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ABSTRACT ���

The abiotic degradation state of sea ice algae released during a late spring ice melt process ���

was determined by sampling the underlying waters and measuring certain well-known algal ���

lipids and their oxidation products, including those derived from epi-brassicasterol, 24-�	�

methylenecholesterol, palmitoleic acid and the phytyl side-chain of chlorophyll. More �
�

specifically, parent lipids and some of their oxidation products were quantified in suspended ���

(collected by filtration) and sinking (collected with sediment traps at 5 and 30 m) particles ���

from Resolute Passage (Canada) during a period of spring ice melt in 2012 and the outcomes ���

compared with those obtained from related sea ice samples analyzed previously. Our data ���

show that suspended cells in the near surface waters appeared to be only very weakly affected ���

by photooxidative processes, likely indicative of a community of unaggregated living cells ���

with high seeding potential for further growth. In contrast, we attribute the strong ���

photooxidation state of the organic matter in the sediment traps deployed at 5 m to the ���

presence of senescent and somewhat aggregated sea ice algae that descended only relatively �	�

slowly within the euphotic zone, and was thus susceptible to photochemical degradation. On �
�

the other hand, the increased abiotic preservation of the sinking material collected in the ���

sediment traps deployed at 30 m, likely reflected more highly aggregated senescent sea ice ���

algae that settled sufficiently rapidly out of the euphotic zone to avoid significant ���

photooxidation. This better-preserved sinking material in the deeper sediment traps may ���

therefore contribute more strongly to the underlying sediments. A three-component ���

conceptual scheme summarizing the abiotic behavior of Arctic sea ice algae in underlying ���

waters is proposed. ���

 ���
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 ���

1. Introduction  ���

Sea ice is a key parameter in controlling global climate (Ferrari et al., 2014) and within ���

the polar regions, in particular, due to its influence on surface albedo (Hartmann, 1994; Curry ���

et al., 1995) and by providing a physical barrier that limits the exchange of heat, moisture and ���

gases between the ocean and the atmosphere. The extent, nature and seasonality of sea ice ���

also impacts on polar marine ecosystems across all trophic levels, not least at the base of the ���

food web, where it provides a physical environment suitable for the development and growth ���

of ice algal communities and a range of heterotrophic eukaryotes (Ró�a�ska et al., 2009; �	�

Caron and Gast, 2010). The bottom (ca. 10 cm) sections of annually formed Arctic sea ice �
�

comprises an interstitial community of ice crystals, brine pockets and a network of channels ���

and capillaries that provide a host for the growth of an adapted community of microalgae ���

(Horner et al., 1992; Arrigo et al., 2010) that represent a critical food source for ice-associated ���

and pelagic herbivorous protists (Michel et al., 2002) and metazoans (Nozais et al., 2001). ���

Such is the importance of this community, it has been estimated that the contribution of sea ���

ice algae to total primary production is ca. 3–25% on Arctic shelves (e.g., Legendre et al., ���

1992) and as much as 57% in the central Arctic Ocean (Gosselin et al., 1997). During the ���

early stages of ice melt, and prior to ice break-up, ice algae are released from bottom ice into ���

the water column, where they can make a significant contribution to the cycling of organic �	�

carbon throughout the Arctic (e.g., Michel et al., 2006). In addition to the production of �
�

photosynthetic pigments (e.g., chlorophyll) and storage lipids (e.g., fatty acids) common to all ���

microalgae, sea ice algae also produce extracellular polymeric substances (EPS), which play ���

multiple roles in the entrapment, retention and survival of these organisms within the sea ice ���

matrix (Ewert and Deming, 2013). Further, the production of EPS not only facilitates the ���

attachment of algae to the ice substrate itself, but also the formation of microaggregates of ���
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algal cells that can remain intact after ice melt (Riebesell et al., 1991). As a result, the ���

sedimentation of ice algae can be enhanced relative to otherwise isolated cells that tend to ���

remain in suspension or, at least, have longer residence times in near surface waters.  ���

Elucidation of the fate of algal material in the water column during and after sea ice �	�

melt in the Arctic constitutes a very important challenge (Tedesco et al., 2012; Vancoppenolle �
�

et al., 2013). It is generally considered that a part (until now not estimated) of this strong 	��

pulse of particulate organic matter (POM), which is not degraded by bacteria or grazed by 	��

heterotrophs such as zooplankton during its descent to the seafloor, may be stored in 	��

sediments (Fortier et al., 2002; Renaud et al., 2007). However, the integrity of the OM in such 	��

settings remains largely unexamined. 	��

Although less widely studied than its biologically mediated (heterotrophic) 	��

counterpart, photooxidative degradation is now known to play a significant role in the fate of 	��

POM in the open ocean (Rontani, 2008; Estapa and Mayer, 2010), with photosensitization 	��

playing an important role in the photodegradation of algal detritus (Nelson, 1993; Mayer et 		�

al., 2009). Due to the presence of chlorophyll and pheopigments, which are well-known 	
�

sensitizers of Type II photooxidation processes (i.e. involving singlet oxygen (1O2); Kessel 
��

and Smith, 1989), and the longer lifetime of 1O2 in lipid-rich membranes compared to aqueous 
��

solution (Suwa et al., 1977), Type II photosensitized oxidation processes act intensively in 
��

senescent algae (Rontani, 2012). Such processes afford hydroperoxides, which, after 
��

subsequent homolytic cleavage, are responsible for the induction of autoxidation (free radical-
��

induced oxidation) processes (Girotti, 1998; Rontani et al., 2003). It has also been 
��

demonstrated that Type II photosensitized oxidation appears to be particularly efficient in 
��

natural samples in the Arctic (Rontani et al., 2012) and also in senescent phytoplanktonic cells 
��

under in vitro conditions, despite low temperatures and irradiances (Amiraux et al., 2016). 
	�

This apparent paradox has been attributed to a combination of the relative preservation of the 

�
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sensitizer (chlorophyll) at low irradiances, which permits a longer production time for 1O2, ����

and the slower diffusion rate of 1O2 through the cell membranes at low temperatures ����

(Ehrenberg et al., 1998), thus favoring the intra-cellular involvement of Type II ����

photosensitized reactions. Potentially, therefore, the low irradiance and low temperature ����

conditions that are characteristic of the under-ice environment in the Arctic could strongly ����

favor the photodegradation of algae released by melting sea ice. However, it is also important ����

to note that these photodegradation processes are also strongly dependent on both the ����

residence time of cells within the euphotic layer (Zafiriou et al., 1984; Mayer et al., 2009) and ����

the physiological state of the phytoplanktonic cells themselves (Merzlyak and Hendry, 1994; ��	�

Nelson, 1993). Indeed, 1O2 production can exceed the quenching capacities of the ��
�

photoprotective system (and thus induce cell damage) only when the photosynthetic pathways ����

are not operative, as is the case for senescent or highly stressed cells (Nelson, 1993). ����

Interestingly, Ligowski et al. (1992) previously failed to detect photosynthesis in diatoms ����

from brash ice after ice melting, while Ralph et al. (2007) concluded that sea ice algal cells ����

are more susceptible to photosynthetic stress during ice melt compared to their incorporation ����

into the ice matrix during the freezing process. The involvement of photochemical damage in ����

sea ice algal material released during ice melt is thus very likely. However, by recording rates ����

of oxygen production and consumption between aggregated and dispersed ice algae, Riebesell ����

et al. (1991) suggested that metabolically less active ice algae tend to be concentrated in ��	�

aggregates, while growing cells are more likely to remain unaggregated. As a result, the ��
�

organic content of suspended and sinking sea ice material might be expected to exhibit ����

contrasting photo-oxidation states.  ����

The purpose of this study, therefore, was to apply a suite of specific lipid oxidation ����

tracers (Fig. 1) to monitor the degradation of sea ice algae in suspended (collected by ����

filtration) and sinking (collected with sediment traps) particles from Resolute Passage ����

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



  

��
�

(Canada) during a period of spring ice melt (but continuous sea ice cover), and for which the ����

corresponding sea ice algal lipid composition and degradation state had previously been ����

established (Rontani et al., 2014). In particular, we aimed to compare the degradation states of ����

suspended and sinking OM during the early stages of ice melt, and to identify how the ��	�

sensitivity of the released sea ice algal-derived OM towards photodegradation was dependent ��
�

on the aggregation state of the algal cells. ����

With the specific aim of characterizing the abiotic (photo-oxidation) degradation state ����

of sea ice algal material in the water column, we focused our analyses on chlorophyll and a ����

range of lipids along with some of their degradation products (Fig. 1). Such lipids included ����

certain diatom-derived highly branched isoprenoid (HBI) alkenes (including IP25, which is ����

made uniquely by sea ice diatoms, Belt et al., 2007; 2013; Brown et al., 2014), the mono-����

unsaturated fatty acid C16:1w7 (palmitoleic acid; the dominant monounsaturated fatty acid of ����

sea-ice algae, Fahl and Kattner, 1993; Leu et al., 2010), together with the D5-sterols 24-����

methylcholesta-5,22E-dien-3b-ol (termed epi-brassicasterol here since diatoms synthesize the ��	�

24�-isomer) and 24-methylcholesta-5,24(28)-dien-3b-ol (24-methylenecholesterol) (generally ��
�

considered to be specific to phytoplankton, Volkman, 1986; 2003). The analysis of other ����

common lipids such as C18:1w9 (oleic acid), cholest-5-en-3b-ol (cholesterol), 24-����

methylcholest-5-en-3b-ol (campesterol) and 24-ethylcholest-5-en-3b-ol (sitosterol) was not ����

included in this study as they are not sufficiently specific to sea ice algal or phytoplankton ����

sources.  ����

 ����

2. Experimental ����

2.1. Study location and sample collection ����

This study was conducted in 2012 at a landfast ice station (74° 43.613� N, 95° 33.496� ��	�

W; water column depth: 90 m) located between Griffith Island and Sheringham Point ��
�

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



  

��
�

(Cornwallis Island) in Resolute Passage, Nunavut, Canada. The thickness of the first-year ice ����

was ca. 1.27 m at the beginning of the sampling period (Galindo et al., 2015). From 22 May to ����

20 June 2012, suspended particulate matter (SPM) samples were collected at 2, 5 and 10 m ����

with 5 l Niskin bottles. From 18 May to 23 June, sediment trap samples were collected with ����

two Hydro-Bios multi-sediment traps MS12 that were deployed at 5 m and 30 m from the ����

undersurface of the ice. The interceptor traps, fixed to a tripod on the sea ice, were made of ����

polyvinyl chloride (PVC) with an internal diameter of 13 cm and an aspect ratio ����

(height:diameter) of 4. Each trap was fitted with a plastic baffle mounted in the opening, to ����

prevent the entrance of larger organisms. In the receiving cups, a 5% buffered formalin-��	�

seawater solution was used as a preservative (Hargrave et al., 2002). The trap rotation interval ��
�

was every three days. Upon recovery, samples were stored at 4 °C in the dark until further ����

analysis. Sub-samples for lipid analysis were filtered onto Whatman GF/F 47 mm filters, kept ����

frozen at –80 °C, then lyophilized before sending them to the Plymouth laboratory. ����

Photochemically Active Radiation (PAR) at 5 and 30 m underneath the ice was estimated ����

from vertical profiles made with a scalar PAR sensor (Biospherical QSP-2300) mounted on a ����

Sea-Bird SBE 19plus V2 conductivity-temperature-depth (CTD) probe. ����

Although the presence of formalin would have prevented biotic degradation, the same ����

may not have been entirely the case for abiotic degradation processes in the sediment traps, ����

with some autoxidation possibly having taking place, even in the absence of light. In contrast, ��	�

the shading effect of the trap material on the receiving flasks and the thickness of their plastic ��
�

layer, likely minimized or even prevented photodegradation processes entirely, such that these ����

are considered to have been negligible. Overall, the intensity of autoxidation and ����

photooxidation processes, which did not increase significantly with sampling time, suggest ����

that abiotic processes were not significant during the time series. ����

 ����
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2.2. Sample treatment ����

Contents of HBIs and oxidation products of other lipids (D5-sterols, fatty acids and ����

chlorophyll phytyl side-chain) were determined separately on individual samples (filters). The ����

treatment of filters for HBI analysis (alkaline hydrolysis and purification by open column ��	�

chromatography) and lipid oxidation product measurement (NaBH4 reduction and alkaline ��
�

hydrolysis) was performed as described previously (Brown et al., 2011; Rontani et al., 2014). �	��

 �	��

2.3. Derivatization �	��

For extracts containing hydroxyl functions (i.e. sterols, fatty acids and oxidation �	��

products), samples were derivatized by dissolving them in 300 µl of a mixture of pyridine and �	��

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 hexane and BSTFA (to �	��

avoid desilylation) and analyzed by GC–MS–MS or GC–QTOF. �	��

 �		�

2.4. Gas chromatography/electron impact mass spectrometry (GC–EIMS) �	
�

HBIs were analyzed and quantified by GC–EIMS in Selective Ion Monitoring (SIM) �
��

mode (m/z 350.3, 348.3, 346.3, limit of detection = 1 ng/l) using an Agilent 7890A gas �
��

chromatograph coupled to an Agilent 5975c quadrupole mass spectrometer (GC–MS; HP5ms; �
��

Belt et al., 2012). Comparison of retention indices and mass spectra of HBIs in sample �
��

extracts to those obtained from purified standards permitted unambiguous identification. �
��

Quantification of HBIs was achieved by comparison of SIM peak areas with those of the �
��

internal standard (9-octylheptadec-8-ene; 2 ng) and normalised to individual response factors �
��

(Belt et al., 2012) and sample volumes. �
��

 �
	�

2.5. Gas chromatography–electron ionization tandem mass spectrometry (GC–MS–MS) �

�
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Fatty acids, phytol and their oxidation products were identified and quantified using an ����

Agilent 7890A/7000A tandem quadrupole gas chromatograph system (Agilent Technologies, ����

Parc Technopolis - ZA Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-����

methylpolysiloxane (Agilent; HP-5MS) (30 m · 0.25 mm, 0.25 mm film thickness) capillary ����

column was employed. Analyses were performed with a multi-mode injector operating in ����

splitless mode (with 0.5 min splitless period) set at 270 °C and the oven temperature ����

programmed from 70 °C to 130 °C at 20°C/min, then to 250 °C at 5 °C/min and then to 300 ����

°C at 3 °C/min. The pressure of the carrier gas (He) was maintained at 0.69 · 105 Pa until the ����

end of the temperature program and then programmed from 0.69 · 105 Pa to 1.49 · 105 Pa at ��	�

0.04 · 105 Pa/min. The following mass spectrometric conditions were employed: electron ��
�

energy, 70 eV; source temperature, 230 °C; quadrupole 1 temperature, 150 °C; quadrupole 2 ����

temperature, 150 °C; collision gas (N2) flow, 1.5 ml/min; quench gas (He) flow, 2.25 ml/min; ����

mass range, 50–700 Da; cycle time, 313 ms. Quantification of analytes was carried out with ����

external standards in Multiple Reaction Monitoring (MRM) mode. MRM transitions were ����

selected after CID (Collision Induced Dissociation) analyses of all the precursor ions ����

corresponding to the more intense fragment ions observed in EI mass spectra of the ����

compounds of interest.� ����

 ����

2.6. Gas chromatography–electron ionization quadrupole time of flight mass spectrometry ��	�

(GC–QTOF) ��
�

D5-sterols and their oxidation products were identified and quantified with an Agilent ����

7890B/7200 GC–QTOF System (Agilent Technologies, Parc Technopolis - ZA Courtaboeuf, ����

Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent; HP-5MS ultra ����

inert) (30 m · 0.25 mm, 0.25 mm film thickness) capillary column was employed. Analyses ����

were performed with an injector operating in pulsed splitless set at 280 °C and the oven ����
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temperature programmed from 70 °C to 130 °C at 20 °C/min, then to 250 °C at 5 °C/min and ����

then to 300 °C at 3 °C/min. The pressure of the carrier gas (He) was maintained at ����

0.69 · 105 Pa until the end of the temperature program. Instrument temperatures were 300 °C ����

for transfer line and 230 °C for the ion source. Accurate mass spectra were recorded 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. Identification and quantification were carried out with ����

external standards in Time of Flight (TOF) mode. ����

 ����

2.7. Chlorophyll analyses ����

Duplicate sub-samples were filtered through 25 mm Whatman GF/F filters. ����

Chlorophyll a retained on the filters was measured using a 10-005R Turner Designs ����

fluorometer, after extraction in 90% acetone for 18 h at 4 °C in the dark (acidification method ����

of Parsons et al. (1984)). The fluorometer was calibrated with a commercially available ��	�

chlorophyll a standard (from Anacystis nidulans, Sigma). ��
�

 ����

2.8. Lipid oxidation products employed as tracers ����

2.8.1. Chlorophyll a ����

Although it has been shown that the visible light-dependent degradation rate of the ����

tetrapyrrole ring in chlorophyll a (chl a) is three to five times higher than that of the phytyl ����

side-chain (Cuny et al., 1999; Christodoulou et al., 2010), no specific and stable ����

photodegradation products of the former have been identified in the literature. In contrast, ����

Type II photosensitized oxidation (i.e. involving 1O2) of the phytyl side-chain leads to the ����

well-known production of 2-hydroperoxy-3-methylidene-7,11,15-trimethylhexadecan-1-ol ��	�

which, after NaBH4 reduction, can be quantified as 3-methylidene-7,11,15-��
�
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