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ABSTRACT

The occurrence and variable abundance of certain di- and tri-unsaturated C,,
highly branched isoprenoid (HBI) biomarkers in Antarctic marine sediments has
previously been proposed as a possible proxy measure of paleo sea-ice extent in
the Southern Ocean. In the current study, we obtained 47 near-surface (ca. 0-10
m) water samples taken from locations in East Antarctica with different sea ice
settings and analysed them for their HBI, sterol and fatty acid content.
Sampling locations ranged from the permanently open-ocean zone (POOZ), with
no seasonal sea-ice cover, the near-shore summer seaice zone (SIZ), where sea
ice remains long into the summer melt season, and the marginal ice zone (MIZ),
located between the POOZ and the SIZ, and with a highly variable latitudinal
sea-ice edge throughout the season. A di-unsaturated C,, HBI (diene II) was only
identified in surface waters from the MIZ and the SIZ, consistent with a sea-ice
diatom origin for this biomarker. In contrast, a tri-unsaturated C,, HBI (triene
I1I) was detected in all samples from the POOZ, the MIZ and the SIZ, and with a
stable isotopic composition (§°°C = —35 + 1.5%0) consistent with a phytoplankton
source. The highest concentrations of diene II and triene III were in samples
from the SIZ and the MIZ, respectively, thus providing further insights into the
sea-ice conditions likely favourable for their production and how their relative
abundances (the II/III ratio) in underlying sediments might be better interpreted
for paleo sea-ice reconstruction. In this respect, relatively high II/III might be a
good indicator of extended (into summer) seasonal sea-ice cover, while lower
II/III may provide a better indicator of the MIZ. However, the observation of

highly variable II/III within the polynya setting of the SIZ may also have
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significant impacts on sedimentary values. Distributions of diatom sterols and
fatty acids were also variable between the three sampling zones, but these were

not as distinctive as those observed for the HBISs.
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1. Introduction

Southern Ocean sea ice is critical to Earth’s climate regulation. It is one of
the most seasonal and variable features of the Earth’s surface, and has a
significant influence on key oceanic and atmospheric processes, which in turn
drive global climate (Brandon et al., 2010; Comiso, 2010). Determining the paleo
sea-ice record is widely recognised as critical to elucidating past (and future)
climate conditions (Dieckmann and Hellmer, 2010; Vaughan et al., 2013).
According to the Intergovernmental Panel on Climate Change, the lack of paleo
sea-ice records from the Southern Ocean hinders modern climate modelling
efforts, yet some models suggest that Antarctic sea-ice extent will reduce by 24%
and more than a third in terms of total volume by 2100 (Turner et al., 2009;
Vaughan et al., 2013). Further, Stammerjohn et al. (2012) have speculated that
the duration of the sea-ice season (i.e., the time between seasonal sea-ice
advance and retreat) might get shorter, meaning that sea ice would advance
later and retreat earlier, with an overall increase in open ocean conditions, more
generally. Although the analysis of fossil diatoms has been used with great
success for reconstruction of Antarctic winter sea-ice extent over the last 220,000
years (Gersonde et al., 2005; Armand and Leventer, 2010; de Vernal et al., 2013),
this approach is not applicable for longer timeframes and does not provide the
complementary information on the occurrence of summer sea ice; a parameter
critical in determining the net area of sea ice coverage and loss (Esper and
Gersonde, 2014; Ferry et al., 2015). As such, there is a need to develop new and
complementary proxies for reconstructing geophysical parameters associated

with Antarctic sea ice.
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In recent years, the organic geochemical lipid IP,, (Structure I; Fig. 1)
(Belt et al., 2007) has emerged as a useful proxy for paleo Arctic sea-ice extent,
in part, due to its selective production by certain diatoms residing in Arctic sea
ice (Belt et al., 2007, 2013; Brown et al., 2014). Importantly, IP,, and other more
unsaturated highly branched isoprenoid (HBI) alkenes are sufficiently stable in
underlying Arctic sediments to permit paleo sea-ice reconstructions spanning
recent decades (e.g., Miiller et al., 2011; Navarro-Rodriguez et al., 2013;
Stoynova et al., 2013; Xiao et al., 2013, 2015), the Holocene (Vare et al., 2009;
Miiller et al., 2012) and the Pliocene/Pleistocene boundary (Knies et al., 2014;
Miiller and Stein, 2014). Although IP, has not been reported in the Antarctic, a
structural analogue (an HBI diene; structure II; Fig. 1) has been identified in
both sea-ice diatoms and sediments from the region (Nichols et al., 1988; Johns
et al., 1999; Massé et al., 2011), with an isotopic (§°°C) signature that is also
characteristic of a sea-ice origin (Johns et al., 1999; Sinninghe Damsté et al.,
2007; Massé et al., 2011). Since this HBI diene is co-produced with IP,, by Arctic
sea-ice diatoms (Brown et al., 2014) and is positively correlated with IP,, when
quantified in sediments (Massé et al., 2011; Cabedo-Sanz et al., 2013), it too can
be used as'a proxy for Arctic sea ice, and also has the potential to provide the
basis for paleo sea-ice reconstruction for the Southern Ocean.

A number of Antarctic sea-ice reconstruction studies based on the variable
abundance of HBI diene II in Antarctic sediments have begun to appear
(Barbara et al., 2010, 2013; Denis et al., 2010; Massé et al., 2011; Collins et al.,
2013; Etourneau et al., 2013). A further HBI (an HBI triene; structure III; Fig. 1)

has been reported in Antarctic phytoplankton and sediments, although this
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isomer has not been identified in Antarctic sea ice. Further, its significantly
lighter stable isotopic composition (§*°C) in phytoplankton (§°C = —40.2 + 0.5%0)
and sediments (e.g., 8°C = —41.6 + 1.1%0) (Massé et al., 2011), compared to diene
II, indicates an exclusive origin in the pelagic phytoplankton (Trull and Armand,
2001), possibly from species that thrive within the marginal ice zone or
retreating ice margin (Collins et al., 2013). As such, measurement of diene II in
Antarctic sediments has generally been used to provide proxy evidence for
variability in past sea-ice extent for the Southern Ocean (Barbara et al., 2010,
2013; Denis et al., 2010; Massé et al., 2011; Etourneau et al., 2013), while
parallel quantification of triene III has been used to demonstrate open-water
conditions and possibly changes in seasonality of Antarctic sea ice (Collins et al.,
2013). The development of HBIs as proxies for Antarctic sea ice is much less
advanced than that of IP,, for the Arctic (see Belt and Miiller, 2013) and has
relied almost entirely on their analysis in a small number of sediments, rather
than within their source environments. Further, the specific diatoms responsible
for HBI production in the Southern Ocean are not known, but the major species
found in Antarctic winter sea ice and in phytoplankton (e.g., Fragilariopsis spp.
in sea ice) are unlikely to be the sources (Collins et al., 2013).

Other common lipid biomarkers such as sterols and fatty acids have
received less attention as possible sea-ice proxies, likely due to their ubiquity
and low environmental specificity, at least compared to HBIs such as IP,,.
However, some sterols, including epi-brassicasterol (24-methylcholesta-5,22E-
dien-3B-ol) from phytoplankton and dinosterol (40,23,24-trimethyl-50-cholest-

22E-en-3[3-ol) from dinoflagellates (Volkman, 1986; Volkman et al., 1993), have
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been measured alongside IP,, to provide complementary evidence for open water
conditions, especially for regions with seasonal sea-ice cover. Further, by
combining IP,. and some sterol concentrations together, application of the so-
called PIP,, index shows some potential for making IP, -based sea-ice
reconstructions more quantitative (e.g., Miller et al., 2011; Belt and Miiller,
2013). In any case, the occurrence of sterols and fatty acids in all
phytoplanktonic communities means that they can potentially provide useful
qualitative estimates of marine primary productivity (e.g., Fahl and Stein, 2012),
at least in surface waters.

In the current study, we aimed to obtain further insights into the use of
certain HBIs as proxies for Antarctic sea ice by investigating their occurrence
and abundance distributions in near-surface (ca. 0—10 m) water samples taken
from a transect in the East Antarctic with contrasting sea ice settings. Samples
were taken, and analysed, from three distinctively different regions with respect
to sea-ice cover into summer: the permanently open-ocean zone (POOZ) with no
seasonal sea-ice cover, the near-shore summer sea ice zone (SIZ) where sea ice
remains long into the summer melt season, and the marginal ice zone (MIZ),
located between the former two regions, and with a highly variable latitudinal
sea-ice edge throughout the season. In particular, we assessed for the absolute
and relative distributions of diene II and triene III within each zone and
compared the outcomes with algal sterols, fatty acids and chlorophyll a (Chl a) as

more generic indicators of marine primary productivity.

2. Experimental
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2.1. Surface water samples

Water samples were obtained as part of the NBP1402 cruise aboard the
RVIB Nathaniel B Palmerin February—March 2014 (see NBP1402 Scientific
Cruise Report, 2014, Sabrina Coast: Marine record of cryosphere—ocean
dynamics for details). At each sampling site, surface water (ca. 0—10 m water
depth) was obtained either from the ship’s intake line or from CTD rosettes. In
total, sampling was carried out at 47 sites, with 38 locations within the polynya
region (in the SIZ), west of the Dalton Iceberg Tongue (East Antarctica), and a
further 9 locations representing a transect to ca. 56°S in the MIZ and the POOZ
(Fig. 2). In each case, 1.5-3.0 1 of sampled water was filtered onto 25 mm
Whatman GF/F filters (used as supplied), wrapped in aluminium foil and stored

frozen (=80 °C). Sample data and locations are detailed in Supplementary Table

1.

2.2. Lipid extraction and analysis

Filtered water samples were extracted and analysed as described
previously for melted sea ice and water samples (Brown, 2011; Brown et al., 2011;
Belt et al., 2013). In brief, internal standards (9-octyl-8-heptadecene (10 pl; 2
pg/ml), 5 -androstan-3p-ol (10 ul; 2 pg/ml), and nonadecanoic acid (10 pl; 1
mg/ml)) were added to filters prior to extraction for quantification of HBIs,
sterols and fatty acids, respectively. Filters were then saponified (5% KOH; 70 °C;
60 min), after which, non-saponifiable lipids (including HBIs and sterols) were
extracted with hexane (3 x 2 ml) and purified by open column chromatography

(Si0,). HBIs and sterols were eluted using hexane (5 column volumes) and
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hexane/methyl acetate (4:1 v/v; 5 column columns), respectively. Fatty acids were
obtained by adding concentrated HCI (1 ml) to the saponified solution (after
extraction of non-saponifiable lipids) and re-extracted with hexane (3 x 2 ml).
Fractions containing fatty acids and sterols were derivatized (BSTFA; 50 pl;

70 °C; 60 min) prior to analysis by gas chromatography—mass spectrometry (GC—
MS).

All lipid fractions were analysed and quantified using GC—MS in total ion
current (TIC) or single ion monitoring (SIM) mode using a Hewlett-Packard 5890
Series II gas chromatograph, fitted with a 30 m fused silica HP, _ column (0.25
mm i.d., 0.25 pm film) coupled to a 5970 Series Mass Selective Detector (MSD)
(Belt et al., 2012). Individual lipids (and their derivatized products) were
identified on the basis of their characteristic GC retention indices and mass
spectra, together with comparisen of both parameters with those obtained from
purified standards held in the University of Plymouth Biogeochemistry Research
Centre laboratory. Quantification of individual lipids was also achieved using
GC-MS. First, manually integrated GC-MS peak areas of individual lipids were
divided by those of the respective internal standards. Second, in order to account
for the differences in GC-MS responses between lipids and internal standards,
integrated GC-MS lipid/internal standard ratios were normalised using
instrumental response factors calculated from calibration curves obtained using
purified standards of known concentration. Third, multiplication of these
normalised lipid area ratios by the mass of the internal standard yielded the

mass of lipid extracted in each case, and these were finally converted to their

10
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corresponding seawater concentrations using the volume of water filtered. All

analytical data can be found in Supplementary Table 1.

2.3. Sea-ice and chlorophyll a data

Mean monthly satellite-derived sea-ice extent and Chl a data were
obtained from the National Snow and Ice Data Center (Fetterer et al., 2002) and
NASA (http://oceandata.sci.gsfc.nasa.gov/), respectively. Sea-ice imagery was
derived from MODIS (on-board Terra and Aqua spacecraft) and provided by
NASA Worldview (https://earthdata.nasa.gov/earth-observation-data/near-real-

time).

3. Results

3.1. HBIs in surface waters

HBI diene II could be identified and quantified in all of the surface water
samples from the SIZ with a range in concentration of 0.10—0.48 pg/ml (mean
0.25 pg/ml, Fig. 3). The mean concentration of diene II in samples from the MIZ
(0.10 pg/ml) was lower than that for the SIZ and this biomarker was absent (or
below the limit of quantification; 0.025 pg/ml) in the sample from the most
northerly location within the MIZ and in each of the four samples from the
POOZ (Fig. 3). In contrast, triene III could be quantified in all samples from the
three zones (Fig. 3). The concentration of triene III was 0.21-3.97 pg/ml in the
SIZ with generally higher values in the MIZ (2.24-8.99 pg/ml). Indeed, the mean

triene III concentration in the MIZ (6.00 pg/ml) was ca. six times higher than

11
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that in the SIZ (1.06 pg/ml). However, triene III was present in much lower
amounts (0.06—0.09 pg/ml) in samples from the POOZ, with a mean
concentration (0.07 pg/ml) ca. 14 and 85 times lower compared to the SIZ and
MIZ, respectively. Consistent with these differences in diene II and triene III
distributions between zones, concentrations of these HBIs were not at all
correlated (Table 1) and the mean II/III ratio was ca. 22 times larger in the S1Z
(0.344) compared to the MIZ (0.016); all individual values were also higher in the
SIZ (Fig. 3). Finally, although the abundances of both diene II and triene III
were not sufficiently high in individual samples to enable us to obtain their
stable isotopic composition (§°C), we were able to determine a value for triene I1I
(8”C = —35 + 1.5%0) by combining several extracts together; however, the
combined abundance of diene II was too low to enable us to obtain the

corresponding value for this HBI.

3.2. Sterols and fatty acids in surface waters

The major sterols in all samples were 24-methylcholesta-5,22E-dien-3[3-ol
(epi-brassicasterol), 24-methylenecholesterol, 22-dehydrocholesterol and
cholesterol, consistent with diatoms as the predominant microalgal source.
Further, sterol concentrations were generally well correlated (Table 1),
indicating consistency in the relative composition between sampling sites.
Individual and combined sterol concentration data (Fig. 4) can be found in
Supplementary Table 1. The mean total sterol (epi-brassicasterol + 24-
methylenecholesterol + 22-dehydrocholesterol + cholesterol) concentration was

1190, 1400 and 4690 pg/ml in the SIZ, MIZ and POOZ, respectively, with

12
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significantly less variation between the zones compared to the trends seen for
diene II and triene III. The FA GC-MS chromatograms were dominated by C,,,
C,and C , again consistent with diatoms as the major components in the
filtered biota (e.g., Opute, 1974; Volkman et al., 1989; Reuss and Poulsen, 2002).
Concentrations of C,,, C,, and C,,, were also well correlated across all samples
(Table 1) and there was some variation in mean concentrations of individual and

total FAs (C,, + C, + C,,,) between the different sampling zones (Fig: 5;

16:1
Supplementary Table 1). Thus, the mean total FA concentration was ca. 1.9 and
2.9 times higher in the MIZ (7759 pg/ml) compared to the SIZ (4014 pg/ml) and

POOZ (2652 pg/ml), respectively.

4. Discussion

4.1. Lipid distributions within different sea ice settings

The occurrence of diene II in seasonally sea ice covered surface waters
within the polynya, west of the Dalton Iceberg Tongue, and further offshore in
the MIZ is consistent with production of this biomarker by sea-ice diatoms
during the spring bloom (Nichols et al., 1988; Johns et al., 1999), followed by
their release into the upper water column during sea-ice melt. In addition, the
absence of diene II within the POOZ further supports the notion of selective
production of this biomarker by certain (as yet unknown) diatoms affiliated with
sea ice. Consistent with both of these observations, sympagic diatoms have

previously been identified in near-coastal surface waters off Adélie Land (also

13
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East Antarctica) soon after ice melt, while the species composition further
offshore was dominated by pelagic counterparts (Riaux-Gobin et al., 2011).
Unfortunately, the abundance of diene II in the SIZ and MIZ samples was
too low for us to determine its stable isotopic composition (and thus confirm its
sea ice origin), although this HBI has been reported previously in sea ice from a
nearby location (ca. 66°S; 110°E) (Massé et al., 2011) with an isotopic signature
(8"°C = =5.7%0) characteristic of a sea-ice diatom source. In fact, HBI II identified
previously in sea ice and sediments from other Antarctic locations is always
isotopically heavy, and has not been reported in Antarctic phytoplankton,
suggesting that its production is highly specificto certain sea-ice diatoms. The
source of HBI II in our water samples is therefore believed to be sea-ice diatoms
that were released into the surface waters during ice melt. Further, we interpret
the overall increased concentration of diene II in the SIZ samples compared to
those from the MIZ as reflecting more favourable conditions for sea-ice diatom
growth due, mainly, to longer seasonal sea ice cover. Indeed, at the time of
sampling (9 February—10 March 2014), remnant sea ice was still evident in the
SIZ, but the MIZ was characterised by clear, open water conditions. The
maximum winter sea ice extent in the region is normally reached during
September and October (Fig. 2) with spring retreat occurring during November
and December, coincident with (at least some) sea ice diatom growth (e.g., Arrigo
et al., 2010). Although there have been no systematic time-series investigations
of the production of diene II in Antarctic sea ice, the accumulation of IP,, in
Arctic sea ice has been shown to closely parallel the spring bloom (Brown et al.,

2011; Belt et al., 2013). As such, the corresponding accumulation of diene II in

14
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Antarctic sea ice might be expected to be highest in regions of longer spring sea
ice duration (i.e., within the SIZ), with lower amounts within the MIZ due to
competing sea ice melt. Consistent with this suggestion, diene II was not
detected in the most northerly sampling location within the MIZ, where the sea-
ice margin had already retreated further south by December 2013 (Fig. 2).
Finally, the selective production of diene II by sea ice diatoms likely explains the
poor overall correlations between its concentration and those of the other lipids
(Table 1), which could all be identified in each of the SIZ, MIZ and POOZ.

The distribution pattern of triene III is substantially different to that of
diene II, indicating contrasting environmental control over its production. For
example, triene III could be identified and quantified in samples from all
locations, consistent with biosynthesis by phytoplankton rather than sea-ice
diatoms, a conclusion supported further by an extremely light isotopic signature
for this lipid in the current study (5*°C = —35 + 1.5%0) and in previous reports
when measured in Antarctic phytoplankton (Massé et al., 2011) and sediments
from both the Antarctic (Massé et al., 2011) and the Arctic (Belt et al., 2008).
Although the sources of triene III in Antarctic (or Arctic) phytoplankton are not
known, diatoms belonging to the Pleurosigma genus are likely candidates, since
some of these, including planktonic species, are known producers of HBI trienes
(including III) in culture (e.g., Belt et al., 2000, 2001; Grossi et al., 2004).
Curiously, despite the ubiquity of triene IIT in samples from each zone, the mean
concentration was markedly higher in the SIZ compared to the POOZ and even
higher in the MIZ (Fig. 3). In previous paleo Antarctic sea-ice studies based on

HBI lipids in marine sediments, the down-core variability of triene III has been

15
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interpreted in terms of changes in the extent or duration of open-water
conditions, with the corresponding abundances of diene II providing the
complementary responses in terms of sea-ice duration (Barbara et al., 2010, 2013;
Denis et al., 2010; Massé et al., 2011; Collins et al., 2013; Etourneau et al., 2013).
In general, opposing trends in these two HBIs provides some support for such
interpretations. However, in a study focussing on glacial age sediments from the
Scotia Sea in the South Atlantic, Collins et al. (2013) observed in-phase changes
in diene II and triene III concentrations and suggested that these might be
better interpreted in terms of the latter being produced by phytoplankton that
thrive at the ice edge, with low seasonality shifts favouring production of both
biomarkers. Further, Etourneau et al. (2013) interpreted late Holocene increases
in HBI IT and HBI III within a western Antarctic Peninsula record as indicating
increasing sea ice extent during colder winters (increased II) coeval with warmer
summers (increased III). However, no in situ data have thus far been presented
to test either hypothesis further. In the current study, our surface water data
certainly indicate enhancement of triene III within the MIZ (relative to the
POOQOZ) as the sea-ice edge retreats during spring, but with concentrations of
diene II that are lower than for the SIZ. Conversely, a reduction in triene III in
the SIZ (relative to the MIZ) is accompanied by the highest diene II
concentrations as described earlier. Such shifts in the relative concentrations of
the two HBIs are even more evident in the II/III ratio between the three zones
with all values in the SIZ being larger than those for the MIZ (Fig. 3). Our

surface water sample data thus indicate that relatively low II and high III (and

16
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thus low II/III) are characteristic of the MIZ, while high IT and low III (high II/IIT)
reflect conditions of longer seasonal sea-ice cover found in the SIZ.

In order to investigate the sensitivity of triene III to the local sea-ice
conditions in more detail and, in particular, to assess the significance of the
enhancement in the MIZ compared to the POOZ, we also determined the
concentrations of selected marine diatom sterols and FAs as more generic
indicators of primary productivity. In contrast to the data for triene III, the
concentrations of both lipid classes (individual and totals) were much more
evenly distributed between the SIZ, the MIZ and the POOZ. The mean
concentrations of total sterols and FAs were, however, highest in the MIZ,
although the relative enhancements were not as large as those of triene III (Figs.
3, 4, and 5). As such, all three markers of marine diatom productivity (triene III,
sterols, FAs) show increased values within the MIZ, and elevated mean
(February/March) Chl a concentration was also evident within the MIZ (0.75
mg/m®) compared to the POOZ (0.11 mg/m®) and the SIZ (0.3 mg/m®)
(Supplementary Figure 1). The largest (clearest) change in mean lipid
concentration between the different sampling zones is especially evident through
inspection of triene III/total sterol and triene IIl/total FA ratios (Figs. 6a, b),
with higher values within the MIZ due to enhanced triene III (Fig. 3b). At this
stage, it is not clear what the reason behind the particular enhancement in
triene III is, although it may, potentially, be attributed to a preference (or
tolerance) of the species that biosynthesise this HBI to the stratified and
nutrient-rich surface waters found at the sea ice edge which are well-known to

promote phytoplankton productivity in the Antarctic (e.g., Niebauer and
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Alexander, 1985; Smith and Nelson, 1985; Korb et al., 2005) and the Arctic
(Sakshaug and Skjoldal, 1989; Sakshaug et al., 2009; Perrette et al., 2011). In
contrast, the smaller changes in relative concentration of total sterols and total
FAs between the different sampling regions likely reflect more general variations
in diatom productivity, especially as these are lipids common to all diatoms. In
addition, there may also be additional contributions to the FA budget from some
other microalgae or bacteria (e.g., Volkman et al., 1989; Nichols et al., 1993) that
further influence the distributions between zones, and this may explain, in part,
the slightly different distributions of sterols and FAs between sampling regions
(Figs. 4 and 5), most clearly observed through somewhat variable (mean and
range) total FA/total sterol ratios (Fig. 6c).

The sensitivity of both diene Il .and triene III to the local sea-ice conditions,
as demonstrated here, likely adds further value to their use as proxies for paleo
sea-ice reconstruction when measured in Antarctic sediments. For example, on
the basis of the variations in diene II and triene III identified in the current
study, examination of sedimentary changes in both biomarkers and the ratio
between them has the potential to provide further insights into sea-ice
occurrence, duration and identification of winter/summer sea-ice limits and the
MIZ. To date, however, there has not been a sufficiently detailed spatial
assessment of the distributions of diene I and triene III in Antarctic surface (or
down-core) sediments representing different overlying sea ice conditions, or a
study of their behaviour within the water column prior to sedimentation, to
evaluate whether the signature distributions identified here are preserved

within the paleo record. In the meantime, we note that Belt et al. (2015) recently

18



Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published
version for accuracy and citation.

observed an inverse relationship between IP,, and triene III in surface sediments
from different regions of the Barents Sea (Arctic), which experiences a dynamic
sea-ice advance and retreat cycle similar to that of the main transect in the
current study. Thus, high (low) IP,, and low (high) triene III were observed in
surface sediments with relatively long (short) seasonal sea-ice cover and the
same relationships were preserved within three down-core records covering the
Holocene and the Younger Dryas. As a result, Belt et al. (2015) concluded that
combined measurement of IP,, and triene III could provide more detailed
descriptions of seasonal Arctic sea-ice conditions (and temporal changes to these)
than IP,, alone, and we suggest that the same may be true for diene II and triene
III for the Antarctic. Testing this hypothesis will require a much greater
examination of the spatial distributions of these two HBIs in Antarctic surface
sediments and of their transit behaviour between surface waters and sediments.

Both of these are currently being investigated in our laboratory.

4.2. The role of the polynya

Sea-ice cover within the SIZ typically reaches a maximum during late
September/early October, with some partial break-up by the end of October (Fig.
7a). A distinctive feature of the SIZ within the current study, however, is the
polynya, located west of the Dalton Iceberg Tongue (Fig. 7b). Polynya formation
occurs as a consequence of a natural embayment between the Dalton Iceberg
Tongue to the east and landfast ice off Law Dome to the west, which limits sea-
ice export via the westward-flowing Antarctic Coastal Current. Together with

katabatic winds that funnel along the Moscow University Ice Shelf, this
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embayment results in recurrent ice formation and break-up leading to a ‘sea-ice
factory’ scenario that is responsible for sea-ice retention even into summer,
which contrasts with the advance/retreat cycle that occurs further north.
Importantly, from a marine sediment-based proxy perspective, with horizons
representing multi-year accumulation, a polynya scenario is a common feature
for the SIZ on an annual basis, as evidenced from satellite records and reflected
further by the median February sea-ice extent from 1980-2010 (Fig. 2). In any
case, extended sea-ice duration within the polynya is likely favourable for
enhanced sea-ice diatom growth and thus, production of diene II, as seen in the
SIZ samples (Fig. 3a). On the other hand, the occurrence of transient phases of
open water within the polynya (Fig. 7b) potentially explains the somewhat
higher abundances of triene III (and of sterols and FAs; Figs. 3-5), at least when
compared with values in the POOZ. Therefore, relatively high abundances of
both HBIs in the sedimentary record, as observed here within the SIZ water
samples, may reflect polynya-type conditions rather than long seasonal sea-ice
cover followed by warmer summers, as has been suggested previously
(Etourneau et al., 2013). In addition, II/III ratios within our SIZ samples span at
least one order of magnitude (Fig. 3¢), which is typical of the range seen in
sedimentary records, and interpreted previously as indicating quite major shifts
in either sea ice extent and/or open water conditions during summers (Barbara
et al., 2010, 2013; Etourneau et al., 2013). Of course, whether sedimentary II/III
ratios closely reflect those of the overlying water samples, or if the variation seen
in the latter becomes homogenised within sediments, is in need of further

investigation; however, on the basis of the data presented here, it is possible that
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some control over substantial variations in sedimentary II/III may not be limited
to large-scale changes in sea-ice extent, but may also be influenced by polynya-

driven processes.

5. Conclusions

Distributions of an HBI diene (II) and triene (III) in surface waters from
an offshore transect within the region north of the polynya west of the Dalton
Iceberg Tongue (East Antarctica) were found to be extremely sensitive to the
local sea-ice conditions. Thus, diene II was only detected at sampling sites that
experienced seasonal sea ice, with highest concentrations found in coastal
locations with longer-lasting ice cover and a recurrent polynya. In contrast,
triene III was observed in surface waters from the POOZ, the MIZ and the SIZ,
but with highest concentrations within the region of the retreating sea ice edge
(the MIZ). Production of intermediate level concentrations of triene III within
the SIZ likely reflects favourable conditions associated with the polynya. These
observations are consistent with significant environmental control over the
biosynthesis of II and III by sea ice diatoms and open water phytoplankton,
respectively, with the production of III being especially favoured within the
vicinity of the retreating ice-edge or the polynya. Although some environment-
specific trends were also identified in the sterol and FA distributions, these were
not as striking as those for II and III. Our data generally support various
previous deductions based on sedimentary records of II and III in dated marine
archives, especially the abundance of diene II as an indicator of seasonal sea-ice

extent. The occurrence of triene III at all sites is consistent with the use of this
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biomarker as an open water indicator, while enhanced concentrations within the
MIZ supports the notion of a more specific indicator of increased productivity
adjacent to the sea-ice edge, as suggested by Collins et al. (2013). However,
additional local factors, such as those associated with polynya formation, may
also exert significant control over the distribution of triene III and the relative

concentrations of IT and III, in particular.
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Fig. 1. Structures of C,, HBI alkenes described in this study: (I) IP,,; (II) HBI

diene; (IIT) HBI triene.
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Fig. 2. Map of the main study region and location of individual sampling sites.
Major ocean currents and other landmarks are also indicated. ACC: Antarctic
Circumpolar Current; ACoC: Antarctic Coastal Current. Dated lines refer to
mean satellite-derived sea-ice extent (NSIDC) and the regions designated as the
permanently open ocean zone (POOZ), the marginal ice zone (MIZ) and the
seasonal ice zone (SIZ) are also shown. The main polynya region described in the

text includes samples located further south than ca. 66°S.

Fig. 3. Distributions of diene II, triene III and II/IIl in East Antarctic surface

waters.

Fig. 4. Concentrations (pg/ml) of major (and total) sterols in East Antarctic

surface waters.

Fig. 5. Concentrations (pg/ml) of major (and total) fatty acids in East Antarctic

surface waters.

Fig. 6. Distributions of: (a) HBI III/Total sterol; (b) HBI III/Total FA; (c) Total

FA/Total sterol in East Antarctic surface waters.

Fig. 7. Satellite-derived visible images of the study region (composite of data

from the MODerate Resolution Imaging Spectroradiometer (MODIS), flown on
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two NASA spacecraft (Terra and Aqua)). Imagery was recorded on: (a) 26

October 2013 and (b) 18 February 2014.

Table 1. Correlation between biomarkers in East Antarctic surface waters

(values in bold indicate significant correlation (r) where p < 0.05).
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Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published
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Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published
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Table 1
Diene IT Triene 111 epi-brassicasterol 24-methylenecholesterol 22-dehydrocholesterol cholesterol C40 FA Ci9 FA
Diene II
Triene III -0.028
epi-brassicasterol -0.005 0.223
24-methylenecholesterol 0.042 0.651 0.808
22-dehydrocholesterol 0.111 -0.024 0.820 0.543
cholesterol 0.238 0291 0.575 0.557 0.490
Cuo FA 0.094 0.706 0.587 0.785 0.309 0.676
Cie0 FA 0.100 0.526 0.452 0.588 0.218 0.848 0.885
Cieq FA 0.170 0.687 0.521 0.746 0.268 0.775 0.949 0.920
p=005;n=47
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Disclaimer: This is a pre-publication version. Readers are recommended to consult the full published
version for accuracy and citation.

Highlights

*Highly branched isoprenoid (HBI) alkenes measured in Antarctic surface

waters.

*HBI diene identified in surface waters from regions of seasonal sea ice

cover

*HBI triene found in waters from all regions but enhanced within the

marginal ice zone

eSterol and fatty acid distributions less sensitive to sea ice cover than HBI

alkenes

*HBI distributions provide new insights for biomarker-based paleo sea ice

reconstruction
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