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2 Abstract. In some previous studies, the ratio between a di-unsaturated highly branched isoprenoid (HBI) lipid termed IPSO25 and a structurally related tri-unsaturated counterpart (HBI III) (viz. IPSO25/HBI III) has been used as a proxy measure of variable sea ice cover in the Antarctic owing to their production by certain sea ice algae and open water diatoms, respectively. To investigate this further, we quantified selected lipids and their photo-and autoxidation products in samples of suspended particulate matter (SPM) collected at different water depths in the polynya region west of the Dalton Iceberg Tongue (East Antarctica). The results obtained confirm the high efficiency of photo-and autoxidation processes in diatoms from the region. The systematic increase of the ratio IPSO25/HBI III with water depth in the current samples appeared to be dependent on the sampling site and was due to both (i) a relatively higher contribution of ice algae to the deeper samples resulting from their increased aggregation and therefore higher sinking rate, or (ii) a stronger abiotic degradation of HBI III during settling through the water column. Analyses of samples taken from the water-sediment interface and some underlying near-surface sediments revealed a further increase of the ratio IPSO25/HBI III, indicative of further differential oxidation of the more unsaturated HBI.

Unfortunately, specific oxidation products of HBI III could not be detected in the strongly oxidized SPM and sediment samples, likely due to their lability towards further oxidation. In contrast, oxidation products of HBI III were detected in weakly oxidized samples of phytoplanktonic cells collected from Commonwealth Bay (also East Antarctica), thus providing more direct evidence for the involvement of photo-and/or autoxidation of HBI III in the region. This oxidative alteration of the ratio IPSO25/HBI III between their source and sedimentary environments might need to be considered more carefully when using this parameter for palaeo sea ice reconstruction purposes in the Antarctic.

Introduction

Sea ice plays a central role in the overall climate structure of the Polar Regions [START_REF] Thomas | Sea ice 3 rd ed[END_REF]. Amongst its various well known attributes, its high albedo (reflectivity) means that sea ice serves as an efficient regulator of incoming solar radiation to the surface oceans. Further, the physical structure of sea ice provides a physical barrier to the exchange of gas, heat and moisture between the polar oceans and the atmosphere. It is also an important contributor to near-surface stratification, bottom-water formation and ventilation, in particular (e.g. Dickson et al., 2007 and references therein). From a biogeochemical perspective, nutrient release during ice melt in spring, coupled with surface layer stratification and increasing light and temperature, often leads to intense open water phytoplankton production, especially along the retreating ice edge or the so-called marginal ice zone (MIZ) [START_REF] Smith | The importance of ice-edge blooms in the Southern Ocean[END_REF][START_REF] Smith | Phytoplankton dynamics in marginal ice zones[END_REF][START_REF] Sakshaug | Phytoplankton and primary production[END_REF][START_REF] Perette | Near-ubiquity of ice-edge blooms in the Arctic[END_REF].

Understanding the well documented abrupt changes in sea ice in the polar regions [START_REF] Stroeve | The Arctic's rapidly shrinking sea ice cover: a research synthesis[END_REF][START_REF] Fetterer | Sea Ice Index. ver.2 NSIDC: National Snow and Ice Data Center[END_REF][START_REF] Serreze | Summer atmospheric circulation anomalies over the Arctic Ocean and their influence on September sea ice extent. A cautionary tale[END_REF][START_REF] Walsh | A database for depicting Arctic sea ice variations back to 1850[END_REF] requires more detailed knowledge of how it has changed in the past in response to other climatic drivers. A common approach to achieve this is through the analysis of so-called sea ice proxies present in marine sediment archives. The majority of these proxies possess some kind of biological origin, although there are others (e.g. de Vernal et al., 2013 and references therein). In the Antarctic, the identification of certain ice-associated diatoms in polar marine sediments has a long history of use for palaeo sea ice determinations [START_REF] Armand | Advances in palaeo sea ice estimation[END_REF]. However, the growth habitat of the target species are normally more closely associated with the open waters of the MIZ rather than that of sea ice itself [START_REF] Leventer | The fate of sea ice diatoms and their use as paleoenvironmental indicators[END_REF][START_REF] Leventer | New approaches and progress in the use of polar marine diatoms in reconstructing sea ice distribution[END_REF]. On the other hand, those diatoms that bloom within the sea ice host (i.e. the strictly sympagic community), are often under-represented in sedimentary records [START_REF] Leventer | The fate of Antarctic "sea ice diatoms" and their use as paleoenvironmental indicators[END_REF].

Over the last decade or so, a number of diatom-derived lipid biomarkers have emerged as useful complementary sea ice proxies to the more traditional micropaleontological-based approaches. Thus a mono-unsaturated highly branched isoprenoid (HBI) termed IP25 (Ice Proxy with 25 carbon atoms; [START_REF] Belt | A novel chemical fossil of palaeo sea ice: IP25[END_REF] has emerged as a useful proxy for seasonal Arctic sea ice (for reviews, see Belt and Muller, 2013;[START_REF] Belt | Source-specific biomarkers as proxies for Arctic and Antarctic sea ice[END_REF], while a di-unsaturated structural homolog of IP25 -sometimes referred to as HBI II (1; see appendix) -appears to be a suitable counterpart for the Antarctic. A recent source identification and the near ubiquity of the diene 1 in near-coastal sediments from around the Antarctic continent has led to its recent designation as IPSO25 (Ice Proxy for the Southern Ocean with 25 carbon atoms; [START_REF] Belt | Source identification and distribution reveals the potential of the geochemical Antarctic sea ice proxy IPSO25[END_REF] by analogy with IP25. A further, tri-unsaturated HBI, often termed HBI III (2), is also showing potentially as a biomarker proxy indicator of the MIZ in both Polar Regions. Thus, enhanced concentrations of HBI III (2) have been observed in surface sediments from the MIZ of the Barents Sea in the Arctic [START_REF] Belt | Identification of paleo Arctic winter sea ice limits and the marginal ice zone: Optimised biomarker-based reconstructions of late Quaternary Arctic sea ice[END_REF] and in surface waters of the MIZ in East Antarctica [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF] and the Scotia Sea [START_REF] Schmidt | Do pelagic grazers benefit from sea ice? Insights from the Antarctic sea ice proxy IPSO25[END_REF] shortly following sea ice melt. As a result, some palaeo sea ice records based on HBI II (hereafter referred to as IPSO25) (1) and HBI III (2) for the Antarctic have appeared in recent years (Barbara et al., 2010(Barbara et al., ,2013[START_REF] Barbara | Environmental responses of the Northeast Antarctic Peninsula to the Holocene climate variability[END_REF][START_REF] Denis | Sea ice and wind variability during the Holocene in East Antarctica: insight on middle-high latitude coupling[END_REF][START_REF] Collins | Evaluating highly branched isoprenoid (HBI) biomarkers as a novel Antarctic sea-ice proxy in deep ocean glacial age sediments[END_REF][START_REF] Etourneau | Holocene climate variations in the western Antarctic Peninsula: evidence for sea ice extent predominantly controlled by changes in insolation and ENSO variability[END_REF][START_REF] Campagne | Glacial ice and atmospheric forcing on the Mertz Glacier Polynya over the past 250 years[END_REF][START_REF] Campagne | Sedimentary response to sea ice and atmospheric variability over the instrumental period off Adélie Land, East Antarctica[END_REF]. A general interpretation of greater sea ice extent for relatively high IPSO25 (1) compared to HBI III (2), and more open water conditions for increased HBI III (2) concentrations has been applied. In some of these studies, variability in the ratio 1/2 has been used as a qualitative measure of changes to sea ice cover; however, this assumption has, as yet, not been validated through comparison of surface sediment biomarker data with known overlying sea ice conditions in the same way as for IP25 (and HBI III (2) in some cases) in the Arctic (see [START_REF] Belt | Source-specific biomarkers as proxies for Arctic and Antarctic sea ice[END_REF] for a recent review).

Nonetheless, such interpretations are consistent with the data reported by [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF] following analysis of IPSO25 (1) and HBI III (2) in surface waters from regions of variable sea ice cover from East Antarctica, with highest concentrations found in the summer sea ice zone and MIZ, respectively. Similar findings have also been reported for surface water samples from the Scotia Sea [START_REF] Schmidt | Do pelagic grazers benefit from sea ice? Insights from the Antarctic sea ice proxy IPSO25[END_REF]. However, the extent to which the surface water distributions of IPSO25 (1) and HBI III (2) are replicated in the underlying sediments for palaeo sea ice reconstruction purposes was not investigated in the initial study by [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF].

To provide further insight to this, here we carried out analysis of further water samples from the polynya region proximal to the Dalton Ice Tongue in East Antarctica with the primary aim of determining any variability of the ratio 1/2 with water depth, and to reconcile outcomes through the identification of pathway-specific oxidation products of common phytoplankton lipids as indicators of well-known degradation processes (i.e. bacterial degradation, photooxidation and autoxidation). Further evidence for the oxidation of such lipids was obtained through the analysis of near-surface sediment material collected from the main study region and from filtered phytoplankton samples collected from Commonwealth Bay (also East Antarctica).

Materials and methods

Sampling

Water samples were obtained as part of the NBP1402 cruise aboard the RVIB Nathaniel B Palmer in February-March 2014 as described previously [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF] see also NBP1402 Scientific Cruise Report, 2014, Sabrina Coast: Marine record of cryosphere-ocean dynamics (467 pages) for further details) (http://www.marinegeo.org/tools/search/data/field/NBPalmer/NBP1402/docs/NBP1402Cru iseReport_Final.pdf). For the current study, we focused on those locations that had experienced seasonal sea ice cover within the polynya region west of the Dalton Iceberg Tongue (East Antarctica). At each of the 12 sampling sites (Fig. 1), surface (0-10 m), subsurface (chlorophyll a maximum; ca. 25-60 m) and deep (ca. 500-1100 m) water samples were obtained from CTD rosettes. At the five stations where we carried out lipid degradation studies, the surface CTD samples had already been used for native lipid analyses so we used water obtained from the ship's intake line (ca. <10 m); near-surface and deep water samples were obtained from the CTD rosettes as per the other stations. In each case, 1.5-3.0 l of sampled water was filtered onto 25 mm Whatman GF/F filters (as supplied), wrapped in aluminium foil and stored frozen (-80°C). Sample data are detailed in Supplementary Table 1. Megacoring was conducted using a Bowers and Connelly MegaCorer, with 12 10-cm diameter core tubes, for sampling an undisturbed sediment water interface. Surface water above the core tops and a layer of diatomaceous 'fluff' were pipetted off the top of the core tubes and stored frozen (-80°C). Sediment material from the cores was extruded at 0.5 to 2 cm intervals, depending on the core depth.

Three samples of phytoplankton cells (CB, AS607 and AS608) were collected in Commonwealth Bay (East Antarctica, 66°56S; 142°27E) during the IPEV-COCA2012 cruise in January 2012. Surface waters were sampled using a 25-µm ring net deployed from the R/V Astrolabe. Concentrated phytoplankton cell suspensions (ranging from 2.6 to 1.1 mg d.w. ml -1 ) were stored frozen (-20 °C) prior to freeze drying and analysis.

Sample treatment

Lipids from all of the CTD samples, the waters above the sediment cores and the diatomaceous 'fluff' were extracted and analyzed as described previously by [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF]. This treatment involved addition of internal standards (9-octyl-8-heptadecene for HBI quantification, 5α-androstan-3β-ol for ∆ 5 -sterol quantification and nonadecanoic acid for fatty acid quantification), saponification (5% KOH (9:1 v/v MeOH/H2O); 70 °C; 60 min) and separation of non-saponifiable (hexane 3x2 ml) and saponifiable fractions (+1 ml HCl; hexane (3x2 ml)). For sediments, ca. 1 g of freeze-dried material was extracted by sonication (dichloromethane/methanol; 2:1 v/v, 3x2 ml) to obtain a total organic extract (TOE). Subsequent purification of the unsaponifiable fraction/TOE by open column chromatography (SiO2) afforded HBIs (elution with hexane; 5 column volumes) and sterols (elution with hexane-methyl acetate (4:1, v/v; 5 column volumes). In addition, saturated non-polar components of TOEs were removed using silver-ion chromatography [START_REF] Belt | Identification of paleo Arctic winter sea ice limits and the marginal ice zone: Optimised biomarker-based reconstructions of late Quaternary Arctic sea ice[END_REF].

Treatment of the filtered water samples from the five stations selected for lipid oxidation product analyses and phytoplankton material collected from Commonwealth Bay involved a different treatment. Following addition of MeOH (25 ml) and reduction with excess NaBH4 (70 mg, 30 min) of labile hydroperoxides to alcohols, which are more amenable to analysis using gas chromatography-mass spectrometry (GC-MS), water (25 ml) and KOH (2.8 g) were added and the resulting mixture saponified by refluxing (2 h).

After cooling, the mixture was acidified (HCl, 2 N) to pH 1 and extracted with dichloromethane (DCM; 3 x 20 ml). The combined DCM extracts were dried over anhydrous sodium sulfate, filtered and concentrated via rotary evaporation at 40°C to give total lipid extracts (TLEs).

A different treatment [START_REF] Rontani | Use of palmitoleic acid and its oxidation products for monitoring the degradation of ice algae in Arctic waters and bottom sediments[END_REF] was employed to estimate the relative proportions of hydroperoxides and their ketonic and alcoholic degradation products in phytoplankton samples from Commonwealth Bay. This involved ultrasonic extraction of lipids with chloroform-MeOH-water (1:2:0.8, v/v/v), separation of the supernatant by centrifugation at 3500G, evaporation to dryness, and division of the residue into two equal parts. The first sub-sample was acetylated in acetic anhydride-pyridine (1:2, v/v) overnight, which converted hydroperoxides to the corresponding ketones [START_REF] Mihara | Photosensitized oxygenation reactions of phytol and its derivatives[END_REF], and then saponified. The second sub-sample was reduced with NaBD4 and saponified.

Comparison of the amounts of alcohols present after acetylation and NaBD4 reduction made it possible to estimate the amount of hydroperoxides and alcohols present in the samples, while deuterium labeling (via NaBD4 reduction) allowed us to estimate the proportion of ketones in the samples.

Derivatization

For all samples containing hydroxylic components, an aliquot was dissolved in 300 µl pyridine/bis(trimethylsilyl)trifluoroacetamide (BSTFA, Supelco; 2:1, v:v) and silylated (1 h) at 50 °C. After evaporation to dryness under a stream of N2, the derivatized residue was dissolved in a mixture of ethyl acetate and BSTFA (to avoid desilylation) and analyzed by GC-MS, GC-QTOF or GC-MS/MS.

Assignment and quantification of lipids

Native lipids were identified and quantified using GC-MS in total ion current (TIC) or selected ion monitoring (SIM) mode using a Hewlett-Packard 5890 Series II gas chromatograph, fitted with a 30 m fused silica HP5ms column (0.25 mm i.d., 0.25 µm film) coupled to a 5970 Series Mass Selective Detector (MSD) (Belt et al., 2012). Individual lipids (and their derivatised products) were identified on the basis of their characteristic GC retention indices (e.g. RIHP5ms 2082 and 2044 for IPSO25 and HBI III, respectively) and mass spectra [START_REF] Belt | Source-specific biomarkers as proxies for Arctic and Antarctic sea ice[END_REF], together with comparison of both parameters with those obtained from purified standards [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF]. Quantification of individual lipids was achieved first by manual integration of GC-MS peak areas, division of these by those of the respective internal standards, and normalization of the resulting ratios using instrumental response factors obtained for each lipid [START_REF] Belt | An inter-laboratory investigation of the Arctic sea ice biomarker proxy IP25 in marine sediments: key outcomes and recommendations[END_REF][START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF]. These normalised ratios were then multiplied by the mass of the internal standard and finally converted to their corresponding seawater concentrations using the volume of water filtered or mass of sediment extracted. All analytical data can be found in Supplementary Table 1.

Assignment and quantification of lipid oxidation products

Lipid oxidation products were identified by comparison of retention times, accurate masses and mass spectra with those of standards and quantified (calibration with external standards) using gas chromatography-electron ionization quadrupole time of flight mass spectrometry (GC-QTOF). GC-QTOF analyses were carried out with an Agilent 7890B/7200A GC-QTOF System (Agilent Technologies, Parc Technopolis -ZA Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Macherey Nagel; Optima 5-MS Accent) column (30 m × 0.25 mm, 0.25 µm film thickness) was employed. Analyses were performed with an injector operating in pulsed splitless mode at 280 °C and the oven temperature programmed from 70 °C to 130 °C at 20 °C min -1 , then to 250 °C at 5 °C min -1 , and then to 300 °C at 3 °C min -1 . The carrier gas (He) was maintained at 0.69 × 10 5 Pa until the end of the temperature program. Instrument temperatures were 300 °C for the transfer line and 230 °C for the ion source. Accurate mass spectra were obtained across the range m/z 50-700 at 4 GHz. The QTOF-MS instrument provided a typical resolution ranging from 8009 to 12252 from m/z 68.9955 to 501.9706. Perfluorotributylamine (PFTBA) was utilized for daily MS calibration.

Assignment and quantification of HBI oxidation products

Quantification of HBI oxidation products was carried out using an Agilent 7850-A gas chromatograph connected to an Agilent 7010-QQQ mass spectrometer working in multiple reaction monitoring (MRM) mode. The following conditions were employed: 30 m x 0.25 mm (i.d.) fused silica column coated with HP-5MS (Agilent; film thickness: 0.25 μm); oven programmed from 70 to 130 °C at 20 °C min -1 , then to 250 °C at 5 °C min -1 and then to 300 °C at 3 °C min -1 ; carrier gas (He), 1.0 bar; injector (splitless), 250 °C; electron energy, 70 eV; source temperature, 230 °C; quadrupole temperature, 150 °C; scan range m/z 40-700; collision energy, ranging from 5 to 15 eV; collision flow, 1.5 ml min -1 (N2); quench flow, 2.25 ml min -1 (He); cycle time, 0.2 s. Oxidation products were assigned by comparison of retention times and mass spectra with those of standards. Due to the presence of two highly photo-reactive tri-substituted double bonds (C-7/20 and C-9/10) in HBI III (2), it was not possible to quantify its primary oxidation products directly using standards, since they are not accumulated due to rapid further oxidation (Rontani et al., 2014a). We therefore quantified photoproducts of a related HBI triene (3) (possessing only one reactive tri-substituted double bond (C-9/10); see appendix) as an external standard and estimated the quantities of oxidation products from HBI III (2) by applying a correction factor (Rontani et al., 2014b).

Standard compounds

The synthesis of 3-methylidene-7,11,15-trimethylhexadecan-1,2-diol (phytyldiol) (7) was described previously by [START_REF] Rontani | Characterization of isomeric allylic diols resulting from chlorophyll phytyl side chain photo-and autoxidation by electron ionization gas chromatography/mass spectrometry[END_REF]. ( 8 Heating of these epoxides in the presence of water afforded the corresponding 24ethylcholesta-3β,5α,6β-triol (43) [START_REF] Holland | Microbial hydroxylation of steroids. 5. Metabolism of androst-5-en-3,17-dione and related compounds by Rhizopus arrhizus ATCC 11145[END_REF]. IPSO25 (1) and HBI triene 3 were purified from cultures of Haslea ostrearia [START_REF] Belt | Structural characterisation of widespread polyunsaturated isoprenoid biomarkers: A C25 triene, tetraene and pentaene from the diatom Haslea ostrearia Simonsen[END_REF][START_REF] Johns | Identification of a C25 highly branched isoprenoid (HBI) diene in Antarctic sediments, Antarctic sea-ice diatoms and cultured diatoms[END_REF], while HBI III (2) was obtained from a culture of Pleurosigma intermedium [START_REF] Belt | Highly branched isoprenoids (HBIs): identification of the most common and abundant sedimentary isomers[END_REF]. Photosensitized oxidation products (hydroperoxides) of these HBI alkenes were produced in pyridine in the presence of haematoporphyrin as photosensitizer and then reduced with NaBH4 to the corresponding alcohols (Rontani et al., 2014a).

Diatom taxonomy

Diatom identification and enumeration were carried out for selected water and sediment samples. Specifically, three water samples of 200 ml each were collected at CTD015 (5, 40, 563 m). Overlying bottom water (100 µl), diatomaceous fluff (50 µl) and sediment samples were collected from MC061. Sediment was also collected from MC045.

The water samples were immediately fixed with Lugol's solution (~0.5 ml). Back at the laboratory, the preserved water samples were concentrated (CTD015) or diluted (MC061) into Utermöhl chambers to a final volume of 3 ml. After sedimentation of 48 h, a minimum total of 400 cells (including microphyto-and microzooplankton live at the time of preservation), were identified and counted following the Utermöhl method [START_REF] Utermöhl | Zur Vervollkommnung der quantitativen Phytoplankton-Methodik[END_REF] at a magnification of 400x under an inverted microscope (Olympus IMT-2, Japan).

Microplankton were identified to species level where possible using appropriate taxonomic literature [START_REF] Hasle | Nitzschia and Fragilariopsis species studied in the light and electron microscopes III. The genus Fragilariopsis[END_REF][START_REF] Tomas | Identifying marine phytoplankton[END_REF]Scott andMarchant, 2005, Kim et al. 2013). Final counts were converted to cells l -1 . Sediment samples were dried at 50 °C. Quantitative slides were made using a settling method [START_REF] Scherer | A new method for the determination of absolute abundance of diatoms and other silt-sized sedimentary particles[END_REF]. Approximately 5 ml of water and hydrogen peroxide was added to several mg of each sample, and the samples were placed on a warming tray at 50 °C for 2-3 days. After complete reaction and removal of organic material, the samples were poured into water-filled 1 l beakers and allowed to settle onto coverslips. The coverslips were mounted on glass slides using Norland Optical Adhesive #61 cured under UV light. These quantitative slides were used for assessment of the diatom assemblage, by identification and counting of a minimum of 400 diatom valves along cross-slide transects, at a magnification of 1000x. Counting followed the method described by [START_REF] Schrader | Micropaleontological Counting Methods and Techniques -An Exercise on Eight Meters Section of the Lower Pliocene of Capo Rossello, Sicily[END_REF] and [START_REF] Crosta | Diatoms: From micropaleontology to isotope geochemistry[END_REF]. Diatom concentration (diatom valves per gram) and relative abundance (percentage) of diatom species were calculated.

For the purposes of the current investigation, we determined the distribution of three common Fragilariopsis spp. to provide a semi-quantitative assessment of the relative contribution from sea ice-associated (F. curta and F. cylindrus) and open water (F. kerguelensis) diatoms. [START_REF] Armand | The biogeography of major diatom taxa in Southern Ocean sediments.1. Sea ice related species[END_REF][START_REF] Crosta | The biogeography of major diatom taxa in Southern Ocean sediments. 2. Open Ocean related species[END_REF][START_REF] Crosta | Sea ice seasonality during the Holocene, Adelie Land, East Antarctica[END_REF]. Thus, the ratio (F. curta + F. cylindrus)/F. kerguelensis was determined (Table 2).

Results and discussion

The identification and quantification of the various lipids and their degradation products are described here according to the individual lipid classes at each sampling location. The sequence of presentation is arranged so as to first provide sufficient evidence for the oxidation state of the lipids, in order that the variability in the ratio of IPSO25

(1)/HBI III (2) can then be put into context.

Lipids and their degradation products in water samples from west of the Dalton

Iceberg Tongue

Chlorophyll phytyl side-chain

In addition to phytol (4), which mainly arises from the hydrolysis of the chlorophyll phytyl side-chain during alkaline hydrolysis, significant amounts of 3,7,11,15tetramethylhexadecanoic acid (phytanic acid) (5), 3,7,11,15-tetramethylhexadec-1-en-ol-3 (isophytol) (6) and 3-methylidene-7,11,15-trimethylhexadecan-1,2-diol (phytyldiol) (7) could also be detected in the different samples. However, phytanic acid (5) was not quantified in the present work due to its lack of specificity. Indeed, this isoprenoid acid is also formed during the aerobic and anaerobic bacterial degradation of phytol [START_REF] Rontani | Phytol degradation products as biogeochemical tracers in aquatic environments[END_REF] and the grazing of phytoplankton [START_REF] Prahl | Changes in plant lipids during passage through the gut of Calanus[END_REF].

In contrast, there have been very few reports of the presence of isophytol (6) in the marine environment [START_REF] Fang | Biomarker analysis of microbial diversity in sediments of a saline groundwater seep of Salt Basin, Nebraska[END_REF], so its relatively high proportion compared to phytol (1) in some samples (Table 1) is potentially surprising. Isophytol (6) may be formed in sediments either by enzyme-catalyzed allylic rearrangement during bacterial degradation of phytol under denitrifying conditions [START_REF] Rontani | Biodegradation of free phytol by bacterial communities isolated from marine sediments under aerobic and denitrifying conditions[END_REF], or by clay-catalyzed dehydration of phytol [START_REF] De Leeuw | On the decomposition of phytol under simulated geological conditions and in the top-layer of natural sediments[END_REF]. It is interesting to note that relatively high proportions of isophytol were also recently observed after NaBH4-reduction and alkaline hydrolysis of phytoplanktonic cells collected from Commonwealth Bay, Antarctica [START_REF] Rontani | Autoxidation of chlorophyll phytyl side-chain in senescent phototrophic organisms: a potential source of isophytol in the environment[END_REF]. In order to explain this observation, it was proposed that allylation (Berkessel, 2009) of the chlorophyll phytyl side-chain by peroxyl radicals could result in the formation of the precursor 3-peroxy-3,7,11,15-tetramethylhexadec-1-ene (8), with subsequent reduction to isophytol (6) (Fig. 2) [START_REF] Rontani | Autoxidation of chlorophyll phytyl side-chain in senescent phototrophic organisms: a potential source of isophytol in the environment[END_REF]. The absence of the initial reduction step employed here (i.e. using NaBH4) during conventional treatment of environmental samples is likely at the origin of the very few reports of isophytol ( 6) in previous studies. In any case, the high values of the ratio isophytol/phytol observed at station 25, and to a lesser extent at station 28B (Table 1), attest to the presence of high concentrations of peroxides, and thus of a strong photo-or autoxidation state of POM.

The formation of phytyldiol ( 7) results from initial Type II photosensitized oxidation (i.e. involving singlet oxygen ( 1 O2)) of the chlorophyll phytyl side-chain and subsequent hydrolysis of the photoproducts thus formed [START_REF] Rontani | Bound'' 3-methylidene-7,11,15trimethylhexadecan-1,2-diol: a new isoprenoid marker for the photodegradation of chlorophyll-a in seawater[END_REF]. On the basis of its high specificity and widespread occurrence in the environment [START_REF] Cuny | On the widespread occurrence of 3-methylidene-7,11,15trimethylhexadecan-1,2-diol in the marine environment: a specific isoprenoid marker of chlorophyll photodegradation[END_REF], this diol can be used as a specific tracer of chlorophyll photodegradation. Further, [START_REF] Cuny | Oneyear seasonal survey of the chlorophyll photodegradation process in the Northwestern Mediterranean Sea[END_REF] proposed that the amount of chlorophyll photodegradation in the marine environment could be estimated from the so-called Chlorophyll Phytyl side-chain Photodegradation Index (CPPI) derived from the molar ratio phytyldiol/phytol. Using this approach, the highest photooxidation state of POM was confirmed as being at station 25 and the lowest at station 32 (<1%, not included in the figure) (Fig. 3).

Sterols

The major sterols in the filtered water sample were 24-norcholest-5,22E-dien-3β-ol (22-dehydrocholesterol) (10), cholest-5-en-3β-ol (cholesterol) (11), 24-methylcholesta-5,22E-dien-3β-ol (epi-brassicasterol) (12), 24-methylcholesta-5,24(28)-dien-3β-ol (24methylenecholesterol) (13) and 24-ethylcholest-7-en-3β-ol (22-dihydrocondrillasterol) (14) (Supplementary Table 1). 22-Dehydrocholesterol (10) has been found in diatoms and notably in Thalassiosira aff. antarctica (Rampen et al., 2007). Although cholesterol (11) may be derived from diatoms or Prymnesiophycean algae [START_REF] Volkman | A review of sterol markers for marine and terrigenous organic matter[END_REF], its dominance generally suggests an important contribution of zooplanktonic faecal material to the samples. Indeed, it is well known that zooplankton convert much of the sterols produced by algae into cholesterol (11) [START_REF] Volkman | Transformations of biolipids in the marine food web and in underlying bottom sediments[END_REF][START_REF] Prahl | Changes in plant lipids during passage through the gut of Calanus[END_REF]. Epi-brassicasterol (12) and 24-methylenecholesterol ( 13) are major constituents of several diatom species [START_REF] Lee | Geochemistry of sterols in sediments from Black Sea and the southwest African shelf and slope[END_REF] including sea ice diatoms [START_REF] Belt | Sterol identification in floating Arctic sea ice algal aggregates and the Antarctic sea ice diatom Berkeleya adeliensis[END_REF]. However, it may be noted that epi-brassicasterol (12) is also present in some dinoflagellates and in many haptophytes [START_REF] Volkman | A review of sterol markers for marine and terrigenous organic matter[END_REF][START_REF] Volkman | Sterols in microorganisms[END_REF]. The unusual sterol 22-dihydrochondrillasterol ( 14) was detected previously in some Chlorophyceae [START_REF] Martin-Creuzburg | Food quality of heterotrophic bacteria for Daphnia magna: evidence for a limitation by sterols[END_REF][START_REF] Martin-Creuzburg | Sterols of freshwater microalgae: potential implications for zooplankton nutrition[END_REF]. The sterol profiles observed in these samples (Supplementary Table 1) are thus typical of mixed assemblages of diatoms, Prymnesiophytes and Chlorophytes.

Type II photosensitized oxidation of ∆ 5 -sterols produces mainly unstable ∆ 6 -5αhydroperoxides with low amounts of ∆ 4 -6α/β-hydroperoxides [START_REF] Smith | The autoxidation of cholesterol[END_REF]. Here, we selected ∆ 4 -6α/β-hydroperoxides as tracers of photooxidation of ∆ 5 -sterols due to their high specificity and relative stability [START_REF] Rontani | The fate of marine lipids: Biotic vs. abiotic degradation of particulate sterols and alkenones in the Northwestern Mediterranean Sea[END_REF][START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF]. These compounds were quantified after NaBH4 reduction to the corresponding diols and photooxidation percentage was obtained from the equation: photooxidation % = (∆ 4 -stera-6α/β-diols % × (1+0.3)/0.3) [START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF]. The values obtained for epibrassicasterol (12) and 24-methylenecholesterol (13) (the two main algal sterols present in the samples analyzed) are shown in Fig. 3. Photooxidation of these two sterols exhibits the same general trend as that seen for chlorophyll, with the highest photooxidation state observed at station 25 (Fig. 3). Interestingly, as observed previously in the Arctic [START_REF] Rontani | Intense photooxidative degradation of planktonic and bacterial lipids in sinking particles collected with sediment traps across the Canadian Beaufort Shelf (Arctic Ocean)[END_REF]2014a), photodegradation processes appeared to have acted more intensively on 24-methylenecholesterol (13) (mainly arising from diatoms) than on epi-brassicasterol (12) (arising from diatoms and/or Prymnesiophytes). These differences confirm the higher efficiency of Type II photosensitized oxidation processes in diatoms compared to Prymnesiophytes.

Stanols constitute useful indicators of bacterial degradation of ∆ 5 -sterols [START_REF] Gagosian | Vertical transport of steroid alcohols and ketones measured in a sediment trap experiment in the equatorial Atlantic Ocean[END_REF][START_REF] De Leeuw | Early-stage diagenesis of steroids[END_REF][START_REF] Wakeham | Reduction of stenols to stanols in particulate matter at oxic-anoxic boundaries in seawater[END_REF]. We thus quantified the ratio 24methyl-5α-cholest-22E-en-3β-ol (epi-brassicastanol) (15)/epi-brassicasterol ( 12) to indicate the extent of bacterial degradation of algal material. (Note: the ratio 24-methyl-5α-cholest-24(28)-en-3β-ol (16)/24-methylenecholesterol (13) could not be quantified due to co-elution of the stanol 16 with the isobaric campesterol ( 17)). The values of the ratio epi-brassicastanol (15)/epi-brassicasterol (12) (Table 1) show only a weak increase with depth suggesting that bacterial degradation processes acted only weakly on algal material.

Fatty acids

The fatty acid content of the SPM samples is characterized by a very low content of polyunsaturated fatty acids (PUFAs) and notably of C18:4 (19), C20:5 (20) and C22:6 (21) acids, which are typical for marine plankton [START_REF] Kattner | Development of lipid during a spring bloom in the northern North Sea. I. Particulate fatty aclds[END_REF]. Instead, the dominant fatty acids are the saturated and monounsaturated fatty acids (MUFAs) (i.e. C14:0 (22), C16:1ω7 (palmitoleic acid) (23), C16:0 (palmitic acid) (24), C18:1ω9 (oleic acid) (25), C18:1ω7 (vaccenic acid) (26) and C18:0 ( 27)) (Supplementary Table 1). The reactivity of unsaturated fatty acids with respect to auto-and photooxidative processes increases, logically, with the number of double bonds [START_REF] Frankel | Lipid Oxidation[END_REF][START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF]. The very low amounts of PUFAs is therefore suggestive of intense photo-or autoxidation of the samples. In order to confirm this, the oxidation products of MUFAs (oleic and palmitoleic acids) (25 and 23) were quantified since they are sufficiently stable in the marine environment to act as markers of these abiotic degradative processes (Marchand andRontani, 2001, 2003).

Photo-and autoxidation of monounsaturated fatty acids affords mixtures of isomeric allylic hydroperoxyacids [START_REF] Frankel | Lipid Oxidation[END_REF]. Based on the specific formation of cis isomers by autoxidation [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF], the relative importance of photooxidation and autoxidation can easily be distinguished by quantifying the respective hydroxyacids that result from NaBH4-reduction of these compounds [START_REF] Marchand | Characterisation of photooxidation and autoxidation products of phytoplanktonic monounsaturated fatty acids in marine particulate matter and recent sediments[END_REF]. The results obtained (Fig. 4) show a clear difference in reactivity between palmitoleic (23) and oleic (25) acids. Indeed, photo-and autoxidation states appeared to be considerably higher in the case of palmitoleic acid (23) (the main MUFA of diatoms, [START_REF] Fahl | Lipid content and fatty acid composition of algal communities in sea-ice and water from Weddell Sea (Antarctica)[END_REF][START_REF] Leu | Increased irradiance reduces food quality of sea ice algae[END_REF] compared to oleic acid (25) (dominant in Prymnesiophytes, [START_REF] Rossi | Lipid biomarkers and trophic linkages between phytoplankton, zooplankton and anchovy (Engraulis encrasicolus) larvae in the NW Mediterranean[END_REF]. These outcomes are consistent with previous observations of more efficient photoand autoxidation processes in diatoms than in Prymnesiophytes [START_REF] Rontani | Intense photooxidative degradation of planktonic and bacterial lipids in sinking particles collected with sediment traps across the Canadian Beaufort Shelf (Arctic Ocean)[END_REF]2014b). Such differences in reactivity were attributed previously to the involvement of intra-cellular compartmentalization effects, which may significantly modify the reactivity of lipids towards autoxidative and photooxidative processes according to their location in phytoplanktonic cells [START_REF] Rontani | Photo-and free radical-mediated oxidation of lipid components during the senescence of phototrophic organisms[END_REF].

The palmitoleic (23)/palmitic acid (24) ratio is often employed to follow diatom blooms [START_REF] Pedersen | The significance of food web structure for the condition and tracer lipid content of juvenile snail fish (Pisces: Liparis spp.) along 65-728N off West Greenland[END_REF][START_REF] Reuss | Evaluation of fatty acids as biomarkers for a natural plankton community. A field study of a spring bloom and a post-bloom period off West Greenland[END_REF]. Due to the strong oxidation of palmitoleic acid (23) observed in some of our samples (Fig. 4), we employed the ratio (Σ palmitoleic acid ( 23) and its oxidation products)/palmitic acid (24) to estimate the relative proportion of diatom in the mixed phytoplankton assemblages. Using this approach, we observed a relatively high proportion of (strongly oxidized) diatoms in the surface water sample of station 25 and an increase in their proportion with water depth at station 28B (Table 1).

Cutin components

Relatively high amounts of 9,16-dihydroxyhexadecanoic (29) and 10,16dihydroxyhexadecanoic (28) acids were observed in some samples (Table 1). These compounds are well-known depolymerisation products of cutins (insoluble polyester polymers) present in the outer layer of the epidermal cells of primary plant tissues, such as leaves) [START_REF] Deas | The intermolecular structure of some plant cutins[END_REF][START_REF] Kolattukudy | Lipid polymers and associated phenols, their chemistry, biosynthesis, and role in pathogenesis[END_REF][START_REF] Kolattukudy | Cutin, suberin and waxes[END_REF]. The presence of such compounds is very surprising since the Antarctic biome is an unfavorable environment for higher plant growth. Only two native phanerogams, Deschampsia antarctica Desv. and Colobanthus quitensis (Kunth) Bartl., occur in Antarctica to almost 69°S [START_REF] Smith | Vascular plants as bioindicators of regional warming in Antarctica[END_REF].

The high concentrations of dihydroxyacids 28 and 29 detected in some sub-surface water samples (Table 1) is therefore attributed to the accumulation of low density debris of such plants, probably resulting from inflow of near-surface water masses carrying terrestrial material. In contrast, the occurrence of these compounds due to sediment resuspension seems unlikely due to their absence in the deeper water column samples.

HBI alkenes

The two HBI lipids, IPSO25 (1) and HBI III (2), reported previously by [START_REF] Smik | Distributions of highly branched isoprenoid alkenes and other algal lipids in surface waters from East Antarctica: Further insights for biomarker-based paleo sea-ice reconstruction[END_REF] in the surface water samples described here, were also present in each of the subsurface and deep water samples investigated for the first time within the current study.

Although there was some variability in the absolute and relative concentrations of these HBIs between the surface and sub-surface samples, The IPSO25 (1)/HBI III (2) ratio was mainly slightly higher in the majority of the sub-surface samples compared to the surface water counterparts, with CTD-004 and -014 the only exceptions. More striking changes to this ratio were observed with the corresponding deep water samples, however, with mean (i.e. across all samples) relative enhancements in IPSO25 (1)/HBI III (2) of ca. 8 and 6 when compared with the surface and sub-surface samples, respectively (Table 1).

The systematic increase of the ratio 1/2 with depth (Table 1) may potentially be attributed to: (i) a relatively higher contribution of ice algae (and thus IPSO25 (1)) to the deeper samples resulting from their stronger aggregation and therefore higher sinking rate, or (ii) a stronger abiotic degradation of HBI III (2) during settling through the water column. One characteristic of sea ice algae is their ability to produce high amounts of extracellular polymeric substances (EPS); the production of which facilitates the attachment of algae to their substrate (sea ice) but also allows the formation of aggregates of algal cells [START_REF] Riebesell | Aggregation of algae released from melting sea ice-implications for seeding and sedimentation[END_REF][START_REF] Alldredge | The abundance and significance of a class of large, transparent organic particles in the ocean[END_REF][START_REF] Passow | Transparent exopolymer particles (TEP) in aquatic environments[END_REF], thus shortening their residence time within the euphotic zone. In the case of station 28B, the simultaneous increase of the ratios 1/2 and (Σ palmitoleic acid (23) and its oxidation products)/palmitic acid (24) with depth (Table 1) suggests a dominance of aggregated ice diatom material in the deepest SPM sample.

Photo-and autoxidation of IPSO25 (1) were previously studied in vitro [START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF]2014a). Based on its very low degradation rates (resulting from the poor reactivity of its two terminal double bonds (i.e. at C6-17 and C23-24) towards 1 O2 and free radicals), it is feasible that this diene (1) could be largely unaffected by abiotic oxidation within the water column of the oceans, at least in comparison with some more unsaturated lipids, or those containing more reactive double bonds. Indeed, HBI III (2) possesses two tri-substituted double bonds (i.e. at C7-20 and C9-10), both of which are more reactive towards 1 O2 (Frimer, 1983) than the two double bonds in IPSO25. In addition, the relative positions of these two double bonds in HBI III (2) creates a bis-allylic methylene group (at C-8) that can lose a hydrogen atom even more readily [START_REF] Yin | Free radical lipid peroxidation: mechanisms and analysis[END_REF]. HBI III (2) is thus very sensitive towards photo-and autoxidation processes and exhibits degradation rates close to those of PUFAs (Rontani et al., 2014a). On the basis of the very intense abiotic alteration of these fatty acids in the samples investigated here (see section 3.1.3), a similar oxidation of HBI III (2) was thus expected. However, we were not able to detect the previously identified primary oxidation products of HBI III (2) (Rontani et al., 2014a), probably due to their further oxidation to polar and oligomeric compounds, which are not generally detectable using the GC-MS methods employed here. This conclusion is consistent with the strong photo-and autoxidation states of palmitoleic acid (23) observed in these samples (Fig. 4) and the differences of reactivity observed previously between HBI III (2) and this acid in diatom cells (kphoto HBI III /kphoto palmitoleic acid ≈ 4 and kauto HBI III/kauto palmitoleic acid > 10) [START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF]2014a).

In order to provide further evidence for the influence of autoxidative processes upon the ratio 1/2, we measured it, together with the autoxidation state of sitosterol (42) (estimated on the basis of 3β,5α,6β-trihydroxysitosterol (43) as previously proposed by [START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF]) and palmitoleic acid (23) in the water column samples from station 32 (T32/CTD015) and in two near-surface sediment samples from nearby locations (MC45 and MC61; Fig. 1), with one of these (MC61) located directly at the station where the CTD015 samples were taken. The ratio 1/2 was also measured in the surface waters recovered from the top of the MC61 sediment core and in the suspension of diatomaceous 'fluff' taken at the water-sediment interface, thereby providing a near-continuous depth sequence from surface waters to underlying sediments. Although sitosterol (42) is commonly associated with higher plants ( [START_REF] Lütjohann | Sterol autoxidation: from phytosterols to oxyphytosterols[END_REF], it is also present in phytoplankton, and notably in diatoms [START_REF] Volkman | A review of sterol markers for marine and terrigenous organic matter[END_REF][START_REF] Volkman | Sterols in microorganisms[END_REF]. Due to the absence of lipid signatures of terrestrial material in the water samples collected at station 32 and in the sediments from nearby locations, the presence of sitosterol (42) in these samples was thus attributed to an algal origin. The results obtained (Table 2) show a clear increase in both the ratio 1/2 and the autoxidation state of algal material with water depth and then into the surface sediments (Table 2). The failure to detect oxidation products of sitosterol in the water column samples is attributed to the relatively poor chromatographic properties of the only partially silylated (at positions 3 and 6) triol 43, which hinders its detection at low concentrations.

Although we do not currently have detailed taxonomic data from all sampling stations/types, we do have data from the station for which we have lipid profiles from both the water column and underlying Megacore (viz. CTD015 & MC61). The most striking feature is the consistent decrease in the ratio (F. curta + F. cylindrus)/F. kerguelensis through the water column, the water-sediment interface and then into the sub-surface sediment (Table 2), suggesting a progressive decrease in the relative contribution of sea ice-associated and open-water diatoms. However, this conclusion is contrary to what might be inferred from the (increasing) IPSO25 (1) /HBI III (2) ratio, suggesting that changes in the latter, at some locations, are determined more by the enhanced degradation of HBI III

(2)(relative to IPSO25) as shown from the lipid data described above; the caveat being that the aforementioned Fragilariopsis spp. are not known HBI-producers. We also assume that the water column data derived from samples taken in a single sampling season are also representative of multi-annual accumulation that the sediment samples likely reflect.

Unfortunately, the known sources of IPSO25 and HBI III (2) were of too low abundance for more direct comparisons between lipid and taxonomic distributions to be made for these samples. Interestingly, a positive relationship between IPSO25 (1)/HBI III (2) and the ratio F. curta/F. kerguelensis (i.e., a slight modification to our diatom ratio) was reported in a previous downcore sediment study from the region (Massé et al., 2011), suggesting that the modifications to the former described herein for the water column and water-sediment interface may not necessarily have an adverse impact on its use as a proxy measure of sea ice change in palaeo records, especially for qualitative purposes. Further studies comparing these two approaches will, however, be required, before the generality of this observation can be confirmed, and the most reliable use of IPSO25/HBI III as a proxy measure of sea ice change can be deciphered.

Phytoplanktonic material from Commonwealth Bay (East Antarctica)

To demonstrate the efficiency of photo-and autoxidation processes on HBI III (2) in this region, more generally, we also analysed phytoplanktonic cells collected from surface waters of Commonwealth Bay (also East Antarctica; see Fig. 1). In this weakly oxidized material (oxidation percentage of palmitoleic acid (23) < 5%), MRM analyses allowed us to detect the HBI alcohols 44-48 (Figs. 5B and 6B, Table 3). The assignment of these compounds was confirmed by comparison with the MRM chromatograms of standards obtained by photo-and autoxidation of HBI III (2) (Figs. 5A and6A) (Rontani et al., 2014b). Alcohol 48 is produced specifically by photooxidation of HBI III (2), while alcohols 44-47 result from both its photo-and autoxidation (Rontani et al., 2014a). On the basis of the detection of these oxidation products in a weakly oxidized phytoplanktonic sample from Commonwealth Bay, the strong increase of the ratio IPSO25 (1)/HBI III (2) observed in the deeper SPM samples from stations 25, 27, 32 and 34 and in near-surface sediments from the polynya region west of the Dalton Iceberg Tongue (Tables 1 and2) may be thus attributed to an intense photo-and/or autoxidation of HBI III (2) within the water column, with further autoxidation of HBI III (2), relative to IPSO25 (1), at the watersediment interface and in the oxic layer of the underlying sediment.

During the NaBH4-reduction step employed to avoid thermal degradation of hydroperoxides during the subsequent saponification reaction, the sum of hydroperoxides and their degradation products (alcohols and ketones) was obtained via quantification of their respective alcohols. Two different treatments were employed (acetylation and saponification vs NaBD4-reduction and saponification) (see Section 2.2) in order to specifically quantify hydroperoxides and their main degradation products (i.e. alcohols and ketones). The results obtained (summarized in Table 4) show that a substantial proportion (ca. 55-81%) of HBI III (2) oxidation products were still present as hydroperoxides.

Interestingly, the decrease in unlabeled phytol (4) concentration (5-20%) observed when the treatment of phytoplanktonic cells involved acetylation and saponification instead of NaBD4-reduction and saponification, provides further evidence for the formation pathway of isophytol (6) proposed previously [START_REF] Rontani | Autoxidation of chlorophyll phytyl side-chain in senescent phototrophic organisms: a potential source of isophytol in the environment[END_REF]) (Fig. 2). Indeed, this decrease likely results from the presence of 1-peroxy-3,7,11,15tetramethylhexadec-3-ene (9), which is formed by allylic rearrangement of its isomer 8 (Fig. 2).

Conclusions

Selected lipids and their oxidation products were quantified in SPM samples collected at different water depths in the polynya region west of the Dalton Iceberg Tongue (East Antarctica). The sterol profiles were typical of mixed assemblages of diatoms, prymnesiophytes and chlorophytes. Surprisingly, some samples contained depolymerisation products of cutins, the presence of which was attributed to the accumulation of low-density debris of the two phanerogams present in Antarctica.

We identified an intense photo-and autoxidation of unsaturated diatom components (e.g. palmitoleic acid (23), 24-methylenecholesterol (13), chlorophyll phytyl side-chain (4)), but not of HBI III (2), despite its known reactivity towards such processes, likely due to its susceptibility towards further oxidation. However, oxidation products of HBI III (2) could be detected in weakly oxidized SPM samples collected from Commonwealth Bay (East Antarctica), clearly demonstrating the oxidation of this lipid in this region.

The systematic increase of the ratio IPSO25 (1)/HBI III (2) observed with depth in the water column and in some underlying sediments thus appears to result, in part, from an intense and preferential abiotic degradation of the HBI III (2) due to a combination of photo-and autoxidation processes (Fig. 7). At one sampling site, the increase in the IPSO25

(1)/HBI III (2) ratio with depth was opposite to that of the ratio of selected sea iceassociated versus open-water diatoms, suggesting that the differential biomarker degradation was a dominant factor. However, for another sampling site, the increase in the IPSO25 (1)/HBI III (2) ratio appeared to be more influenced by the accumulation of ice algal material, although we do not yet have the complementary taxonomic data to confirm this.

Distinguishing between these two factors will require more detailed and combined lipid and taxonomic analysis in the future. In the meantime, it is evident from the results presented here, that the differential degradation of IPSO25 (1) and HBI III (2) in the water column and in near-surface sediments (at least) can impact on the ratio between these two HBIs between their source and sedimentary environments. The latter should be taken into account when using this parameter for palaeo sea ice reconstruction purposes in the Antarctic. The extent to which the IPSO25 (1)/HBI III (2) ratio reflects established proxy measures of past sea ice change (e.g., the ratio of certain Fragilariopsis spp. as described herein) will require more studies of both parameters in further downcore records from the Antarctic. 3. Relative percentages of intact hydroperoxides and their ketonic and alcoholic degradation products measured in the case of the main HBI oxidation products present in phytoplankton from Commonwealth Bay (East Antarctica) (CB sample). 

  -11)-Hydroperoxyhexadec-(8-10)-enoic acids (Z and E) (36-41) and (8-11)-Hydroperoxyoctadec-(8-10)-enoic (Z and E) (30-35) acids were produced by Fe 2+ /ascorbate-induced autoxidation (Loidl-Stahlhofen and Spiteller, 1994) of palmitoleic and oleic acids, respectively. Subsequent reduction of these different hydroperoxides in methanol with excess NaBH4 afforded the corresponding hydroxyacids. 3,6-Dihydroxy-cholest-4-ene (18) (employed for sterol photooxidation estimates) was obtained from Maybridge Ltd. Treatment of sitosterol (42) with metachloroperoxy-benzoic acid in dry DCM yielded a mixture of 5α,6α-and 5β,6β-epoxides.
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Table 1

 1 Different indicators measured at the five stations selected for lipid degradation analyses.Comparison of the ratio 1/2 and the autoxidation state of some other algal lipids in SPM and underlying sediments. See Fig.1for sample locations.Percentage a of oxidation products of HBI III (2) detected after NaBH4-reduction of filtered phytoplankton from Commonwealth Bay (East Antarctica)

	Station	Depth	IPSO25 (1)/ HBI	Cuticular waxes a /	Epi-brassicastanol (12)/	(Palmitoleic acid (23)+ ox b )/	Isophytol (6)/
		(m)	III (2)	palmitic acid (24)	epi-brassicasterol (16)	palmitic acid (24)	phytol (4)
	25	<10	0.21	0	0.24	30.91	0.45
	25	49	0.26	0	0.20	3.42	1.64
	25	1083	2.57	0	0.32	1.65	0.60
	27	<10	0.26	0.07	0.17	1.82	0
	27	50	0.14	2.15	0.21	0.42	0.01
	27	654	1.74	0	0.29	0.25	0.08
	28B	<10	0.51	0.02	0.14	1.01	0.30
	28B	50	0.44	0.03	0.24	3.11	0.06
	28B	596	1.61	0	0.16	4.02	0.20
	32	<10	0.21	0	0.10	0.05	0.13
	32	40	0.37	0	0.09	0.08	0.08
	32	563	0.88	0	0.17	0.02	0.07
	34	<10	0.25	0.04	0.14	1.11	0.04
	34	25	0.21	1.23	0.17	1.10	0.05
	34	487	1.54	0	0.28	1.36	0.03
	a Mixtures of 9,16-dihydroxyhexadecanoic (29) and 10,16-dihydroxyhexadecanoic (28) acids	
	b Photo-and autoxidation products				

a Relative to the residual parent HBI b Coelution problem

Table 4
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