:2] concentrations concomitantly increased during the stratigraphic zone 2a confirming
production of sympagic diatoms and, thus, late spring sea ice melting (Figure 6). These data along with the
decrease in the relative abundance of T. antarctica T2 form indicate that the warm oceanic conditions and short
sea ice duration inferred during the previous period were gradually replaced by colder conditions with greater
sea ice duration (Figures 5 and 7b and 7c). Higher values of the E. antarctica terminal/intercalary ratio (Figure 4)
additionally demonstrate more consolidated winter sea ice. Colder and icier conditions in PGC during the
5–1.9 ka B.P. period probably resulted from a greater northward transport of cold surface water and sea ice
from the south by the Weddell Gyre compacting sea ice at the core site. A greater influence of the Weddell
Gyre is further supported by low [HBI:2]/[HBI:3] during this interval (Figures 6 and 7a). Indeed, investigation

Figure 7. Comparison between selected paeloenvironmental proxies from the JPC38 record, together with paleoceanographic
and continental paleoclimate records from other studies. (a) The ratio of [HBI:2]/[HBI:3]. Relative abundances (%) of
(b) the T. antarctica T2 and (c) the Sea Ice Assemblage interpreted, respectively, as a proxy of open water condition
duration andwater column stratification. (d) Volume percent sand in a core from El Junko Crater Lake, Galapagos, (0.8°S, 89.3°W)
interpreted as a proxy for ENSO frequency [Conroy et al., 2008]. (e) Cholesterol and Dinosterol concentration
(μg g�1 Organic Carbon) from Peruvian margin sediment interpreted, respectively, as proxies for La Niña and El Niño
frequencies [Makou et al., 2010]. (f) Relative abundance (%) of the Cold OpenWater Assemblage interpreted as a proxy of cold
water input. (g) Iron contents in core GeoB 3313–1 (with 10 point moving average) from South East Pacific (41°S, 74°W)
interpreted as a proxy for the position of the southern Westerlies [Lamy et al., 2001, 2002]. (h) Relative abundances (%)
of the benthic diatom group taken as a proxy for storm frequency and/or wave action. (i) Models outputs of both
summer and winter anomalies of the latitudinal temperature gradients (LTG) between 20–30 and 50–60°S [Renssen
et al., 2005]. (j) James Ross Island reconstructed atmospheric temperature anomaly [Mulvaney et al., 2012]. The dashed
lines highlight diatom stratigraphic zones in JPC38.
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of the corresponding multicore MTC38 revealed that concomitant low [HBI:2]/[HBI:3] values and high F.
curta group relative abundances are associated with greater intensity of sea ice and fresh cold meltwater
transport by the northward branch of the Weddell Gyre along the AP [Barbara et al., 2013]. In multicore
MTC38 and here in JPC38 during the stratigraphic zone 2a, low [HBI:2]/[HBI:3] resulted from enhanced con-
tribution of phytoplankton-derived organic matter (more [HBI:3] production) (Figure 6). The enhanced
transport of cold freshwater and sea ice has led to a stronger stratification of the water column that pro-
moted primary productivity in the marginal ice zone (synthesis of [HBI:3]). High phytoplankton
productivity is confirmed by the strong increase in total diatom abundances (Figure 4). This strong
stratification of the water column creates favorable conditions for the development of diatom species
synthesizing the [HBI:3], thus explaining the greater abundances of this biomarker in the sediments and
the low [HBI:2]/[HBI:3] values.
5.1.4. Unstable Conditions During the Late Holocene (Diatom Stratigraphic Zones 2b
and 2c: 1.9 ka B.P. to Present)
Sediments of the subzones 2b and 2c are characterized by bioturbated diatom muds (Figure 2) and diatom
absolute abundances decreasing back to 100–1000.106 v/gds (Figure 4). The relative abundances of
Wind/Storm Assemblage diatom species show a greater variability around a higher mean value in the strati-
graphic zones 2b and 2c compared to older intervals (Figures 4 and 7h) suggesting strong oscillations in
summer-autumn storm frequency. These multidecadal oscillations in atmospheric dynamic are also imprinted
in the [HBI:2]/[HBI:3] record (Figures 6 and 7a), which suggest a consequent strong variability in the Weddell
Gyre intensity during the late Holocene and, thus, strong variability in the northward transport of cold fresh-
water and sea ice. Relative abundances of the Sea Ice Assemblage, especially F. cylindrus, dropped during the
zone 2b and increased again in the zone 2c (Figure 4). In parallel, the relative abundance of the T. antarctica
T2 show higher values during the early zone 2b subsequently decreasing since 1.5 ka B.P., (Figures 4 and 7b).

In the zone 2b, higher abundances of T. antarctica T2 and lower abundances of the Sea Ice Assemblage
suggest warmer and less icy environmental conditions especially during the 1.9–1.5 ka B.P. period. The low
primary productivity during that period (Figure 4) and the PCA ordination biplot (Figure 5) suggest weak
surface water stratification probably because of southward transport of warm water masses to the core site.
By contrast, the zone 2c is characterized by higher abundances of the Sea Ice Assemblage, suggesting icier
environmental conditions (Figure 5) with greater stratification and lesser influence of warm water masses,
all processes enhancing diatom productivity (Figure 4). Additionally, the E. antarctica terminal/intercalary
ratio (Figure 4) remained high during the late Holocene, especially zone 2c, suggesting a heavier winter
sea ice cover, resulting from lower air temperatures over South America and Antarctica since 1300
Common Era. [Pages 2K Consortium, 2013].

5.2. Factors Forcing the Holocene Climate Variability in EAP
5.2.1. Atmospheric Circulation and Orbital Forcing
The long-term Holocene temperature trend in Antarctica can be explained by a response to seasonal insola-
tion variations in the Southern Hemisphere and the heat transfer from low to high latitudes [Berger and
Loutre, 1991; Renssen et al., 2005; Davis and Brewer, 2009]. Changes in the seasonal latitudinal gradient of tem-
perature (LGT), in response to variations in seasonal latitudinal insolation gradient [Berger and Loutre, 1991],
induced changes in seasonal heat transfer from low to high latitudes and, therefore, large scale atmospheric
circulation [Davis and Brewer, 2009]. Winter sea ice concentrations in PGC, inferred from the E. antarctica
terminal/intercalary ratio (Figure 4), shows a similar Holocene trend to the winter LGT (Figure 7i) [Renssen
et al., 2005]. Stronger winter LGT during the early-to-middle Holocene enhanced the transfer of heat flux from
low latitudes, hence reducing winter sea ice concentration. The weakening of the winter LGT after 5 ka B.P.
reduced the winter southward atmospheric circulation and therefore the winter heat flux, allowing for
greater winter sea ice concentration during this period.

In parallel, we infer a progressive increase of storm frequencies (Figure 7h) coinciding with the increase of the
summer LGT over the Holocene (Figure 7i). A stronger summer LGT, in response to increasing summer latitudi-
nal insolation gradient [Berger and Loutre, 1991], could have enhanced the summer southward atmospheric cir-
culation [Vimeux et al., 2001; Davis and Brewer, 2009] with an increase in the intensity and number of cyclones
[Carleton, 1989]. More intense cyclonic activity carried heat and moisture southward, contributing to the
strengthening of the Amundsen Sea Low during this period [Kreutz et al., 2000; Mayewski et al., 2004, 2009]
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and, therefore, to an increase of summer/autumn storms frequency in the AP region [Turner et al., 1998;
Simmonds and Keay, 2000]. Storm stress controlled by obliquity changes also is inferred in East Antarctica
[Denis et al., 2010], suggesting important changes in atmospheric circulation pattern over the entire
Southern Ocean during the middle-to-late Holocene period [Bentley et al., 2009; Mayewski et al., 2009].
5.2.2. Westerlies-ACC-Weddell Gyre Interactions
Reconstructions of environmental conditions during the Holocene in AP have shown that the major changes
were strongly coupled to both of atmospheric and oceanic fluctuations [Bentley et al., 2009; Shevenell et al.,
2011; Pike et al., 2013; Etourneau et al., 2013]. Westerlies and ACC positions might have been the main con-
tributor to glacial ice discharge and sea ice variability in WAP during the Holocene. However, our results show
that the EAP appears to have responded differently than the WAP to the atmospheric-oceanic coupling due
to the presence of the Weddell Gyre.

Prior to 7.4 ka B.P., our results indicate heavy sea ice conditions with the presence of fresh and cold water
(Figure 7), consistent with the impact of glacial ice melting in northern PGC. Evidence frommarine sediments
retrieved in coastal bays and fjords in WAP suggested that the glaciers retreat rates was rapid [Taylor et al.,
2001; Bentley et al., 2005; Heroy and Anderson, 2007; Allen et al., 2010; Pike et al., 2013] following the early
Holocene warm period [Masson-Delmotte et al., 2004]. It has been hypothesized that the rapid WAP ice retreat
was driven by the warmer atmospheric temperature prevailing over the AP [Mulvaney et al., 2012] and by
greater intrusion of warm UCDW onto the inner continental shelf due to a more southern position of the
Westerlies [Shevenell and Kennett, 2002; Shevenell et al., 2011; Pike et al., 2013; Etourneau et al., 2013].

In contrast, in northern PGC, the main glacial ice retreat started around 10.6 ka B.P. [Ingólfsson et al., 2003;
Domack et al., 2005] and followed on until 8.0 ka B.P. when glacial ice grounded in northern PGC began to
form an ice shelf [Johnson et al., 2011; Sterken et al., 2012; Ó Cofaigh et al., 2014]. Although the southward
position of the Westerlies and ACC boundary may have also contributed to the retreat of the EAP floating
ice shelf, our data suggest that the northward transport of sea ice and cold surface waters by the Weddell
Gyre along with large amounts of freshwater released from local glaciers have enhanced sea ice conditions
and slow down EAP floating ice shelve retreat in PGC, delaying the appearance of seasonally open water con-
ditions during spring/summer until 7.4 ka B.P.

Thereafter, the slowed down EAP ice retreat, coupled with the poleward position of the Westerlies
(Figures 7f and 7g), might have resulted in the contraction of the Weddell Gyre together with a deeper
(and warmer) pycnocline at the northern rim of the Gyre [Martinson and Iannuzzi, 2003]. The southward
shift of the Westerlies, weakening the synoptic winds along the EAP coast [Stewart and Thompson, 2015],
might have induced a weakening of the northward branch of the Gyre and reduced transport of fresh,
cold water from the southern part of the Weddell Sea, resulting in warmer conditions in PGC in turn
inducing early spring sea ice melting and late summer sea ice formation between 7.4 and 5 ka B.P.
(Figures 4 and 7). Furthermore, although the modern oceanic circulation does not show evidence of a
direct influence of UCDW water masses in PGC (Figure 1), a weakened northward current associated with
a more southern position of both the Westerlies and the boundary of the ACC could have promoted
modified UCDW occurrence onto the inner EAP continental shelf [Stewart and Thompson, 2015; Spence
et al., 2014], accelerating regional ice shelf retreat and inducing a shorter sea ice season (Figure 7c).
This scenario is supported by warm conditions observed during this period all over the northern part
of PGC and JRI region [Johnson et al., 2011; Sterken et al., 2012; Ó Cofaigh, 2014] and the reduced intru-
sion of Weddell Sea Water into the Bransfield Basin from 8–5 ka B.P. [Heroy et al., 2008]. The same
dynamic principles, attributed to Westerlies-ACC-Weddell Gyre interactions, can explain the deteriorating
conditions between 5–1.9 ka B.P. (Figures 7a and 7c) [Michalchuk et al., 2009; Sterken et al., 2012]. The
Westerlies wind field and the southern boundary of the ACC shifted northward (Figure 7g) [Lamy et al.,
2001, 2002], thus reducing both the UCDW upwelling in the AP area [Shevenell and Kennett, 2002;
Shevenell et al., 2011; Etourneau et al., 2013] and warm water masses intrusion in northern part of EAP
[Michalchuk et al., 2009], allowed for the expansion of the Weddell Gyre and promoted transport of cold
freshwater and sea ice from the southwestern Weddell Sea to the core site. Cold and stratified surface
water favored later sea ice melting and earlier sea ice formation, thus conducting to a shorter sea ice free
season. The presence of colder surface water from the Weddell Sea was also observed in the Bransfield
Bassin during this period [Heroy et al., 2008] and is consistent with an expansion of the Weddell Gyre and
the establishment of a strong oceanic connection from the EAP to the WAP.
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5.2.3. Intensification of the Climate Modes
While seasonal LGT andWesterlies position stayed relatively constant during the late Holocene (Figures 7g and 7i)
[Renssen et al., 2005; Lamy et al., 2002], we observe a strong multidecadal to centennial variability in both of
the sea ice regime (Figures 7a–7c) and wind and/or storm frequency (Figure 7h) after 1.9 ka B.P. This strong
variability provides evidence that the Weddell Gyre intensity and the spring/summer sea ice condition in EAP
were connected, probably in association with a strong atmospheric forcing. Such a strong climate variability
has been already identified in AP and associated to increased ENSO frequency [Bentley et al., 2009; Shevenell
et al., 2011; Pike et al., 2013; Etourneau et al., 2013], documented to begin around 4 ka B.P. [Moy et al., 2002;
Riedinger et al., 2002; Rein et al., 2005; Conroy et al., 2008].

However, while most of reconstructions of sea surface conditions in WAP described a single cooling trend
through the last 2 ka B.P. [Bentley et al., 2009; Shevenell et al., 2011; Pike et al., 2013; Etourneau et al., 2013]
in line with the pronounced cooling atmospheric temperature (Figure 7j) [Mulvaney et al., 2012], our results
indicate a warm period around 1.9–1.5 ka B.P. (Figures 7b and 7c). This period is concomitant with the strong
ENSO frequency associated with more La Niña events (Figures 7d and 7e) [Conroy et al., 2008; Makou et al.,
2010] and prevailing +SAM [Gomez et al., 2011]. We suggest that these +SAM conditions with several strong
La Niña events during that period promoted a strengthening of the northerly winds during both autumn and
spring, leading to early sea ice retreat in spring and late sea ice formation in the autumn as evidenced today
[Stammerjohn et al., 2008]. Our results show that environmental conditions did not follow a similar trend in
response to the regional atmospheric temperatures (Figure 7j) [Mulvaney et al., 2012] in both side of AP
and appeared to be more sensitive to the southern climate modes variability in EAP than in WAP during
the late Holocene, probably through their impact on the Weddell Gyre circulation.

6. Conclusion

Themarine sediment core JPC38 from the Vega Drift provides a new high-resolution Holocene climate record
of variability and oceanographic conditions on the eastern side of the AP. Diatoms assemblage andmultivari-
ate statistical analyses along with specific biomarkers provide a robust reconstruction, and new insights into
the past 8 ka B.P. climate history of the AP.

Prior to 7.4 ka B.P., the proximity to the glacial ice promoted high terrigenous sediment input to the site.
Heavy glacial and sea ice conditions and the presence of fresh and cold water in the Vega Drift region
reduced marine productivity. Although the southward migration of both the Westerlies and the ACC may
have contributed to the ice retreat of both WAP and EAP, the northward transport of sea ice and cold surface
waters by the Weddell Gyre likely increased sea ice extent and slowed down EAP ice retreat in PGC during the
early Holocene. Optimum climatic conditions occurred in PGC during the 7.4 to 5 ka B.P. interval and are asso-
ciated with a southward shift of both ACC and Westerlies and resulting in a reduction of the Weddell Gyre
transport. In contrast, the 5–1.9 ka B.P. period experienced cooler conditions. The northward migration of
the ACC might have allowed for the expansion of the Weddell Gyre, promoting transport of cold freshwater
and sea ice from the southwestern Weddell Sea to the core site and establishing a strong oceanic connection
from the EAP to the WAP. In parallel, the increase of benthic diatom species during the middle-to-late
Holocene period (7.4–1.9 ka B.P.) indicated an increase of summer/autumn storms frequency in relation with
important changes in the synoptic atmospheric circulation, which is controlled by obliquity changes. The
establishment of strong climate teleconnections between low and high latitudes marked this period and
seems more pronounced in EAP than in WAP. During the late Holocene, our results did not demonstrate a
single cooling trend as observed in WAP but suggested a warm period around 1.9–1.5 ka B.P., related to
the concomitant influence of strong ENSO frequency and prevalent positive anomalies of the SAM.

The results presented here reinforce previous paleoceanographic reconstructions of AP area and provide
additional insights into the regional Holocene history of the ocean-ice-atmosphere interactions. The data
provide evidence that strong atmospheric teleconnections between Pacific low latitudes and EAP during
the middle-to-late Holocene modulated sea surface conditions and primary productivity in relation with
the Weddell Gyre intensity. Although this strong multidecadal to centennial scale climate variability in PGC
coincided with the initiation of strong ENSO variability, high-resolution reconstructions of environmental
conditions to decipher the interaction between the ice-ocean-atmosphere systems around the AP during
the late Holocene are required to further assess their interactions.
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