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Abstract :

Over the last decade or so, certain source-specific C-25 highly branched isoprenoid (HBI) lipid biomarkers
have emerged as useful proxies for Arctic and Antarctic sea ice. Thus, IP25 (Ice proxy with 25 carbon
atoms) and IPSO25 (Ice proxy for the Southern Ocean with 25 carbon atoms) represent binary measures
of past seasonal sea ice in the Arctic and Antarctic, respectively. A further tri-unsaturated HBI (generally
referred to as HBI Ill) appears to provide proxy evidence for the region of open water found adjacent to
seaice (i.e. the marginal ice zone (MIZ)) in both polar regions. This review provides an update on current
knowledge pertaining to each proxy. The first section focuses on describing those studies that have aimed
to establish the underlying features of each proxy, including source identification and spatial distribution
characteristics. The second section presents some important analytical considerations pertinent to the
accurate identification and quantification of HBI biomarkers. The third section describes how each HBI
proxy is normally interpreted within the sedimentary record for palaeo sea ice reconstruction purposes.
This includes the interpretation of individual and combined biomarker profiles such as the PIP25 index
and multivariate decision tree models. A summary of all previous palaeo sea ice reconstructions based
on HBIs is also given, which includes examples that clarify or reinforce our understanding of the individual
or combined biomarker signatures. Some knowledge gaps and areas for future research are also briefly
described.
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» Source-specific highly branched isoprenoid (HBI) biomarkers as sea ice proxies. P IP2s and IPSO2s
are proxies for Arctic and Antarctic sea ice, respectively. » A tri-unsaturated HBI shows promise as a
proxy for the Marginal Ice Zone (MI1Z) » Combined biomarker approaches provide more detailed sea ice
descriptions. » Overview of how HBI-based proxies are used for palaeo sea ice reconstructions.
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1. Introduction
1.1 Background to sea ice and sea ice proxies

Dramatic changes to climate in the Arctic and Antarctic, beginning towards the
end of the last century and continuing towards modern times, have stimulated a
large array of research activity into the causes, consequences and contextualisation
of these transformations over the last decade or so (IPCC, 2013). Within the overall
climate structure of the polar regions, sea ice plays a central role (Thomas, 2017).
For example, due to its high albedo (reflectivity), sea ice acts as a highly efficient
regulator of incoming solar radiation to the surface oceans, and it also acts as a
physical barrier to gas, heat and moisture exchange between the oceans and
atmosphere. During formation and melt, sea ice contributes brines and freshwater,
respectively, with important consequences for stratification, bottom-water formation
and ventilation, in particular (e.g. Dickson et al., 2007 and references therein). A
further impact of ice melting during the spring is nutrient release which, when
combined with surface layer stratification and increasing light and temperature, often
results in intense open water (pelagic) phytoplankton production, especially in the
region defined by the retreating ice edge — the so-called marginal ice zone (MIZ)
(Smith and Nelson 1986; Smith, 1987; Sakshaug et al., 2009; Perette et al., 2011).
Such primary production can exceed that of the permanently open ocean and is
often enhanced further through the seeding of the water column by microorganisms
residing in bottom ice during the winter, which then proliferate prior to the main
bloom of the pelagic community (Michel et al., 1993; Lizotte, 2001). A further
community of sea ice-associated (sympagic) organisms undergo rapid growth within
the host ice matrix itself, normally as light and nutrient availability increase during

spring (for an overview, see Arrigo, 2017).
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With substantial changes in sea ice extent, particularly in the Arctic, during the
last half century or so (Stroeve et al., 2012; Fetterer et al., 2016, Serreze et al., 2016;
Walsh et al., 2017), one area of recent research focus has centred on aiming to
better contextualise these modern changes through reconstruction of longer-term
palaeo sea ice conditions. This has been achieved largely (although not exclusively)
by analysis of various proxies in marine sedimentary archives. A number of proxies
for sea ice exist, and many of their relative merits and applications have already
been described elsewhere (e.g. de Vernal et al., 2013 and references therein). Sea
ice proxies possessing a biological origin are probably the most common, not least
because of the influence that sea ice can have on marine-based ecological systems,
as described earlier. Indeed, the identification of certain ice-associated diatoms in
polar marine sediments has commonly been used as a proxy measure of sea ice
occurrence in the past, especially in the Antarctic (Armand et al., 2017). However,
most of these represent species whose growth habitat is more closely associated
with the open waters of the MIZ rather than that of sea ice itself (Leventer et al.,
2008; Leventer, 2013). In contrast, the strictly sympagic community, arguably a more
direct proxy measure of sea ice, is often under-represented in sedimentary records,
probably due to their generally lower abundance compared to their pelagic
counterparts, together with their often higher susceptibility towards degradation in

the water column and in sediments (Leventer, 2013).

1.2 Biomarkers as sea ice proxies
The different ecological habitats of various classes, genera or species of
microorganisms in polar marine settings offers the potential to identify unique or

source-specific lipids that may serve as suitable biomarker proxies for discrete



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

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

oceanographic settings. Within the context of sea ice, such settings may be binary in
nature, such as its presence or absence. Alternatively, more nuanced scenarios
including different ice types, ice thickness, extent or seasonality might also
potentially be deciphered. In practice, the main common algal lipid classes including
fatty acids and sterols do not sufficiently satisfy the criterion of source-selectivity to
be useful, even for distinguishing sea ice cover from open water conditions. An
exception can be found, however, in a further lipid group, commonly referred to as
highly branched isoprenoids (HBIs), which are biosynthesised by a relatively small
number of diatom genera (Volkman et al., 1994; Belt et al., 2000; Grossi et al., 2004;
Sinninghe Damsté et al., 2004; Brown et al., 2014b). Despite the near-ubiquity of HBIs
in marine and lacustrine locations worldwide (Rowland and Robson, 1990), the
sources and distributions of some HBIs make them good candidates for proxies of
Arctic and Antarctic sea ice, and in a range of different sea ice settings. The first of
these HBIs — IPy5 (Ice Proxy with 25 carbon atoms; Belt et al., 2007) — is a mono-
unsaturated Cy5 HBI (I; Fig. 1) produced by certain Arctic sympagic diatoms (Brown
et al., 2014c), but has thus far not been identified in the Antarctic. The second
example is a close structural analogue of IPys5, but has an additional double bond in
its structure (Il; Fig. 1). This di-unsaturated HBI co-occurs with IP5 in Arctic sea ice
and associated sediments but, unlike IP2s5, is also present in the Antarctic. A recent
study confirmed a sea ice diatom origin for HBI |l and the term IPSOgs5 (Ice Proxy for
the Southern Ocean with 25 carbon atoms) was given, at least when detected in the
Antarctic (Belt et al., 2016). Finally, a third (at least) HBI has been linked with open-
water (pelagic) conditions in both the Arctic and the Antarctic (Massé et al., 2011;
Collins et al., 2013; Belt et al., 2015; Smik et al., 2016a,b). Although a common

constituent of marine settings (Belt et al., 2000), this tri-unsaturated HBI, sometimes
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referred to as HBI Il (IlI; Fig. 1), is also showing potential as a proxy for the MIZ in
both polar regions (Collins et al., 2013; Belt et al., 2015; Smik et al., 2016a,b;
Kdseoglu et al., 2018a,b).

Studies using HBI-based sea ice proxies for palaeo sea ice reconstruction
purposes have largely paralleled those aimed at proxy development (see Tables
1,2). The majority of reconstructions carried out thus far span the time interval since
the last glacial maximum (LGM) and the Holocene, in particular. However, some
recent studies have extended timeframes in the Arctic to recent glacial/interglacial
intervals (Stein and Fahl, 2012; Hoff et al., 2016; Stein et al., 2017a; Kremer et al.,
2018a,b; Lo et al., 2018), the Mid-Pleistocene Transition (Detlef et al., 2018), the
Pliocene and Pliocene/Pleistocene boundary (Stein and Fahl, 2013; Knies et al.,
2014; Clotten et al., 2018), and the late Miocene (Stein et al., 2016) (see Table 2 for
a summary). In the Antarctic, only one study has investigated HBI sea ice proxies in
older (last glacial) sediments (Collins et al., 2013).

An earlier review of the use of HBIs as sea ice proxies was published in 2013,
with IP25 as the focus (Belt and Mdller, 2013). The purpose of the current review is to
provide an update on research activity carried out on IP,s5, together with an overview
of work carried out on other sea ice related HBIs (mainly IPSO25 and HBI IlI).
Throughout, an emphasis is placed on describing the advances in our understanding
of how these biomarkers may be used as sea ice proxies, rather than in their
application for individual case studies. Nonetheless, some brief illustrations of how
these proxies have been used in palaeo sea ice reconstructions are also provided,
especially when outcomes from these studies help illustrate the individual proxy

signatures of these organic geochemicals. Finally, clarification of current knowledge
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should, hopefully, prevent incorrect or mis-leading descriptions and interpretations of

HBI-based sea ice proxy research in the future.

2. Source-specific HBI sea ice biomarkers
2.1 IP,5 — a binary measure of Arctic sea ice

The most frequently studied of the different HBI sea ice biomarkers is |P s,
first identified in Arctic sea ice and sediments by Belt et al. (2007). IP25 has since
been identified in numerous Arctic and subarctic surface sediments and downcore
records (Fig. 2a,b; Tables 1,2). In contrast, there have been perhaps surprisingly few
studies on IP5 in its native sea ice and these are restricted, spatially, to the
Canadian Arctic Archipelago and Hudson Bay regions (Fig. 2c; Table 1); however, it
is worthwhile highlighting some findings from these investigations. For example,
although several authors made early suggestions as to the likely origin(s) of IP,5 (see
Belt and Mdller, 2013 for a review), it was not until Brown et al. (2014c) carried out
analysis of individual sympagic diatom species that definitive source identifications
were made. Three (or four) individual sympagic diatom taxa have been identified as
producers of IPs - Pleurosigma stuxbergii var. rhomboides (Cleve in Cleve &
Grunow) Cleve, Haslea kjellmanii (Cleve) Simonsen, H. crucigeroides (Hustedt)
Simonsen and/or H. spicula (Hickie) Lange-Bertalot. Further, Brown et al. (2014c)
also showed that, despite their relatively low contributions to sympagic diatom
communities (typically ca. 1-5%), these IPy5 producing species are, nevertheless,
common across the Arctic and subarctic regions (Fig. 2c¢). Consistent with this, [P2s
has been reported in (to date) more than 500 Arctic/subarctic surface sediment
samples (Fig. 2a; Table 1). On the other hand, IP,5 has not, thus far, been identified

in any other diatoms, whether sympagic, pelagic or lacustrine. However, studies
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dedicated to identifying IP25 producers are still rare and other sources may
potentially be identified in the future. In two separate time series analyses of sea ice
cores taken from Resolute Passage and the Amundsen Gulf (both in the Canadian
Arctic Archipelago (CAA)), temporal production of IP25 coincided with the spring
sympagic bloom (Fig. 3) (Brown et al. 2011; Belt et al., 2013). As such, many
authors have subsequently interpreted the occurrence of IP,5 in the sedimentary
record as proxy evidence of seasonal (spring) sea ice (see Belt and Muller, 2013).
Following its production in sea ice during spring, IPs is rapidly released into the
surface layer of the water column during ice melt. Indeed, analysis of IPy5 in the
water column during the late spring melting phase has demonstrated the dominance
of ice algal organic carbon (OC) input to surface waters at this time (Brown et al.,
2016). Thus, a source-to-sink model for IP25 might be considered as: production by
certain sympagic diatoms in the spring, release to the surface layer as a pulse of ice
algal organic carbon during early summer ice melt, and deposition in underlying
sediments thereafter. This description seems reasonable for regions experiencing
annual cycles of first year sea ice formation in autumn/winter and melt in
spring/summer, and is supported further by the identification of higher amounts of
IP25 in some sediment trap studies during the late spring/summer months (Fig. 2d)
(Belt et al., 2008; Fahl and Stein, 2012). What is more challenging to rationalise
according to this model, and given current knowledge, is the occurrence of IP 25 in
sediments from some regions of the central Arctic Ocean (CAO) that experience
near-permanent ice cover with little/no ice melt (Xiao et al., 2015a), or some sub-
arctic locations such as southeast Greenland and north Iceland, or the South-West
Labrador Sea, where sea ice conditions reflect drift ice export from the Arctic Ocean

(Massé et al., 2008; Alonso-Garcia et al., 2013; Sicre et al., 2013; Cabedo-Sanz et
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al., 2016a; Darby et al., 2017) and (mainly) Baffin/Hudson Bay regions, respectively
(Weckstrom et al., 2013). Further work is therefore still needed to establish a more
comprehensive understanding of the conditions under which |IP2s is produced and
the mechanism(s) by which it is exported to underlying sediments.

The source-selective production of IP25 by certain sympagic diatoms is further
evident from its somewhat enriched stable carbon isotopic composition (813C =ca. -
16 to -23%o0; summarised in Belt and Mdller, 2013) and its general absence in marine
surface sediments from regions that experience little or no sea ice cover in modern
times (Fig. 2a; Note that the locations of reported IP,5 absence only indicate those
studies where it was specifically analysed for, so likely under-reflects the broader
picture of absence). A few exceptions exist, however. For example, IP25 has been
reported in a small number of surface sediments from locations slightly beyond the
modern maximum winter sea ice margin (Navarro-Rodriguez et al., 2013). This may
reflect a deviation from strict vertical transport within the water column or re-
suspension/advection subsequent to initial deposition in surface sediments (Navarro-
Rodriguez et al., 2013). Alternatively, such anomalies may simply reflect the limited
resolution of satellite-based determinations of winter (i.e. maximum) ice margins or
the uncertainty of the temporal frameworks that surface sediments represent.
Further, IP25 absence has been noted from some sea ice covered locations, although
these are mainly in the CAO where near-perennial sea ice cover prevails (Fig. 2a;
Xiao et al., 2015a) and where surface sediments may not adequately reflect recent
accumulation. The significance of IP,5s absence, more generally, is discussed in more

detail in the next section.

2.2 Absent IP,5 — a more challenging scenario to interpret
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While a reasonably clear (but not complete) picture for the interpretation of
IP25 presence is available (Section 2.1), it is less so for IPy5 absence. In a number of
studies, two end-member scenarios for absent IP25s have been described, especially
in downcore records. The first of these is the occurrence of ice-free conditions, and
is reasonable to accept if the source-selectivity of IP2s is as believed (i.e.
biosynthesis by certain sympagic diatoms only) and is supported by the general
absence of IP25 in surface sediments from regions of year-round ice-free conditions
(vide supra; Fig. 2a). The second scenario, of permanent or perennial sea ice cover,
requires more assumptions about the conditions by which IPys is (or is not)
produced, together with the processes by which it is transferred from sea ice to the
sediments. For example, in the seminal work on IP,5 (Belt et al., 2007), absent |P2s
in sediments from the northern regions of the Canadian Arctic experiencing near
year-round sea ice cover was interpreted as reflecting conditions unsuitable for ice
algal growth, release and deposition. However, although accepted at the time, and
re-iterated in many subsequent palaeo sea ice reconstructions and in the earlier
review by Belt and Muller (2013), this interpretation was, and continues to be, based
on supposition only. No targeted investigations aimed at clarifying the
production/deposition of IP,5 under perennial sea ice cover have been carried out,
with the exception of the analysis of a suite of sediments from the CAO, which
yielded mixed (presence/absence) outcomes (Xiao et al., 2015a; Fig. 2a). As
described in the previous section, more work is needed to identify the IP,5 production
and deposition conditions before both presence and absence can be interpreted with
complete confidence.

One frequently adopted approach for distinguishing between the permanent

versus ice-free end-member scenarios, especially in downcore records, is the co-
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measurement of certain other biomarkers, most commonly associated with pelagic
phytoplankton. First proposed by Mller et al. (2009), the co-measurement of certain
algal sterols, in particular, potentially provides a means of distinguishing between
perennial sea ice cover from open water conditions on the basis of relatively low or
high phytoplankton biomarker concentrations, respectively. This, of course, makes
various assumptions on factors controlling open water productivity and pelagic-
benthic coupling, and is further complicated by the biosynthesis of many potential
open-water biomarkers from non-pelagic sources. Thus, many sterols can be derived
from marine, terrestrial and also sea ice algal sources (Huang and Meinschein,
1976; Volkman, 1986; Volkman et al., 1998; Belt et al., 2013,2018). Further
discussion of the role of open-water biomarkers for palaeo sea ice reconstruction
can be found in Sections 2.3 and 4.

More generally, P25 absence may reflect a range of sea ice conditions where
the (IP2s-producing) diatoms are too low in abundance or even absent. Brown et al.
(2014c) described the common occurrence of IPys-producers in previously reported
taxonomic inventories of sea ice diatoms (Fig. 2c), but there are likely certain
scenarios where this is not the case. For example, the lower salinities associated
with fjords or near-coastal settings influenced by large river discharges that are
common along the Arctic shelves may limit or preclude the colonisation of IPs-
producing diatoms in sea ice within such settings, a point made recently by Ribeiro
et al. (2017) when interpreting IP,s5 distributions in surface sediments from a NE
Greenland fjord, and by others following analysis of IP25 in sediments from the Kara
and Laptev Seas (Xiao et al., 2013; Horner et al., 2016). One could also speculate
that sea ice with too low of a brine channel percentage or very low surface-to-bottom

light transmittance such as thick multi-year ice or ice with substantial snow cover,
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could also sufficiently inhibit sympagic diatom growth to an extent that 1Py5
production fails to reach detection levels, as proposed previously (Belt and Mduller,
2013); however, such hypotheses remain in need of further research.

Finally, IP2s (sedimentary) absence may result from its degradation in sea
ice, the water column, in sediments, or a combination of these, as described
previously (Belt and Muller, 2013). Alternatively, since ice algal organic carbon (OC)
represents an important foodstock at the base of the polar food web, removal of IP 25
through grazing and subsequent upward trophic transfer may also constrain
sedimentary accumulation. Indeed, analysis of IP25 (and other HBIs) in primary
grazers and higher trophic level consumers has been used with some success to
trace the fate of ice algal OC into Arctic and Antarctic marine ecosystems (Brown et
al., 2014a,2017a,b,2018; Goutte et al., 2014,2015; Schmidt et al., 2018).
Interestingly, amongst these studies, it was shown recently that the relative amounts
of IP25 and other HBIs remained unaltered between food source, ingested material
and faecal pellets when mixed diatom sources were fed to certain Artemia sp. (brine
shrimp) in laboratory experiments (Brown and Belt, 2017). These preliminary findings
suggest that source HBI distributions remain largely unaltered following grazing,
which may have positive implications for the use of sedimentary HBI distributional
data for palaeo sea ice reconstruction (see Section 4). However, substantially more
work is needed before the impacts of grazing on the absolute and relative amounts
of IP25 and other HBIs in sediments can be fully understood.

In terms of degradative processes, relatively little attention has still been given
to this topic, although some laboratory studies have shown IP,5 to be relatively
stable, at least with respect to some other lipids (Rontani et al., 2011,2014b). On the

other hand, the susceptibility of IP,5 towards certain biotic and abiotic degradation
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processes was demonstrated recently, following characterisation and detection of
various |P,5 oxidation products in some near surface sediments from the CAA
(Rontani et al., 2018a,b). Interestingly, the same degradation processes did not
appear to be operating on IPy5 in the sea ice itself. In contrast, more unsaturated
HBIs have been shown to undergo oxidation in Arctic sea ice (Rontani et al., 2014a).
However, according to Rontani et al. (2018a), determining the importance of
degradation, more routinely, is likely to remain challenging due to the probable
secondary reactions of the initial degradation products, which limits their
accumulation in sediments.

In summary, | suggest that interpretations of absent IP,s, in particular, should
be more circumspect, and certainly not limited to the extreme cases of ice-free
versus perennial ice cover, which are themselves not sufficiently evidenced, at this
point. An overview of how certain sea ice settings are currently believed to influence
IP25 production is shown in Figure 4.

Finally, although IP,5 has received the most attention as an HBI sea ice proxy,
it is worth noting that its di-unsaturated structural homolog — HBI Il (Fig. 1) —is also
produced by certain Arctic sympagic diatoms (Brown et al., 2014c). Indeed, IP»5 and
HBI Il concentrations are frequently well correlated in Arctic sedimentary records,
with the latter normally present in higher concentration. As a result, HBI Il has been
used as a surrogate for IP,5 when concentrations of the latter have been close to (or
below) the limit of quantification (Andrews et al., 2018). In some reports, variations in
the concentration ratio HBI 11/IP25 or DIP2s index have been attributed to either
possible changes in temperature or sea ice dynamics (e.g. Vare et al., 2009; Fahl
and Stein, 2012; Cabedo-Sanz et al., 2013; Muller and Stein, 2014; Horner et al.,

2016; Ruan et al., 2017); however, the former seems unlikely given the near-uniform
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temperatures found at the base of seasonal sea ice where IP25 and HBI Il are
biosynthesised, and no in situ testing of the latter hypothesis has been reported.
More fundamentally, apart from the study of Xiao et al. (2013), the relationship
between HBI Il and sea ice conditions in the Arctic has not been investigated, which
is perhaps surprising, given its co-production with IP2s. It is thus plausible that HBI I
might, in fact, represent a ‘better’ sea ice proxy than IP2s, or at least an appropriate
substitute in cases where |IPys5 is absent (or below its detection limit). After all, HBI Il
is proposed as a proxy for Antarctic sea ice (where it is referred to as IPSOy5), as

described in the following section (Section 2.3).

2.3 IPSO,5 — a proxy measure of Antarctic sea ice

As stated earlier (Section 1.2), IP25 has not been identified in Antarctic sea ice
or sediments, probably due to the absence of the necessary diatom species. Indeed,
none of the IPys-producing species endemic to the Arctic (Section 2.1) have been
reported in the Antarctic. However, a di-unsaturated HBI (llI; Fig. 1), which co-occurs
with IP25 in the Arctic (Section 2.2), was first reported in Antarctic sea ice and
sediments more than 25 years ago (Nichols et al.,1988,1989,1993), although a
definitive source remained elusive at that time and its structure also remained
uncertain. Following definitive structural characterisation of this HBI by Johns et al.
(1999), Massé et al. (2011) subsequently proposed the use of HBI Il as a proxy for
Antarctic sea ice and a number of palaeo Antarctic sea ice reconstructions have
since followed (Fig. 5b; Table 2). In a more recent study, Belt et al. (2016) identified
a source of HBI |l as Berkeleya adeliensis (Medlin), a common constituent of
Antarctic sympagic diatom communities (Medlin, 1990). Consistent with this source,

HBI Il was also identified in a large number of sediments from near-coastal locations
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around the Antarctic continent (Fig. 5a). Given its source identification and
widespread sedimentary occurrence, the term IPSO25 — ‘Ice Proxy for the Southern
Ocean with 25 carbon atoms’ was given to HBI I, by analogy with IP25 for the Arctic.
It is worth noting, however, that the source-specificity of IPSOys is not as clear-cut as
that for IP,5 since this HBI has also been identified in the benthic diatom Haslea
ostrearia (Johns et al., 1999; Rowland et al., 2001) and in sediments from some
temperate locations (Xu et al., 2006; He et al., 2016). However, a particularly notable
characteristic of HBI Il in the Antarctic is its distinctive stable carbon isotopic
composition, with §'*C values ranging from ca. -5.7 to -8.5%o in sea ice samples
(Massé et al., 2011). Importantly, >C-enrichment has also been observed for this
HBI in sediments (Sinninghe Damsté et al., 2007, Massé et al., 2011; Belt et al.,
2016) and in some near-surface waters proximal to melting sea ice (Schmidt et al.,
2018), suggesting a sea ice origin in all cases. Thus, within the context of relatively
modern sea ice-covered near-coastal environments around Antarctica, the use of the
term IPSO,5 appears appropriate, for now, at least. However, whether this is also
true for offshore locations spanning the entire Southern Ocean, or for older
sedimentary sequences where palaeoceanographic conditions may have differed
substantially from those of the modern era, remains to be verified. As such, further
isotopic measurements of this proxy should probably be carried out as routine,
where possible, in order to confirm its origin.

More generally, the development of IPSOy5 as a proxy for Antarctic sea ice
has not received as much attention as that for IP,s5 in the Arctic. Thus, apart from its
recent source identification, establishment of its characteristic stable carbon isotopic
composition, and its general presence in near-coastal surface sediments, the surface

sedimentary distribution of IPSO25 has not been calibrated against recent sea ice
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conditions (e.g. seasonal sea ice concentrations) in the same way that IP25 has been
investigated in the Arctic (Section 2.1), and a broader spatial assessment of its
distribution has also not been conducted. In fact, as stated earlier, even the
distribution of this biomarker in the Arctic has not been investigated in any detail,
something that might prove valuable in its development as an Antarctic sea ice
proxy.

Exceptionally, Massé et al. (2011) observed a general decline in sedimentary
IPSO25 concentration in a short offshore transect from East Antarctica; a trend
shown subsequently to be quite general for various other Antarctic regions (Belt et
al., 2016). In the latter study, it was suggested that the origin of this trend might be
found in the preferred habitat of the known source of IPSO,5 (B. adelienis), which
has a tendency to proliferate in platelet ice, found most commonly in near-shore
locations covered by fast ice (Medlin, 1990). As such, it was hypothesised that
higher concentrations of IPSO2s might be found in locations proximal to ice-shelves,
since their basal melt acts as the major driver for platelet ice formation (Jefferies et
al., 1993). Re-examination of some palaeo sea ice records based on IPSO,5 added
further credibility to this suggestion (Fig. 6), and Smik et al. (2016a) also identified
highest concentrations of IPSO3s5 in near-shore surface waters soon after spring sea
ice melt. Nonetheless, there are still several aspects of proxy development that are
in need of attention before the sedimentary signature of IPSO5 can be interpreted
with greater confidence. These potentially include (but are not limited to): (i)
measurement of IPSOys in a larger range of Antarctic surface sediments and
comparison of findings with known sea ice conditions; (ii) combining IPSO25
concentrations with those of other biomarkers (i.e. similar to the PIPys index used in

the Arctic; see Section 4.2); (iii) determination of additional sources (if any) of IPSOy5
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whose habitat(s) may also influence the interpretation of the sedimentary signal; (iv)
determination of any diagenetic factors that may impact on the sedimentary profile.
For the latter, it is noted that IPSO25 was shown to undergo relatively rapid (a few
hundred years) incorporation of sulphur in Ellis Fjord (East Antarctica) sediments
(Sinninghe Damsté et al., 2007), yet has been readily identified in Holocene and last
glacial sediments from other Antarctic regions (Table 2).

Regarding absent sedimentary IPSO,s, there are likely several potential
explanations for this scenario, as described in more detail for absent IP25 (see

Section 2.2).

2.4 Open water conditions and the marginal ice zone (MIZ)

The third setting for which source-specific biomarkers can potentially provide
useful proxy-based information pertinent to seasonal sea ice cover is the region
defined by the retreating ice edge or marginal ice zone (MIZ). A number of nuanced
definitions of the MIZ exist, and the challenge at arriving at a single description
stems from its inherent dynamic behaviour, both spatially and temporally. For the
purposes of understanding how biomarker distributions might reflect the MIZ, |
consider the definition of Wadhams (1986) to be as good as any. Thus, the MIZ is
defined as “that part of the ice cover, which is close enough to the open ocean
boundary to be affected by its presence”. For some regions, this approximates to the
area bound by the positions of maximum winter and summer sea ice extent,
although these are often variable on annual timeframes. For other locations, sea ice
dynamics can be far less pronounced or consistent, even on seasonal timeframes,

with rapid fluctuations in extent from winter through to summer. These contrasting
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scenarios provide important background context for interpretation of biomarker
signatures of the MIZ in palaeo records (Section 4).

With such dynamic behaviour, combined with surface ocean settings often
characterised by a melange of different sea ice types and open water conditions, the
identification of any source-specific biomarkers that represent the MIZ uniquely is an
ambitious research objective, to say the least. However, it may be feasible to identify
some potential candidates that at least partly align with the key attributes of source-
selectivity. For example, a potentially useful starting set of criteria for identification of
MIZ biomarkers would be: (i) those that are not found in sea ice; (ii) those that are
produced by certain pelagic phytoplankton but do not have additional (e.g. terrestrial)
sources; (iii) those whose production is distinct from that found in permanently open
waters. The latter could potentially stem from an ecological preference for the
nutrient-rich MIZ surface waters or the lower salinities characteristic of the fresh
meltwater layer compared to the neighbouring open ocean, although, in practice, this
criterion likely represents the most challenging to be satisfied. In addition, the
difficulty in identifying any such biomarker(s) is compounded further by the
challenges of carrying out representative in situ sampling of the MIZ, not least
because of its highly dynamic and often heterogeneous nature. On the other hand,
identification of suitable MIZ biomarkers can potentially be deduced from the
analysis of surface sediments, even if their accumulation characteristics generally
imply an integration of a number of different overlying surface or near-surface
conditions spanning several seasons, years, or longer.

In practice, many common algal biomarkers including fatty acids and
phytosterols do not satisfy the first two criteria. Indeed, in two recent studies — the

first based on fatty acid and sterol distributions in surface waters from East
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Antarctica, the second based on variable sterol concentration in surface sediments
from the Barents Sea and Norwegian Sea in the Eurasian Arctic/subarctic — no
significant differences in biomarker abundances or distributions were identified
between the respective MIZ and neighbouring open ocean locations (Navarro-
Rodriguez et al., 2013; Belt et al., 2015; Smik et al., 2016a). On the other hand, in a
number of recent empirical studies, the elevated abundance of a tri-unsaturated HBI
biomarker (often referred to as HBI Ill; Fig.1) in some near-surface waters and
surface sediments from the MIZ of certain Arctic and Antarctic regions, suggests that
this biomarker may at least part-satisfy several key criteria (Belt et al., 2015; Smik et
al., 2016a; Schmidt et al., 2018) (see Fig. 7,8,9 and Tables 1,2 for summaries).

Initially, Collins et al. (2013) suggested that sedimentary HBI 11l might better
reflect phytoplankton production in the MIZ compared to the permanently open
ocean, based largely on its similar temporal profile to that of the sea ice proxy HBI Il
(now IPSOys) in late glacial sediments from the Scotia Sea (Southern Ocean). In
support of this, relatively high concentrations of HBI Ill have been observed in the
near-surface waters of the MIZ in the Scotia Sea (Schmidt et al., 2018) and also off
the Sabrina Coast (East Antarctica) (Fig. 8; Smik et al., 2016a). In the Arctic, HBI Il
concentration was shown to be significantly higher in Barents Sea surface sediments
from locations normally associated with the MIZ, at least compared to those settings
that experience ice-free or mainly year-round ice cover (Fig. 9; Belt et al., 2015). In
addition, in a study of biomarker content in a small number of surface sediments
from a NE Greenland fjord, HBI Ill was most abundant for locations proximal to the
mid-July ice edge (Ribeiro et al., 2017).

Several Rhizosolenia spp. isolated from polar and sub-polar locations from

both hemispheres (Belt et al., 2017) have recently been identified as sources of HBI
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1, whose isotopic composition, when detected in polar environments (5'°C = ca. -35
to -40%o0; Massé et al., 2011; Smik et al., 2016a; Schmidt et al., 2018), is also
consistent with production by pelagic, rather than sympagic, algae. Combined, these
background studies, albeit relatively small in number thus far, indicate that HBI Il
may prove to be a useful proxy measure for the MIZ in the Arctic and the Antarctic,
for some locations, at least. In terms of selection criteria, although the biosynthesis
of HBI Il by certain pelagic diatoms is clear, the reason for its enhanced production
within the MIZ is not evident at this stage and is in need of further attention.
Potentially, increased production might reflect an environment-specific response. For
example, the nutrient-rich conditions normally associated with the MIZ may
particularly favour the growth of Rhizosolenia spp., or at least the biosynthesis of HBI
[Il by such species. The possibility of HBI Ill biosynthesis by other polar pelagic
diatoms should also be considered, although only certain Pleurosigma spp. have
previously been shown to be producers of this HBI, and such species are not
especially common or abundant in polar environments. For now, therefore, the use
of HBI Il as a MIZ proxy is based largely on the aforementioned empirical
observations. As for absent HBI IIl, while it is tempting at this stage to interpret this
scenario in terms of permanent sea ice cover due to little or no pelagic algal
production, it may also result from an absence (or too low abundance) of the HBI IlI-
producing diatoms in some settings/time intervals, or degradation in the water
column or sediments. The co-measurement of other phytoplanktic biomarkers is,
therefore, probably still useful in terms of elucidating productivity trends, more
generally. In the meantime, some suggestions for how the production of HBI Ill might

be dictated by different Arctic sea ice settings is shown in Figure 4.
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3. Analytical considerations

Central to the use of source-specific HBIs as sea ice proxies is the reliability
of the analytical measurement, which includes both accurate identification and
quantification. The former should be straightforward given the availability of suitable
laboratory standards, well-maintained GC-MS instrumentation and published
chromatographic and mass spectral data, but care should still be taken, not least
given the similar chromatographic and mass spectral properties of many HBIs. For
example, Cabedo-Sanz and Belt (2015) identified a C,5 HBI monoene in ancient
Arctic sediments, which has a very similar GC retention index and mass spectrum to
that of IP,s, but has not thus far been reported in sea ice. Further, for Arctic
sediments, which commonly contain both IP,5 and its di-unsaturated pseudo-
homolog HBI Il (Fig. 1), the near isobaric nature of their molecular (M) and (M+2)*
ions, respectively (both nominally m/z 350) (Fig. 10), together with their very similar
retention indices on non-polar stationary GC phases (e.g. Rlypsms 2081 and 2082 for
IP25 and HBI Il, respectively; Belt and Cabedo-Sanz, 2015), provides an opportunity
for mis-identification, especially of IP,s. In fact, during an inter-laboratory
investigation of IP25s and other HBIs (Belt et al., 2014), IP,5 was sometimes
incorrectly identified in an Antarctic sediment (i.e. one known not to contain 1Pys),
where HBI Il was present in sufficient abundance for its (M+2)*ion to be readily
detected and mis-assigned to the M*ion of IP25. Such mis-identification could
arguably be attributed to the blind nature of the sediments under study (the
participants were not aware of the origin of the sediments), but this cautionary tale is
nonetheless useful for future analyses.

Ambiguity in HBI identification may potentially become more problematic for

more unsaturated HBIs, due to the larger number of isomeric forms biosynthesised
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by diatoms (Belt et al., 1996,2000,2001; Grossi et al., 2004; Poulin et al., 2004;
Brown and Belt, 2016), the extremely similar mass spectra generally seen for
isomeric HBIs (Belt et al., 2000; Brown and Belt, 2016), and the difficulties in often
obtaining high quality total ion current mass spectra from analysis of sediment
extracts, in any case, due to low abundances or spectrometric interferences.
Accurate identification is especially important, however, since only one of the
structurally characterised HBI trienes (HBI Ill; Fig. 1) has been firmly associated with
the MIZ in the Arctic and Antarctic. A brief perusal of some reports of HBI I
suggests that it may have been mis-identified based on the literature cited when
describing it's characterisation.

The inter-laboratory study of sedimentary IP,5 (Belt et al., 2014) revealed
further analytical considerations important to its accurate identification and
quantification (and of other HBIs). For example, significant differences in
instrumental (GC-MS) response factors were observed between individual
laboratories (by up to a factor of 2—6), with further differences noted for the two
internal standards employed (7-hexylnonadecane (7-HND) and 9-octylheptadec-8-
ene (9-OHD)) and the specific biomarker ions selected for quantification. In the
Plymouth laboratory, both of these IS are used for HBI quantification purposes, with
routine monitoring of biomarker-specific GC—MS response factors performed through
analysis of (i) a homogenised sediment with known HBI concentration and (ii) a
series of standard solutions of variable HBI concentration. The first approach was
indeed a recommendation following the inter-laboratory investigation of IP,5 (Belt et
al., 2014), yet it is not always evident how such response factors are measured (if at
all) in a number of published studies based on IP25 and other HBIs, or how final

sedimentary concentrations using these are arrived at. While this may not be critical
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when only interpreting relative changes to |P25 (and other HBI) concentration in an
individual downcore sequence, or when converting individual biomarker data into
PIP2s indices (Section 4.2), it does have implications when making comparisons
between absolute biomarker concentrations obtained from different laboratories. For
example, in assessing some pan-Arctic IP2s (and PIP2s) data compiled from new and
various published datasets, Xiao et al. (2015a) elected to omit some previously
reported IP25 data by Stoynova et al. (2013) on the basis of unusually high values,
which might have resulted from the employment of a different analytical method. As
such, it is recommended that all aspects of HBI identification and quantification (i.e.
GC retention indices, mass spectral data, methods for calculating GC responses
factors, etc.) are reported in future studies, wherever possible.

The inter-laboratory study by Belt et al. (2014) also provided a brief
assessment of two different extraction methods commonly used in HBI and other
biomarker analysis. In brief, while similar results were obtained for IP2s, IPSO,5 and
the internal standard 7-HND (Fig. 1) when using accelerated solvent extraction
(ASE) or sonication (DCM/MeOH) methods, some degradation of more unsaturated
HBIs (e.g. HBI Ill) and the internal standard 9-OHD (Fig. 1) was observed using the
former method, possibly due to the higher temperatures employed. In addition, the
effects of storage conditions on the stability of IP,5 and other HBIs in sediments and
sediment extracts has also been briefly investigated (Cabedo-Sanz et al., 2016b)
following the recommendation of Belt and Muller (2013). In summary, over a two
year study period, tri-unsaturated HBIs such as HBI Ill were shown to be more
susceptible to degradation than IPs5, especially when sediments were stored in
plastic bags and exposed to light at room temperature. In contrast, all HBIs were

relatively stable in sediments stored in glass vials and kept frozen in the dark. It was
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also demonstrated that analysis of long-term stored sediment extracts could also
lead to anomalous results, even when kept at low temperature (-20°C) (Cabedo-
Sanz et al., 2016b).

A final point pertinent to the analytical measurement concerns the
identification of the most appropriate threshold concentration of IP25 or IPSO3s5 for
sea ice inference, especially if primary interpretations, as described here, are based
within a binary framework of sea ice presence/absence. To my knowledge, such a
threshold has yet to be identified and reported absences of IP,5 potentially reflect
limits of detection or quantification rather than strict absence. This point was already
discussed in some detail by Belt and Muller (2013), but has received little or no
further attention since then. In the Plymouth laboratories, we define absence as
being below the limit of quantification using current GC-MS instrumentation
(equivalent to 0.05 ng/g dry weight sediment) following extraction from a maximum of
5 g dry sediment. However, this definition simply ensures in-house consistency

between investigations.

4. Reading the sedimentary record — converting biomarker profiles to

gualitative and semi-quantitative sea ice reconstructions

Having described the characteristics of various source-specific HBI sea ice
and MIZ biomarkers (Section 2), the following sections provide an overview of how
the individual and combined biomarker profiles recorded in various palaeo records
are routinely interpreted to provide qualitative and semi-quantitative estimates of

past sea ice conditions.
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4.1 Individual biomarker profiles

In general, the starting point for palaeo sea ice reconstructions based on
source-specific HBIs (and some other biomarkers) is analysis of their individual
concentration variability in well-dated downcore records. In the case of IPs, the
principle of higher sedimentary concentrations being indicative of ‘increased sea ice
concentration/extent/cover’ as a qualitative outcome is widely applied, and has its
foundation in the first downcore IP,5 record from North Iceland, where Massé et al.
(2008) identified excellent agreement between sedimentary |P,5 concentration and
historical (observational) sea ice records. Subsequent reports of surface sedimentary
distributions also mainly reflect this relationship (Section 2.1; Table 1), which is
sometimes supported further by data from other sea ice proxies (e.g. ice-rafted
debris; IRD) or those that reflect complementary oceanographic conditions such as
sea surface temperature (SST). However, the relationship between sedimentary IP5
concentration and overlying sea ice conditions is not normally linear (or any other
simple function) and regional variability in IP25 concentration for equivalent sea ice
cover is significant (Stoynova et al., 2013; Xiao et al., 2015a). Some of this variability
may reflect differences in individual laboratory methodology as described earlier
(Section 3) and previously by Xiao et al. (2015a). Further, it has been suggested that
primary productivity (in sea ice) might be a more important factor than sea ice extent
in terms of determining sedimentary IP,5 concentration (Belt and Mduller, 2013;
Cormier et al., 2016).

Nonetheless, the now quite extensive set of regional ‘calibrations’ spanning
various Arctic and sub-Arctic regions provides some support to the general principle
that directional changes in sedimentary IP»s concentration likely reflect

corresponding changes in sea ice extent, even if only qualitatively (Belt and Muiller,
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2013). The ambiguities associated with interpreting absent IP,5 are potentially even
more problematic than with surface sediment analysis, which at least have known
modern conditions to serve as reference. On the other hand, distinguishing perennial
sea ice cover from ice-free settings (the most common interpretations of absent I1P;5)
can potentially be resolved by consideration of other biomarkers indicative of the
open water setting (see Sections 2.2, 2.4 and 4.2).

For the Antarctic, palaeo sea ice reconstructions based on IPSOys (often
referred to as HBI Il in previous publications) have mainly assumed a positive
relationship between biomarker concentration and sea ice extent, with
complementary proxy data (e.g. SST) provided in some cases (Table 2). However,
as described earlier (Section 2.3), no calibration studies comparing IPSO2s
distributions with known sea ice cover have, as yet, been carried out, so the
assumption of increased IPSOy5 reflecting higher sea ice extent is based almost
entirely by analogy with IP2s in the Arctic. Further, it has been suggested that the
ecology of B adeliensis (one of the sources of IPSO.5) might be the major influence
over its sedimentary distribution (Belt et al., 2016). What is evident from the relatively
small number of previous investigations, however, is that considerably more work is
required before the sedimentary signature of IPSO,5 can be fully understood, and at
least before any unequivocal comparisons with IP,5 for the Arctic can be made.
Determining the distributional pattern of this biomarker in Arctic sea ice and
sediments may also prove useful in this respect (Section 2.2).

Interpretations of HBI Il profiles in palaeo records are probably most
meaningfully carried out alongside their IP25 (and IPSOy5) counterparts, especially
given their respective signatures of the MIZ and sea ice. As background, relatively

high (low) IP25 concentrations were identified in surface sediments from study sites in
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the Barents Sea experiencing high (low) spring sea ice concentration, while the
opposite trend was observed for the abundance distribution of HBI Ill, consistent with
its higher production in the MIZ following rapid ice margin retreat during the spring
(Fig. 9; Belt et al., 2015). This contrasting behaviour was also evident in some
palaeo IP25 and HBI Il records from the region, with high IP25 concentration
coincident with low HBI Ill over some sedimentary time intervals and vice versa in
others (Fig. 11). Such changes were interpreted as reflecting temporal shifts to the
positions of the winter/summer ice margins within an otherwise annual cycle of sea
ice advance/retreat (Belt et al., 2015; Berben et al., 2017).

Although this out-of-phase behaviour of IP25 and HBI Il in some temporal
records is consistent with surface sediment distributions that reflect modern-day
regional sea ice dynamics, it is not always evident in some other downcore archives.
In fact, positively correlated or ‘in-phase’ IP,5 and HBI Il profiles were reported in
some recent reconstructions (Fig. 11), including part of a recent century sea ice
record from western Svalbard (Cabedo-Sanz and Belt, 2016), two recent
interglacial/glacial records from the Yermak Plateau/Barents Sea continental margin
(Stein et al., 2017a; Kremer et al., 2018b), and certain timeslices associated with the
Mid-Pleistocene Transition in the Bering Sea (Detlef et al., 2018). In these cases, the
switch to in-phase biomarker behaviour was attributed to rapidly fluctuating sea ice
conditions or the presence of an offshore polynya; environments that likely had
parallel influence over sea ice (IP25) and ice-influenced (HBI III) biomarker production
(see Section 2.4). Prior to these relatively recent studies, in-phase temporal changes
between IP,5 and certain phytoplankton sterol concentrations in downcore records
was also interpreted in terms of a rapidly advancing and retreating sea ice margin

(Mdiller et al., 2009,2011,2012).
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To date, however, this interpretation has not been investigated further via in
situ measurements of sea ice and the surface waters of the MIZ, but analysis of
surface sediments from western Svalbard — a region known to experience rapid
year-round fluctuations in sea ice conditions in modern times — revealed a similar
positive relationship between IP2s and HBI Il (Smik and Belt, 2017). Otherwise, apart
from the analysis of IP25 and HBI 11l in a relatively small number of surface sediments
from two Greenland fjords (Ribeiro et al. 2017; Limoges et al., 2018), there have
been no additional investigations into their distributions in surface sediments from
other Arctic regions, and none in any detail. As such, it is not clear how
representative the two contrasting observations and interpretations of Barents Sea
(and neighbouring regions) biomarker distributions are for other northern high-
latitude locations. In the meantime, some further palaeo IP25 and HBI Ill records from
North Iceland and the Sea of Okhotsk have been reported, although their temporal
phase relationships were not interpreted in any detail (Cabedo-Sanz et al., 20163;
Xiao et al., 2017; Lo et al., 2018).

In the Antarctic, Collins et al. (2013) discussed the contrasting temporal phase
relationships between IPSO,5 and HBI Il in glacial sediments from the Scotia Sea,
adding an element of seasonality to the interpretations. Thus, intervals where IPSO25
and HBI Il were most positively correlated (i.e. strongly in-phase) were interpreted in
terms of semi-permanent or stationary sea-ice margins with low seasonality and
coupled impact on the respective sea ice and MIZ biomarkers. Conversely, during
times of high sea ice seasonality, production of IPSO25 and HBI Ill became more
decoupled. To some extent, these changes replicate the variable (relative) behaviour
of IP25 and HBI Il in surface and downcore sedimentary records from the Barents

Sea, as described above. However, other downcore profiles of IPSO,5 and HBI I
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from the Antarctic have been interpreted largely in terms of increases/decreases to
sea ice extent with concomitant reverse trends in open water conditions (Table 2).
Re-examination of some of those records might provide further insights into palaeo
sea ice dynamics now that the relationship(s) between sea ice (IP25 and IPSO45) and
HBI Il are better understood.

Finally, an unresolved question, and one raised initially by Belt and Muller
(2013) in an earlier review, concerns the most appropriate units for expressing IP5
(and other HBI) sedimentary content in downcore records. The three most frequently
used are (i) mass (HBI)/mass dry sediment; (ii) mass (HBI)/total organic carbon
(TOC); (iii) flux (HBI). Each approach has been used in previous HBI-based
investigations, although a clear justification for their selection is not always evident.
Since each has different merits (Belt and Muller, 2013), obtaining similar outcomes
from each approach likely goes part way to resolving which is the most appropriate
for a given study. On the other hand, combining individual biomarker concentrations
using relatively simple ratio-based approaches, or more detailed distribution-based
methods, simplifies the debate considerably. This is addressed, in further detail, in

the next section.

4.2 Combining biomarkers — from the PIP,5 index to multivariate analysis

The second step normally taken when interpreting sea ice (and related)
biomarker data is application of one or more combinative approach. Relatively
simple biomarker ratio-based methods are common, of course, in organic
geochemistry, most notably within palaeo-oceanographic investigations of surface
and sub-surface SSTs via the U"3; and TEXgg indices (Brassell et al., 1986; for

reviews, see Eglinton and Eglinton, 2008; Schouten et al., 2013). For biomarker-
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based palaeo sea ice studies, such combinative approaches have thus far only been
employed for the Arctic and, until recently, have focussed entirely on the so-called
PIP,s index. First introduced by Muller et al. (2011), the PIP25 index combines the
relative concentrations of IP,5 and a selected phytoplankton biomarker (designated
P) according to Eqn. 1 (square brackets denote concentrations). The c factor is the
ratio of the mean concentrations of IP25 and P for all sediments under study (i.e. Eqn.
2) and was introduced by Mdller et al. (2011) to accommodate the normally much

higher concentrations of phytoplanktic lipids (P) compared to IP2s.

[Py
PIPs = (bl +cPD 'V
B mean|[IP,s]
~ mean[P] #(2)
Py IPys = [IPZS] #(3)

([IP,s] + 0.63[111])

(PIIIIPZS - 0.0692)

SpSIC (%) = 0.0107

#(4)

As a result, all PIP,s5 indices fall within the range 0—1, which potentially addresses
some of the difficulty in interpreting larger-scale variability in absolute biomarker
concentrations as described earlier (Section 4.1). In general, higher PIP,5 values are
interpreted in terms of higher sea ice concentration or extent, on the assumption that

primary production is biased towards IP,5 under such conditions. At the upper limit,
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PIP25 = 1 implies biosynthesis of IP,5 but no phytoplankton (or selected biomarker)
production, which is rarely, if ever, the case. Conversely, the lower limit (i.e. PIP25 =
0) is arrived at for absent (or below the detection limit) P25, which has been
frequently been interpreted as representing either ice-free conditions or permanent
ice cover. However, the latter interpretation, at least, likely needs re-consideration
given the occurrence of IP25 in some sediments from regions of permanent sea ice
cover (Xiao et al., 2015a) and for other reasons outlined earlier (Section 2.2). It
should also be noted that, if the assumption of absent IP5 for ice-free or perennial
ice cover is correct, then the PIP25 index cannot be used to distinguish between
these two end-members, since PIP,5 is equal to zero in each case. However, on
some occasions where IP,5 and phytoplankton markers have been found to be
extremely low/absent (presumed to reflect heavy/perennial sea ice conditions), PIP2s
has sometimes been set to 1, which is potentially mis-leading. Under such
circumstances, interpretations based on the individual biomarkers are probably more
robust.

The reliability of the PIP,5 index as a semi-quantitative measure of Arctic sea
ice conditions remains a topic of debate for all of the reasons described by Belt and
Muller (2013) and a further detailed account is not warranted here. In brief, the
accuracy of the PIP2s index for semi-quantitative sea ice prediction depends on (i)
the region of study; (ii) the choice of phytoplanktic marker (and whether it has a strict
pelagic origin); (iii) the algorithmic relationship between PIP,5 and sea ice conditions
(e.g. linear, logarithmic, etc.); (iv) the c factor; (v) the temporal interval in downcore
records (which impacts on the c factor).

Despite the general lack of progress in the development of the PIP,5 index

since it was first reviewed by Belt and Muller (2013), some positive features can
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nonetheless be identified. For example, although in the majority of studies PIP2s
profiles simply resemble the corresponding IP,5 trends (or at least do not reverse
them), the conversion of univariate IP2s and P concentration data to a uniform scale
is probably useful for consistency and comparison purposes. The ratio-based
method also removes any need to identify the most appropriate units for the
individual biomarker concentrations or fluxes, since any denominator used in such
terms is eliminated, algebraically, a point unfortunately missed in a recent
assessment of the impacts of different units on PIP,s indices (Pienkowski et al.,
2017). Further, for one particular region (the Barents Sea), the use of HBI Il as the
phytoplanktic counterpart to IP,5 when calculating PIP2s indices (hereafter Py, IP2s)
has been shown to alleviate, to a large extent, most of the frequent drawbacks
associated with points (i)—(v) above. In particular, the more closely matched
sedimentary IP»5 and HBI Il concentrations, at least in sediments from the Barents
Sea, somewhat limits the variability in the ¢ factor, and a fixed value for ¢ was
proposed based on a regional calibration (Smik et al., 2016b). The benefit of a fixed
c factor, in particular, ensures that P;IP25 indices at individual sedimentary
timepoints remain fixed, and are independent of the overall time interval under study,
something that is not the case when c is calculated on a piecemeal basis, as
discussed previously (Belt and Muller, 2013). Xiao et al. (2015a) also proposed the
possible use of a pan-Arctic c factor derived from analysis of surface sediments from
different Arctic/sub-arctic regions; however, this value is not especially
representative for any particular region and has not been used in more recent palaeo
sea ice reconstructions.

In addition, the only known sources of HBI Ill are marine diatoms, thus making

it a more selective phytoplanktic contributor to PIP,5 index calculations, while its
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apparently higher production within the MIZ (Section 2.4) also aligns well with the
underlying principles of the PIP,5 index, with a switch-over in biomarker responses
between the two end members of sea ice cover and open water settings (Fig. 4). In
fact, the switch from higher IP5 (sea ice) to increased HBI Il (MIZ) is exemplified
further from the good linear relationship between Py,IP25 and spring sea ice
concentration (SpSIC) (Eqn. 4) for the Barents Sea (Smik et al., 2016b). A minimum
threshold for summer sea ice occurrence (P IP25> 0.8) was also proposed (Smik et
al. 2016b). Semi-quantitative estimates of SpSIC (and changes thereof) in early to
late Holocene records from the region have subsequently been reported (Cabedo-
Sanz and Belt, 2016; Berben et al., 2017). However, although some further records
of HBI Il have been reported from other Arctic and subarctic regions (Stein et al.,
2017a; Kremer et al., 2018b; Lo et al., 2018), none have so far been used to
calculate Py, IP25 indices using a fixed c factor derived from a regional calibration, or
for more quantitative SpSIC estimates. Before this is carried out, it is recommended
that further regional scale calibrations are conducted in order to establish the
generality (or otherwise) of the approach.

Despite the success of using HBI Il as a phytoplankton biomarker for the
PIPy5 index, as described above, uncertainties regarding selection of the most
appropriate phytoplanktic biomarker, more generally, remain. Further, it is still not
clear whether the PIP,5 method is even applicable in some regions, and the
problems associated with biomarker co-variance, as discussed previously (Muller et
al., 2011,2012; Belt and Muller, 2013), also persist. Under such circumstances, PIP2s5
indices remain largely invariant, despite potentially significant changes to sea ice

conditions.
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To take a different approach, Késeoglu et al. (2018b) recently investigated the
potential of multivariate non-parametric methods for calibrating biomarker
distributions against sea ice conditions. Such approaches make no a priori
assumptions about the ‘best’ biomarker for individual settings (sea ice, MIZ, open
water, etc), although some pre-selection of potential candidates is judicious. In the
current context, only HBIs with known sympagic and pelagic sources were selected,
with exclusion of other lipid classes potentially derived from other (e.g. terrestrial)
environments. In the classification tree (CT) approach adopted by Koéseoglu et al.
(2018), a suite of HBI distributional data obtained from surface sediment analysis
(the so-called descriptive or independent variable) was first used to create a model
from which the target (or dependant) variable could be predicted; in this case, semi-
quantitative categorical descriptions of sea ice extent (Fig. 12a). The output from this
calibration consists of a relatively simple threshold criteria tree structure (Fig. 12b)
from which any new distribution of biomarkers can be readily interpreted. In fact, a
further feature of the CT model approach is the visually intuitive nature of the data
output. Using surface sediment biomarker data from ca. 200 locations across the
Barents Sea and neighbouring regions, Késeogdlu et al. (2018b) showed that the
variable distributions of relatively simple assemblages of HBI lipids (typically 4—6
HBIs) could provide consistent predictions of three different classes of sea ice
conditions, with high accuracy. Indeed, model performance data are standard
outputs from CT methods. Perhaps not surprisingly, given previous investigations,
IP»5 was found to be a primary predictor of sea ice cover in the Barents Sea, with
HBI Il (co-produced with IPy5 in the Arctic) as a surrogate variable in cases where
IP25 might be absent (or below the detection limit). Interestingly, for the MIZ or open

water settings, the geometric isomer of HBI lll (i.e. IV; Fig. 1) was identified as the
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main predicting variable (with HBI Ill as a surrogate), even though it was normally
present in higher concentration. Further, based on analysis of a suite of HBIs in
some relatively short cores spanning recent centuries from different regions of the
Barents Sea (Fig. 12c), CT model predictions of sea ice conditions showed good
agreement with those recorded in historical records, and also with Py;IP2s-based
estimates of SpSIC (Fig. 12d).

Some potential disadvantages of the CT approach are discussed in more
detail by Kdseoglu et al. (2018a,b) so only a few are described in brief here. First, as
with the PIP2s index, it is almost certainly a requirement that individual CT models
are created (and tested) for different regions, not least, because the precise
distributions of biomarker sets may depend on factors other than sea ice, depending
on location.

Second, distributional variations observed in surface sediments reflecting
modern sea ice conditions may not always be replicated in downcore records,
especially if sea ice conditions in the past do not have a parallel for the region in
modern times. For example, this might be important in the case of permanent sea ice
cover in the Barents Sea (e.g. during glacial intervals), for which there is no
contemporary analogue. A further mis-match between modern and palaeo
distributions might also result if differential biomarker degradation is significant.
Thus, although the relative sedimentary stability of IP,5 and HBI 11l has not been
investigated, the latter has been shown to be more susceptible to oxidative
degradation in laboratory experiments (Rontani et al., 2011, 2014b) and probably
also in the water column (Rontani et al., 2016). Of course, differential biomarker
degradation will also likely impact on other biomarker-based approaches. Although

these factors are in need of detailed investigation in the future, it is interesting to note
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that, in a recent study, Koseoglu et al. (2018a) showed that CT model-based
reconstructions of sea ice conditions for three sub-regions of the Barents Sea over
the last ca. 16 cal. kyr BP were, in fact, in good agreement with those obtained from
other proxy data, suggesting that this multivariate approach does, indeed, have
potential within the palaeo record.

Third, the employment of unique threshold values for distinguishing individual
sea ice classifications (see Fig. 12b) necessitates the accurate quantification of all
biomarkers under study. In this sense, the routine determination of GC-MS response
factors (see Section 3) is paramount and it cannot be assumed that these will be
equivalent (or even similar) for all HBIs, despite their similar structures (Belt et al.,
2014). This is less of a concern when calculating PIP,s5 indices according to Egn. 1
and 2, since the c factor will automatically accommodate any differences. However,
accurate biomarker quantification is essential if a fixed ¢ factor is used (see Section
4.2). Some specific examples of the impacts of inaccurate biomarker quantification
on CT model output can be found in Kdseoglu et al. (2018a).

Finally, using biomarker distributions to predict broader classifications of sea
ice extent (e.g. 0-10%,10-50%, 50-100%; Fig. 12) is arguably a more realistic or

reliable target than integer-resolution SpSIC estimates from PIP,5 index calibrations.

5 Knowledge gaps and areas for future research

Since the first review of IP25 and other HBIs by Belt and Mduller (2013), some
clear progress has been made towards their development as sea ice proxies, but
some knowledge gaps remain or have since emerged. Thus, specific diatom sources
for IP2s5, IPSO25 and HBI Il have been identified (Sections 2.1, 2.3, 2.4), some

regional calibrations of single and combined biomarker distributions versus sea ice
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conditions have been completed, and a suite of palaeo sea ice reconstructions
based on these biomarkers have been reported spanning different regions and
timeframes (Tables 1 and 2). On the other hand, as alluded to at various points
within this review, some further work is needed before the full potential of source-
specific HBIs can be realised. These likely represent ab initio investigations such as
determination of the factors that control production, deposition and preservation of
HBIs, while others are more empirical in nature, like the further regional calibration of
HBI distributions in surface and downcore records, both of which also make
assumptions about the nature of the reference data (e.g. accuracy of satellite-based
sea ice extent data, surface sediment timeframes, etc). In writing this review, a
number of such future research areas came to mind, but only a few are described in
brief here.

First, there is the need for a larger spatial assessment of IP,5 and IPSOgs
production by Arctic and Antarctic sea ice diatoms, respectively. Currently, this has
been confined to an extremely small number of locations (Fig. 2c,5c), yet palaeo
records based on these HBIs are emerging rapidly from both polar regions. In similar
vein, the analysis of IP,5 and IPSOgs in different ice types (e.g. first-year ice, multi-
year ice, landfast ice, drift ice, platelet ice, etc) will likely provide further insights into
how sedimentary distributions might be better interpreted. Second, further regional
calibrations of combined biomarker datasets (e.g. the PIPy5 index or CT models)
against known sea ice conditions would add further confidence in their application for
palaeo reconstruction purposes. In this sense, as demonstrated quite recently for
HBI 1l in certain Arctic and Antarctic regions, there may be further (better) pelagic
biomarkers that act as suitable counterparts to IP,5 and IPSO45 for characterisation

of the MIZ, or open waters in the polar regions, more generally. The measurement of
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a range of biomarkers under in situ conditions (e.g. in the water column and in
sediment traps) would certainly promote the development of this area and potentially
help clarify the significance of their contrasting spatial and temporal phase
relationships as described here (Sections 2,4). There may also be further statistical
approaches that help decipher the origins of certain biomarkers on a case-by case
basis rather than extrapolation of findings from previous studies, which might not be
relevant, environmentally. Third, greater efforts should be made to ensure the
accurate identification and quantification of all HBIs (and other biomarkers for that
matter), which includes the subsequent reporting of these in research outputs — this
is also true for output from my own laboratory. Fourth, it would be valuable for more
comparison studies of different sea ice proxies to be carried out. Thus far, these
have been relatively few (Table 1) and interpretations have largely centred around
trying to establish which is the ‘best’ proxy, rather than aiming to understand the

potential nuances between them; however, this is not a trivial task.

6. Concluding remarks

The source-selectivity of IP25 and IPSOgs, in particular, represents an
important characteristic in terms of their suitability as sea ice proxies. Of course, one
might argue that these biomarkers more accurately represent proxy measures of
their sympagic diatom sources than of sea ice per se, and some previous
descriptions of P25 and IPSOy5 as ‘direct’ proxies of sea ice are possibly over-stated,
especially given the various unresolved caveats governing their production and fate
described herein. On the other hand, gaining a better understanding of the
environmental conditions that influence P25 and IPSOs production could potentially

enhance their value as sea ice proxies, as described in more detail by Belt et al.
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(2016). It is also worth noting that biosynthesis of IP,5 and IPSO45 by sympagic
diatoms does not unequivocally enhance their usefulness as sea ice proxies, and
other ‘less direct’ methods may be more robust in some settings. On the other hand,
their source-selectivity appears to provide a reasonably secure positive (seasonal)
sea ice signature, even if only qualitatively. In any case, the identification of the
boundary conditions for the formation and sedimentary deposition of IP25 and IPSO2s
represent important next-stage objectives. The extent to which qualitative outcomes
can be routinely and reliably translated into more quantitative or nuanced
descriptions of sea ice conditions also constitutes an interesting but challenging

research area.

Acknowledgments

| would particularly like to acknowledge various Plymouth-based PhD
students, post-doctoral researchers and other colleagues, whose curiosity and hard
work have significantly advanced the development of source-specific sea ice
biomarkers over the last decade or so. It has also been a pleasure to host a number
of visiting scientists from around the world, collaborate with others on joint projects at
a distance, and to read of the endeavours of other scientists working in biomarker-
based sea ice proxy development and application. For the current review, | am
especially grateful to Lukas Smik, Rémi Amiraux and Tim Absalom for their
assistance in producing various maps and other figures, and for providing
constructive feedback on a first draft of this review. Finally, | would like to thank two
anonymous reviewers for providing useful feedback that helped improve the clarity of

the final version.



957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

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

References

Alonso-Garcia, M., Andrews, J.T., Belt, S.T., Cabedo-Sanz, P., Darby, D., Jaeger, J.,
2013. A comparison between multiproxy and historical data (AD 1990-1840)
of drift ice conditions on the East Greenland Shelf (~66°N). The Holocene 23,
1672-1683.

Andrews, J.T., Belt, S.T., Olafsdéttir, S., Massé, G., Vare, L.L., 2009. Sea ice and
marine climate variability for NW Iceland/Denmark Strait over the last 2000
cal. yr BP. The Holocene 19, 775-784.

Andrews, J.T., Cabedo-Sanz, P., Jennings, A.E., Olafsdéttir, S., Belt, S.T.,
Geirsdattir, A., 2018. Sea ice, ice-rafting, and ocean climate across Denmark
Strait during rapid deglaciation (~16—12 cal ka BP) of the Iceland and East
Greenland shelves. Journal of Quaternary Science 33, 112-130.

Armand, L.K,, Ferry, A., Leventer, A., 2017. Advances in palaeo sea ice estimation.
In: Thomas, D.N. (Ed.), Sea Ice. John Wiley & Sons Ltd, Chichester, pp. 600—
629.

Arrigo, K., 2017. Sea ice as a habitat for primary producers. In: Thomas, D.N. (Ed.),
Sea Ice. John Wiley & Sons Ltd, Chichester, pp. 352—-369.

Axford, Y., Andresen, C.S., Andrews, J.T., Belt, S.T., Geirsdattir, A., Massé, G.,
Miller, G.H., Olafsdéttir, S., Vare, L.L., 2011. Do paleoclimate proxies agree?
A test comparing 19 late Holocene climate and sea-ice reconstructions from
Icelandic marine and lake sediments. Journal of Quaternary Science 26, 645—
656.

Barbara, L., Crosta, X., Massé, G., Ther, O., 2010. Deglacial environments in
eastern Prydz Bay, East Antarctica. Quaternary Science Reviews 29, 2731—

2740.



982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

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

Barbara, L., Crosta, X., Schmidt, S., Massé, G., 2013. Diatoms and biomarkers
evidence for major changes in sea ice conditions prior the instrumental period
in Antarctic Peninsula. Quaternary Science Reviews 79, 99-110.

Barbara, L., Crosta, X., Leventer, A., Schmidt, S., Etourneau, J., Domack, E., Massé,
G., 2016. Environmental responses of the Northeast Antarctic Peninsula to
the Holocene climate variability, Paleoceanography, 31, 131-147.

Bartels, M., Titschack, J., Fahl, K., Stein, R., Seidenkrantz, M.-S., Hillaire-Marcel, C.,
Hebbeln, D., 2017. Atlantic Water advection vs. glacier dynamics in northern
Spitsbergen since early deglaciation. Climate of the Past 13, 1717—-1749.

Belt, S.T., Cabedo-Sanz, P., 2015. Characterisation and isomerisation of mono-and
di-unsaturated highly branched isoprenoid (HBI) alkenes: Considerations for
palaeoenvironment studies. Organic Geochemistry 87, 55—-67.

Belt, S.T., Muller, J., 2013. The Arctic sea ice biomarker IP2s: a review of current
understanding, recommendations for future research and applications in
palaeo sea ice reconstructions. Quaternary Science Reviews 79, 9-25.

Belt, S.T., Cooke, D.A., Robert, J.-M., Rowland, S.J., 1996. Structural characterisation
of widespread polyunsaturated isoprenoid biomarkers: A Cys triene, tetraene and
pentaene from the diatom Haslea ostrearia Simonsen. Tetrahedron Letters 37,
4755-4758.

Belt, S.T., Allard, W.G., Massé, G., Robert, J.-M., Rowland, S.J., 2000. Highly
branched isoprenoids (HBIs): identification of the most common and abundant
sedimentary isomers. Geochimica et Cosmochimica Acta 64, 3839-3851.

Belt, S.T., Massé, G., Allard, W.G., Robert, J.-M., Rowland, S.J., 2001. Identification
of a Cys5 highly branched isoprenoid triene in the freshwater diatom Navicula

sclesvicensis. Organic Geochemistry 32, 1169-1172.



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

1007 Belt, S.T., Massé, G., Rowland, S.J., Poulin, M., Michel, C., LeBlanc, B., 2007. A
1008 novel chemical fossil of palaeo sea ice: IP25. Organic Geochemistry 38, 16—
1009 27.

1010 Belt, S.T., Massé, G., Vare, L.L., Rowland, S.J., Poulin, M., Sicre, M.-A., Sampei, M.,

1011 Fortier, L., 2008. Distinctive *C isotopic signature distinguishes a novel sea
1012 ice biomarker in Arctic sediments and sediment traps. Marine Chemistry 112,
1013 158-167.

1014 Belt, S.T., Vare, L.L., Massé, G., Manners, H.R., Price, J.C., MacLachlan, S.E.,

1015 Andrews, J.T., Schmidt, S., 2010. Striking similarities in temporal changes to
1016 spring sea ice occurrence across the central Canadian Arctic Archipelago
1017 over the last 7000 years. Quaternary Science Reviews 29, 3489-3504.

1018 Belt, S.T., Brown, T.A., Cabedo-Sanz, P., Navarro-Rodriguez, A., 2012a. Structural
1019 confirmation of the sea ice biomarker IPy5 found in Arctic marine sediments.
1020 Environmental Chemistry Letters 10, 189-192.

1021  Belt, S.T., Brown, T.A., Navarro-Rodriguez, A., Cabedo-Sanz, P., Tonkin, A., Ingle,

1022 R., 2012b. A reproducible method for the extraction, identification and
1023 quantification of the Arctic sea ice proxy IP,s from marine sediments.
1024 Analytical Methods 4, 705-713.

1025 Belt, S.T., Brown, T.A., Ringrose, A.E., Cabedo-Sanz, P., Mundy, C.J., Gosselin, M.,

1026 Poulin, M., 2013. Quantitative measurement of the sea ice diatom biomarker
1027 IP25 and sterols in Arctic sea ice and underlying sediments: Further

1028 considerations for palaeo sea ice reconstrucion. Organic Geochemistry 62,
1029 33-45.

1030 Belt, S.T., Brown, T.A., Ampel, L., Cabedo-Sanz, P., Fahl, K., Kocis, J.J., Masse, G.,

1031 Navarro-Rodriguez, A., Ruan, J., Xu, Y., 2014. An inter-laboratory



1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

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

investigation of the Arctic sea ice biomarker proxy |P2s in marine sediments:
key outcomes and recommendations. Climate of the Past 10, 155-166.

Belt, S.T., Cabedo-Sanz, P., Smik, L., Navarro-Rodriguez, A., Berben, S.M.P., Knies,
J., Husum, K., 2015. Identification of paleo Arctic winter sea ice limits and the
marginal ice zone: Optimised biomarker-based reconstructions of late
Quaternary Arctic sea ice. Earth and Planetary Science Letters 431, 127-139.

Belt, S.T., Smik, L., Brown, T.A., Kim, J.H., Rowland, S.J., Allen, C.S., Gal, J.K.,
Shin, K.H., Lee, J.l., Taylor, KW.R., 2016. Source identification and
distribution reveals the potential of the geochemical Antarctic sea ice proxy
IPSO2s5. Nature Communications 7, 12655.

Belt, S.T., Brown, T.A., Smik, L., Tatarek, A., Wiktor, J., Stowasser, G., Assmy, P.,
Allen, C.S., Husum, K., 2017. Identification of C,5 highly branched isoprenoid
(HBI) alkenes in diatoms of the genus Rhizosolenia in polar and sub-polar
marine phytoplankton. Organic Geochemistry 110, 65-72.

Belt, S.T., Brown, T.A., Smik, L., Assmy, P., Mundy, C.J., 2018. Sterol identification
in floating Arctic sea ice algal aggregates and the Antarctic sea ice diatom
Berkeleya adeliensis. Organic Geochemistry 118, 1-3.

Berben, S., Husum, K., Cabedo-Sanz, P., Belt, S., 2014. Holocene sub-centennial
evolution of Atlantic water inflow and sea ice distribution in the western
Barents Sea. Climate of the Past 10, 181-198.

Berben, S.M.P., Husum, K., Navarro-Rodriguez, A., Belt, S.T., Aagaard-Sgrensen,
S., 2017. Semi-quantitative reconstruction of early to late Holocene spring and
summer sea ice conditions in the northern Barents Sea. Journal of Quaternary

Science 32, 587-603.



1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

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

Brassell, S.C., Eglinton, G., Marlowe, |.T., Sarntheim, M., Pflauman, U., 1986.
Molecular stratigraphy: a new tool for climate assessment. Nature 320, 129—
133.

Brown, T.A., Belt, S.T., 2016. Novel tri- and tetra-unsaturated highly branched
isoprenoid (HBI) alkenes from the marine diatom Pleurosigma intermedium.
Organic Geochemistry 91, 120-122.

Brown, T.A., Belt, S.T., 2017. Biomarker-based H-Print quantifies the composition of
mixed sympagic and pelagic algae consumed by Artemia sp. Journal of
Experimental Marine Biology and Ecology 488, 32-37.

Brown, T.A., Belt. S.T., Mundy, C., Philippe, B., Massé, G., Poulin, M., Gosselin, M.,
2011. Temporal and vertical variations of lipid biomarkers during a bottom ice
diatom bloom in the Canadian Beaufort Sea: further evidence for the use of
the IP2s biomarker as a proxy for spring Arctic sea ice. Polar Biology 34,
1857-1868.

Brown T.A., Alexander, C., Yurkowski, D.J., Ferguson, S.H., Belt, S.T., 2014a.
Identifying variable sea ice carbon contributions to the Arctic ecosystem: A
case study using highly branched isoprenoid lipid biomarkers in Cumberland
Sound ringed seals. Limnology and Oceanography 59, 1581-1589

Brown, T.A., Belt, S.T., Cabedo-Sanz, P., 2014b. Identification of a novel di-
unsaturated Cys5 highly branched isoprenoid in the marine tube-dwelling
diatom Berkeleya rutilans. Environmental Chemistry Letters, 12, 455-460.

Brown, T.A., Belt, S.T., Tatarek, A., Mundy, C.J., 2014c. Source identification of the

Arctic sea ice proxy IP2s. Nature Communications 5, 4197.



1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

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

Brown, T.A., Belt, S.T., Gosselin, M., Levasseur, M., Poulin, M., Mundy, C.J., 2016.
Quantitative estimates of sinking sea ice particulate organic carbon based on
the biomarker |P,s. Marine Ecology Progress Series 546, 17-29.

Brown, T.A., Assmy, P., Hop, H., Wold, A., Belt, S.T., 2017a. Transfer of ice algae
carbon to ice-associated amphipods in the high-Arctic pack ice environment.
Journal of Plankton Research 39, 664—674.

Brown, T.A., Chrystal, E., Ferguson, S.H., Yurkowski, D.J., Watt, C., Hussey, N.E.,
Kelley, T.C., Belt, S.T., 2017b. Coupled changes between the H-Print
biomarker and 3'°N indicates a variable sea ice carbon contribution to the diet
of Cumberland Sound beluga whales. Limnology and Oceanography 62,
1606-1619.

Brown, T.A., Galicia, M.P., Thiemann, G.W., Belt, S.T., Yurkowski, D.J., Dyck, M.G.,
2018. High contributions of sea ice derived carbon in polar bear (Ursus
maritimus) tissue. PLOS ONE 13, e0191631.

Cabedo-Sanz, P., Belt, S.T., 2015. Identification and characterisation of a novel
mono-unsaturated highly branched isoprenoid (HBI) alkene in ancient Arctic
sediments. Organic Geochemistry 81, 34-39.

Cabedo-Sanz, P., Belt, S.T., 2016. Seasonal sea ice variability in eastern Fram Strait
over the last 2000 years. Arktos 2, 22.

Cabedo-Sanz, P., Belt, S.T., Knies, J., Husum, K., 2013. Identification of contrasting
seasonal sea ice conditions during the Younger Dryas. Quaternary Science
Reviews 79, 74-86.

Cabedo-Sanz, P., Belt, S.T., Jennings, A.E., Andrews, J.T., Geirsdattir, A., 2016a.

Variability in drift ice export from the Arctic Ocean to the North Icelandic Shelf



1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

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

over the last 8000 years: A multi-proxy evaluation. Quaternary Science
Reviews 146, 99-115.

Cabedo Sanz, P., Smik, L., Belt, S.T., 2016b. On the stability of various highly
branched isoprenoid (HBI) lipids in stored sediments and sediment extracts.
Organic Geochemistry 97, 74-77.

Campagne, P., Costa, X., Houssais, M.N., Swingedouw, D., Schmidt, S., Martin, A.,
Devred, E., Capo, S., Marieu, V., Closset, |., Masse, G., 2015 Glacial ice and
atmospheric forcing on the Mertz Glacier Polynya over the past 250 years.
Nature Communications 6, 6642.

Campagne, P., Crosta, X., Schmidt, S., Houssais, M.N., Ther, O., Massé, G., 2016.
Sedimentary response to sea ice and atmospheric variability over the
instrumental period off Adélie Land, East Antarctica. Biogeosciences 13,
4205-4218.

Clotten, C., Stein, R., Fahl, K., De Schepper, S., 2018. Seasonal sea ice cover
during the warm Pliocene: Evidence from the Iceland Sea (ODP Site 907).
Earth and Planetary Science Letters 481, 61-72.

Collins, L.G., Allen, C.S., Pike, J., Hodgson, D.A., Weckstrom, K., Massé, G., 2013.
Evaluating highly branched isoprenoid (HBI) biomarkers as a novel Antarctic
sea-ice proxy in deep ocean glacial age sediments. Quaternary Science
Reviews 79, 87-98.

Cormier, M.-A., Rochon, A., de Vernal, A., Gélinas, Y., 2016. Multi-proxy study of
primary production and paleoceanographical conditions in northern Baffin Bay
during the last centuries. Marine Micropaleontology 127, 1-10.

Darby, D.A., Andrews, J.T., Belt, S.T., Jennings, A.E., Cabedo-Sanz, P., 2017.

Holocene Cyclic Records of Ice-Rafted Debris and Sea Ice Variations on the



1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

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

East Greenland and Northwest Iceland Margins. Arctic, Antarctic, and Alpine
Research 49, 649-672.

Denis, D., Crosta, X., Barbara, L., Massé, G., Renssen, H., Ther, O., Giraudeau, J.,
2010. Sea ice and wind variability during the Holocene in East Antarctica:
insight on middle-high latitude coupling. Quaternary Science Reviews 29,
3709-3719.

de Vernal, A., Gersonde, R., Goosse, H., Seidenkrantz, M.-S., Wolff, E.W., 2013.
Sea ice in the paleoclimate system: the challenge of reconstructing sea ice
from proxies — an introduction. Quaternary Science Reviews 79, 1-8.

Detlef, H., Belt, S.T., Sosdian, S.M., Smik, L., Lear, C.H., Hall, |.R., Cabedo-Sanz,
P., Husum, K., Kender, S., 2018. Sea ice dynamics across the Mid-
Pleistocene transition in the Bering Sea. Nature Communications 9, 941.

Dickson, R., Rudels, B., Dye, S., Karcher, M., Meincke, J., Yashayaev, |., 2007.
Current estimates of freshwater flux through Arctic and subarctic seas.
Progress in Oceanography 73, 210-230.

Eglinton, T.1., Eglinton, G., 2008. Molecular proxies for paleoclimatology. Earth and
Planetary Science Letters 275, 1-16.

Etourneau, J., Collins, L.G., Willmott, V., Kim, J.H., Barbara, L., Leventer, A.,
Schouten, S., Sinninghe Damsté, J.S., Bianchini, A., Klein, V., Crosta, X.,
Massé, G., 2013. Holocene climate variations in the western Antarctic
Peninsula: evidence for sea ice extent predominantly controlled by changes in
insolation and ENSO variability. Climate of the Past 9, 1431-1446.

Fahl, K., Stein, R., 2012. Modern seasonal variability and deglacial/Holocene change
of central Arctic Ocean sea-ice cover: New insights from biomarker proxy

records. Earth and Planetary Science Letters 351-352, 123-133.



1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

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

Fetterer F., Knowles K., Meier W.N., Savoie M., 2016. Sea Ice Index. ver.2 NSIDC:
National Snow and Ice Data Center. Boulder, Colorado
(https://doi.org/10.7265/N5736NV7) [Digital Media, updated daily].

Goutte, A., Charrassin, J-B., Cherel, Y. Carravieri, A, De Grissac, S., Massé, G.,
2014. Importance of ice algal production for top predators: new insights using
sea-ice biomarkers, Marine Ecology Progress Series 513, 269-275.

Goutte, A., Cherel, Y., Houssais, M.-N., Klein, V., Ozouf-Costaz, C., Raccut, M.,
Robineau, C., Massé, G., 2015. Diatom-specific highly branched isoprenoids
as biomarkers in Antarctic consumers. PloS ONE, 8, €56504.

Grossi, V., Beker, B., Geenevasen, J.A.J., Schouten, S., Raphel, D., Fontaine, M.-F.,
Sinninghe Damsté, J.S., 2004. Cys highly branched isoprenoid alkenes from the
marine benthic diatom Pleurosigma strigosum. Phytochemistry 65, 3049-3055.

He, D., Simoneit, B.R.T., Xu, Y., Jaffé, R., 2016. Occurrence of unsaturated Cys
highly branched isoprenoids (HBIs) in a freshwater wetland. Organic
Geochemistry 93, 59-67.

Hoff, U., Rasmussen, T.L., Stein, R., Ezat, M.M., Fahl, K., 2016. Sea ice and
millennial-scale climate variability in the Nordic seas 90 kyr ago to present.
Nature Communications 7, 12247.

Horner, T., Stein, R., Fahl, K., Birgel, D., 2016. Post-glacial variability of sea ice
cover, river run-off and biological production in the western Laptev Sea (Arctic
Ocean) — A high-resolution biomarker study. Quaternary Science Reviews
143, 133-149.

Horner, T., Stein, R., Fahl, K., 2017. Evidence for Holocene centennial variability in
sea ice cover based on |P2s biomarker reconstruction in the southern Kara

Sea (Arctic Ocean). Geo-Marine Letters, 1-12.



1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

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

Horner, T., Stein, R., Fahl, K., 2018. Paleo-sea ice distribution and polynya
variability on the Kara Sea shelf during the last 12 ka. Arktos 4, 6.

Huang, W.-Y., Meinschein, W., 1976. Sterols as ecological indicators. Geochimica et
Cosmochimica Acta 43, 739-745.

IPCC, 2013: Summary for Policymakers. In: Climate Change 2013: The Physical
Science Basis. Contribution of Working Group | to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D.
Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V.
Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

Jeffries, M., Weeks, W., Shaw, R., Morris, K., 1993. Structural characteristics of
congelation and platelet ice and their role in the development of Antarctic
land-fast sea ice. Journal of Glaciology 39, 223-238.

Jennings, A.E., Andrews, J.T., O Cofaigh, C., St. Onge, G., Sheldon, C., Belt, S.T,
Cabedo-Sanz, P., Hillaire-Marcel, C., 2017. Ocean forcing of Ice Sheet
Retreat in Central West Greenland from LGM through Deglaciation. Earth and
Planetary Science Letters 472, 1-13.

Jennings, A.E., Andrews, J.T., O Cofaigh, C., St-Onge, G., Belt, S., Cabedo-Sanz,
P., Pearce, C., Hillaire-Marcel, C., Calvin Campbell, D., 2018. Baffin Bay
paleoenvironments in the LGM and HS1: Resolving the ice-shelf question.
Marine Geology 402, 5-16.

Johns, L., Wraige, E.J., Belt, S.T., Lewis, C.A., Massé, G., Robert, J.M., Rowland,
S.J., 1999. Identification of a Cys highly branched isoprenoid (HBI) diene in
Antarctic sediments, Antarctic sea-ice diatoms and cultured diatoms. Organic

Geochemistry 30, 1471-1475.



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

1203  Knies, J., Cabedo-Sanz, P., Belt, S.T., Baranwal, S., Fietz, S., Rosell-Melé, A., 2014.
1204 The emergence of modern sea ice cover in the Arctic Ocean. Nature

1205 Communications 5, 5608.

1206  Knies, J., Pathirana, I., Cabedo-Sanz, P., Banica, A., Fabian, K., Rasmussen, T.L.,
1207 Forwick, M., Belt, S.T., 2016. Sea-ice dynamics in an Arctic coastal polynya
1208 during the past 6500 years. Arktos 3, 1.

1209 Khnies, J., Kdseoglu, D., Rise, L., Baeten, N., Bellec, V., Boe, R., Klug, M., Panieri,

1210 G., Jernas, P.E., Belt, S.T., 2018. Nordic Seas polynyas and their role in
1211 preconditioning marine productivity during the Last Glacial Maximum. Nature
1212 Communications XXXX.

1213 Kolling, H.M., Stein, R., Fahl, K., Perner, K., Moros, M., 2017. Short-term variability

1214 in late Holocene sea ice cover on the East Greenland Shelf and its driving
1215 mechanisms. Palaeogeography, Palaeoclimatology, Palaeoecology 485, 336—
1216 350.

1217  Kolling, H.M., Stein, R., Fahl, K., Perner, K., Moros, M., 2018. New insights into sea
1218 ice changes over the past 2.2 kyr in Disko Bugt, West Greenland. Arktos 4,
1219 11.

1220 Kdseoglu, D., Belt, S.T., Husum, K., Knies, J., 2018a. An assessment of biomarker-
1221 based multivariate classification methods versus the PIP,5 index for paleo
1222 Arctic sea ice reconstruction. Organic Geochemistry 125, 82—-94.

1223  Kdseogdlu, D., Belt, S.T., Smik, L., Yao, H., Panieri, G., Knies, J., 2018b.

1224 Complementary biomarker-based methods for characterising Arctic sea ice
1225 conditions: A case study comparison between multivariate analysis and the

1226 PIP,5 index. Geochimica et Cosmochimica Acta 222, 406—-420.



1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

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

Kremer, A., Stein, R., Fahl, K., Bauch, H.., Mackensen, A., Niessen, F., 2018a. A
190-ka biomarker record revealing interactions between sea ice, Atlantic
Water inflow and ice sheet activity in eastern Fram Strait. Arktos 4, 22.
https://doi.org/10.1007/s41063-018-0052-0.

Kremer, A., Stein, R., Fahl, K., Ji, Z., Yang, Z., Wiers, S., Matthiessen, J., Forwick,
M., Lowemark, L., O'Regan, M., Chen, J., Snowball, I., 2018b. Changes in sea
ice cover and ice sheet extent at the Yermak Plateau during the last 160 ka —
Reconstructions from biomarker records. Quaternary Science Reviews 182,
93-108.

Lalande, C., Nothig, E.-M., Bauerfeind, E., Hardge, K., Beszczynska-Mdller, A., Fahl,
K., 2016. Lateral supply and downward export of particulate matter from upper
waters to the seafloor in the deep eastern Fram Strait. Deep Sea Research
Part I: Oceanographic Research Papers 114, 78-89.

Leventer, A., 2013. The fate of Antarctic “Sea Ice Diatoms” and their use as
paleoenvironmental indicators. In: Lizotte, M.P., Arrigo, K.R. (Eds.), Antarctic
Sea Ice: Biological Processes, Interactions and Variability. AGU Research
Series 73, Washington, D.C. pp. 121-137.

Leventer, A., Armand, L., Harwood, D.M., Jordan, R., Ligowski, R., 2008. New
approaches and progress in the use of polar marine diatoms in reconstructing
sea ice distribution. Papers in the Earth and Atmospheric Sciences. Paper
287.

Limoges, A., Ribeiro, S., Weckstrom, K., Heikkila, M., Zamelczyk, K., Andersen, T.J.,
Tallberg, P., Massé, G., Rysgaard, S., Ngrgaard-Pedersen, N., Seidenkrantz,
M.-S., 2018. Linking the Modern Distribution of Biogenic Proxies in High Arctic

Greenland Shelf Sediments to Sea Ice, Primary Production, and Arctic-



1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

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

Atlantic Inflow. Journal of Geophysical Research: Biogeosciences 123, 760—
786. https://doi.org/10.1002/2017JG003840.

Lizotte, M.P., 2001. The contributions of sea ice algae to Antarctic marine primary
production. Integrative and Comparative Biology 41, 57—-73.

Lo, L., Belt, S.T., Lattaud, J., Friedrich, T., Zeeden, C., Schouten, S., Smik, L.,
Timmermann, A., Cabedo-Sanz, P., Huang, J.-J., Zhou, L., Ou, T.-H., Chang,
Y.-P., Wang, L.-C., Chou, Y.-M., Shen, C.-C., Chen, M.-T., Wei, K.-Y., Song,
S.-R., Fang, T.-H., Gorbarenko, S.A., Wang, W.-L., Lee, T.-Q., Elderfield, H.,
Hodell, D.A., 2018. Precession and atmospheric CO, modulated variability of
sea ice in the central Okhotsk Sea since 130,000 years ago. Earth and
Planetary Science Letters 488, 36—45.

Masse, G., Rowland, S.J., Sicre, M.-A., Jacob, J., Jansen, E., Belt, S.T., 2008.
Abrupt climate changes for Iceland during the last millennium: Evidence from
high resolution sea ice reconstructions. Earth and Planetary Science Letters
269, 565-569.

Massé, G., Belt, S.T., Crosta, X., Schmidt, S., Snape, |., Thomas, D.N., Rowland,
S.J., 2011. Highly branched isoprenoids as proxies for variable sea ice
conditions in the Southern Ocean. Antarctic Science 23, 487—-498.

Matsumoto, G. I., Matsumoto, E., Sasaki, K. & Watanuki, K., 1992. Geochemical
features of organic matter in sediment cores from LiUtzow-Holm Bay,
Antarctica. In: Whelan, J.K., Farrington, J.W. (Eds.), Organic Matter:
Productivity, accumulation and preservation in recent and ancient sediments.

Columbia University Press, New York, pp. 142-175.



1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

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

Max, L., Belz, L., Tiedemann, R., Fahl, K., Nurnberg, D., Riethdorf, J.-R., 2014.
Rapid shifts in subarctic Pacific climate between 138 and 70 ka. Geology 42,
899-902.

Medlin, L., 1990. Berkeleya spp. from Antarctic waters, including Berkeleya
adeliensis, sp. nov., a new tube dwelling diatom from the undersurface of sea-
ice. Beiheft zur Nova Hedwigia 100, 77-89.

Méheust, M., Fahl, K., Stein, R., 2013. Variability in modern sea surface
temperature, sea ice and terrigenous input in the sub-polar North Pacific and
Bering Sea: Reconstruction from biomarker data. Organic Geochemistry 57,
54-64.

Méheust, M., Stein, R., Fahl, K., Max, L., Riethdorf, J.-R., 2016. High-resolution |P2s-
based reconstruction of sea-ice variability in the western North Pacific and
Bering Sea during the past 18,000 years. Geo-Marine Letters 36, 101-111.

Méheust, M., Stein, R., Fahl, K., Gersonde, R., 2018. Sea-ice variability in the
subarctic North Pacific and adjacent Bering Sea during the past 25 ka: new
insights from IP25 and U*37 proxy records. Arktos 4, 8.
https://doi.org/10.1007/s41063-018-0043-1.

Michel, C., Legendre, L., Therriault, J.-C., Demers, S., Vandevelde, T., 1993.
Springtime coupling between ice algal and phytoplankton assemblages in
southeastern Hudson Bay, Canadian Arctic. Polar Biology 13, 441-449.

Mdller, J., Stein, R., 2014. High-resolution record of late glacial and deglacial sea ice
changes in Fram Strait corroborates ice—ocean interactions during abrupt
climate shifts. Earth and Planetary Science Letters 403, 446—455.

Mdller, J., Masse, G., Stein, R., Belt, S.T., 2009. Variability of sea-ice conditions in

the Fram Strait over the past 30,000 years. Nature Geoscience 2, 772-776.



1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

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

Mdller, J., Wagner, A., Fahl, K., Stein, R., Prange, M., Lohmann, G., 2011. Towards
quantitative sea ice reconstructions in the northern North Atlantic: A combined
biomarker and numerical modelling approach. Earth and Planetary Science
Letters 306, 137-148.

Mdller, J., Werner, K., Stein, R., Fahl, K., Moros, M., Jansen, E., 2012. Holocene
cooling culminates in sea ice oscillations in Fram Strait. Quaternary Science
Reviews 47, 1-14.

Navarro-Rodriguez, A., Belt, S.T., Knies, J., Brown, T.A., 2013. Mapping recent sea
ice conditions in the Barents Sea using the proxy biomarker |P2s: implications
for palaeo sea ice reconstructions. Quaternary Science Reviews 79, 26-39.

Nichols, P.D., Volkman, J.K., Palmisano, A.C., Smith, G.A., White, D.C., 1988.
Occurrence of an isoprenoid Cys diunsaturated alkene and high neutral lipid
content in Antarctic sea-ice diatom communities. Journal of Phycology 24, 90—
96.

Nichols, P.D., Palmisano, A.C., Rayner, M.S., Smith, G.A., White, D.C., 1989.
Changes in the lipid composition of Antarctic sea ice diatom communities
during a spring bloom: an indication of community physiological status.
Antarctic Science 1, 133-140.

Nichols, D.S., Nichols, P.D., Sullivan, C.W., 1993. Fatty acid, sterol and hydrocarbon
composition of Antarctic sea ice diatom communities during the spring bloom
in McMurdo Sound. Antarctic Science 5, 271-278.

Pearce, C., Seidenkrantz, M.-S., Kuijpers, A., Massé, G., Reynisson, N.F.,
Kristiansen, S.M., 2013. Ocean lead at the termination of the Younger Dryas

cold spell. Nature Communications 4, 1664.



1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

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

Pearce, C., Seidenkrantz, M.-S., Kuijpers, A., Reynisson, N.F., 2014. A multi-proxy
reconstruction of oceanographic conditions around the Younger Dryas—
Holocene transition in Placentia Bay, Newfoundland. Marine
Micropaleontology 112, 39-49.

Perette, M., Yool, A, Quartly, G.D., Popova, E.E., 2011. Near-ubiquity of ice-edge
blooms in the Arctic. Biogeosciences 8, 515-524.

Pienkowski, A.J., Gill, N.K., Furze, M.F., Mugo, S.M., Marret, F., Perreaux, A., 2017.
Arctic sea-ice proxies: Comparisons between biogeochemical and
micropalaeontological reconstructions in a sediment archive from Arctic
Canada. The Holocene 27, 665-682.

Polyak, L., Belt, S.T., Cabedo-Sanz, P., Yamamoto, M., Park, Y.-H., 2016. Holocene
sea-ice conditions and circulation at the Chukchi-Alaskan margin, Arctic
Ocean, inferred from biomarker proxies. The Holocene 26, 1810-1821.

Poulin, M., Massé, G., Belt, S.T., Delavault, P., Rousseau, F., Robert, J.-M.,
Rowland, S.J., 2004. Morphological, biochemical and molecular evidence for
the transfer of Gyrosigma nipkowii Meister to the genus Haslea
(Bacillariophyta). European Journal of Phycology 39, 181-195.

Ribeiro, S., Sejr, M.K., Limoges, A., Heikkila, M., Andersen, T.J., Tallberg, P.,
Weckstrom, K., Husum, K., Forwick, M., Dalsgaard, T., Massé, G.,
Seidenkrantz, M.-S., Rysgaard, S., 2017. Sea ice and primary production
proxies in surface sediments from a High Arctic Greenland fjord: Spatial
distribution and implications for palaeoenvironmental studies. Ambio 46, 106—
118.

Rontani, J.-F., Belt, S.T., Vaultier, F., Brown, T.A., 2011. Visible light induced photo-

oxidation of highly branched isoprenoid (HBI) alkenes: Significant dependence



1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

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

on the number and nature of double bonds. Organic Geochemistry 42, 812—
822.

Rontani, J.-F., Belt, S.T., Brown, T.A., Vaultier, F., Mundy, C.J., 2014a. Sequential
photo- and autoxidation of diatom lipids in Arctic sea ice. Organic
Geochemistry 77, 59-71.

Rontani, J.-F., Belt, S.T., Vaultier, F., Brown, T.A., Massé, G., 2014b. Autoxidative
and Photooxidative Reactivity of Highly Branched Isoprenoid (HBI) Alkenes.
Lipids 49, 481-494.

Rontani, J.-F., Belt, S.T., Brown, T.A., Amiraux, R., Gosselin, M., Vaultier, F., Mundy,
C.J., 2016. Monitoring abiotic degradation in sinking versus suspended Arctic
sea ice algae during a spring ice melt using specific lipid oxidation tracers.
Organic Geochemistry 98, 82—-97.

Rontani, J.-F., Belt, S.T., Amiraux, R., 2018a. Biotic and abiotic degradation of the
sea ice diatom biomarker IP,5 and selected algal sterols in near-surface Arctic
sediments. Organic Geochemistry 118, 73—-88.

Rontani, J.-F., Aubert, C., Belt, S.T., 2018b. EIMS Fragmentation and MRM
quantification of bacterial metabolites of the sea ice biomarker proxy IP2s in
Arctic sediments. Rapid Communications in Mass Spectrometry 32, 775-783.

Rowland, S.J., Robson, J.N., 1990. The widespread occurrence of highly branched
acyclic Cyp, C5 and C3o hydrocarbons in recent sediments and biota-A review.
Marine Environmental Research 30, 191-216.

Rowland, S.J., Belt, S.T., Wraige, E.J., Massé, G., Roussakis, C., Robert, J.M.,
2001. Effects of temperature on polyunsaturation in cytostatic lipids of Haslea

ostrearia. Phytochemistry 56, 597-602.



1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

1396

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

Ruan, J., Huang, Y., Shi, X., Liu, Y., Xiao, W., Xu, Y., 2017. Holocene variability in
sea surface temperature and sea ice extent in the northern Bering Sea: A
multiple biomarker study. Organic Geochemistry 113, 1-9.

Sakshaug, E., Johnsen, G., Kristiansen, S., von Quillfeldt, C., Rey, F., Slagstad, D.,
Thingstad, F., 2009. Phytoplankton and primary production, in: Sakshaug, E.,
Johnsen, G., Kovacs, K. (Eds), Ecosystem Barents Sea. Tapir Academic
Press, Trondheim, pp.167—208.

Schmidt, K., Brown, T.A., Belt, S.T., Ireland, L.C., Taylor, KW.R., Thorpe, S.E.,
Ward, P., Atkinson, A., 2018. Do pelagic grazers benefit from sea ice?
Insights from the Antarctic sea ice proxy IPSO2s Biogeosciences 15, 1987—
2006.

Schouten, S., Hopmans, E.C., Sinninghe Damsté, J.S., 2013. The organic
geochemistry of glycerol dialkyl glycerol tetraether lipids: A review. Organic
Geochemistry 54, 19-61.

Serreze, M.C., Stroeve, J., Barrett, A.P., Boisvert, L.N., 2016. Summer atmospheric
circulation anomalies over the Arctic Ocean and their influence on September
sea ice extent. A cautionary tale. Journal of Geophysical Research:
Atmospheres 121, 11463—11485.

Sharko, C.J., 2010. IP2s: A molecular proxy of sea-ice duration in the Bering and
Chukchi Seas. (M.Sc. thesis). University of Massachusetts Amherst, USA.

Sicre, M.A., Khodri, M., Mignot, J., Eiriksson, J., Knudsen, K.L., Ezat, U., Closset, I.,
Nogues, P., Massé, G., 2013. Sea surface temperature and sea ice variability
in the subpolar North Atlantic from explosive volcanism of the late thirteenth

century. Geophysical Research Letters 40, 5526-5530.



1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

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

Sinninghe Damsté, J.S., Muyzer,G., Abbas, B., Rampen, S.W., Mass¢, G., Allard,
W.G., Belt, S.T., Robert, J-M., Rowland, S.J., Moldowan, J.M., Barbanti, S.M.,
Fago, F.J., Denisevich, P., Dahl, J., Trindade, L.A.F., Schouten, S., 2004. The
rise of the rhizosolenid diatoms. Science 304, 584-587.

Sinninghe Damsté, J.S., Rijpstra, W.l.C., Coolen, M.J.L., Schouten, S., Volkman,
J.K., 2007. Rapid sulfurisation of highly branched isoprenoid (HBI) alkenes in
sulfidic Holocene sediments from Ellis Fjord, Antarctica. Organic
Geochemistry 38, 128-139.

Smik, L., 2016. Development of biomarker-based proxies for paleo sea-ice
reconstructions. (Ph.D. thesis). University of Plymouth, UK.

Smik, L., Belt, S.T., 2017. Distributions of the Arctic sea ice biomarker proxy |P,5 and
two phytoplanktonic biomarkers in surface sediments from West Svalbard.
Organic Geochemistry 105, 39—41.

Smik, L., Belt, S.T., Lieser, J.L., Armand, L.K., Leventer, A., 2016a. 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. Organic Geochemistry 95, 71-80.

Smik, L., Cabedo-Sanz, P., Belt, S.T., 2016b. Semi-quantitative estimates of paleo
Arctic sea ice concentration based on source-specific highly branched
isoprenoid alkenes: A further development of the PIP5 index. Organic
Geochemistry 92, 63—69.

Smith, W.O., 1987. Phytoplankton dynamics in marginal ice zones. Oceanography
and Marine Biology 25, 11-38.

Smith, W.O., Jr., Nelson, D.M., 1986. The importance of ice-edge blooms in the

Southern Ocean. Biosciences 36, 251-257.



1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

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

Stein, R., Fahl, K., 2012. A first southern Lomonosov Ridge (Arctic Ocean) 60 ka IP5
sea-ice record. Polarforschung 82, 83—86.

Stein, R., Fahl, K., 2013. Biomarker proxy shows potential for studying the entire
Quaternary Arctic sea ice history. Organic Geochemistry 55, 98—102.

Stein, R., Fahl, K., Schreck, M., Knorr, G., Niessen, F., Forwick, M., Gebhardt, C.,
Jensen, L., Kaminski, M., Kopf, A., Matthiessen, J., Jokat, W., Lohmann, G.,
2016. Evidence for ice-free summers in the late Miocene central Arctic Ocean.
Nature Communications 7, 11148.

Stein, R., Fahl, K., Gierz, P., Niessen, F., Lohmann, G., 2017a. Arctic Ocean sea ice
cover during the penultimate glacial and the last interglacial. Nature
Communications 8, 373.

Stein, R., Fahl, K., Schade, I., Manerung, A., Wassmuth, S., Niessen, F., Nam, S.-I.,
2017b. Holocene variability in sea ice cover, primary production, and Pacific-
Water inflow and climate change in the Chukchi and East Siberian Seas
(Arctic Ocean). Journal of Quaternary Science 32, 362-379.

Stoynova, V., Shanahan, T.M., Hughen, K.A., de Vernal, A., 2013. Insights into
Circum-Arctic sea ice variability from molecular geochemistry. Quaternary
Science Reviews 79, 63-73.

Stroeve, J.C., Serreze, M.C., Holland, M.M., Kay, J.E., Malanik, J., Barrett, A.P., 2012. The
Arctic’s rapidly shrinking sea ice cover: a research synthesis. Climate Change 110,
1005-1027.

Tesi, T., Geibel, M.C., Pearce, C., Panova, E., Vonk, J.E., Karlsson, E., Salvado,
J.A., Krusd, M., Bréder, L., Humborg, C., Semiletov, I., Gustafsson, O., 2017.
Carbon geochemistry of plankton-dominated samples in the Laptev and East
Siberian shelves: contrasts in suspended particle composition. Ocean Sci. 13,

735-748.



1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1471

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

Thomas, D.N., 2017. Sea ice 3" ed. Wiley-Blackwell: pp 664.

Tolosa, 1., Fiorini, S., Gasser, B., Martin, J., Miquel, J.C., 2013. Carbon sources in
suspended particles and surface sediments from the Beaufort Sea revealed
by molecular lipid biomarkers and compound-specific isotope analysis.
Biogeosciences 10, 2061-2087.

Vare, L.L., Massé, G., Gregory, T.R., Smart, CW., Belt, S.T., 2009. Sea ice
variations in the central Canadian Arctic Archipelago during the Holocene.
Quaternary Science Reviews, 28, 1354—1366.

Vare, L.L., Massé, G., Belt, S.T., 2010. A biomarker-based reconstruction of sea ice
conditions for the Barents Sea in recent centuries. The Holocene, 40, 637—
643.

Venkatesan, M.l., 1988. Organic geochemistry of marine sediments in Antarctic
region: Marine lipids in McMurdo Sound. Organic Geochemistry, 12, 13-27.

Volkman, J.K., 1986. A review of sterol markers for marine and terrigenous organic
matter. Organic Geochemistry 9, 83—99.

Volkman, J.K., Barrett, S.M., Dunstan, G.A., 1994. Cy5 and Cs, highly branched
isoprenoid alkenes in laboratory cultures of two marine diatoms. Organic
Geochemistry 21, 407—414.

Volkman, J.K., Barrett, S.M., Blackburn, S.I., Mansour, M.P., Sikes, E.L., Gelin, F.,
1998. Microalgal biomarkers: a review of recent research developments.
Organic Geochemistry 29, 1163—1179.

Wadhams, P., 1986. The Seasonal Ice Zone. In: Untersteiner N. (eds) The
Geophysics of Sea Ice. NATO ASI Series (Series B: Physics). Springer,

Boston, MA.



1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

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

Walsh, J.E., Fetterer, F., Scott Stewart, J., Chapman, W. L., 2017. A database for
depicting Arctic sea ice variations back to 1850. Geographical Review 107,
89-107.

Weckstrom, K., Massé, G., Collins, L.G., Hanhijarvi, S., Bouloubassi, I., Sicre, M.-A_,
Seidenkrantz, M.-S., Schmidt, S., Andersen, T.J., Andersen, M.L., Hill, B.,
Kuijpers, A., 2013. Evaluation of the sea ice proxy |P2s against observational
and diatom proxy data in the SW Labrador Sea. Quaternary Science Reviews
79, 53-62.

Xiao, X., Fahl, K., Stein, R., 2013. Biomarker distributions in surface sediments from
the Kara and Laptev seas (Arctic Ocean): indicators for organic-carbon
sources and sea-ice coverage. Quaternary Science Reviews 79, 40-52.

Xiao, X., Fahl, K., Mller, J., Stein, R., 2015a. Sea-ice distribution in the modern
Arctic Ocean: Biomarker records from trans-Arctic Ocean surface sediments.
Geochimica et Cosmochimica Acta 155, 16—29.

Xiao, X., Stein, R., Fahl, K., 2015b. MIS 3 to MIS 1 temporal and LGM spatial
variability in Arctic Ocean sea ice cover: Reconstruction from biomarkers.
Paleoceanography 30, 969-983.

Xiao, X., Zhao, M., Knudsen, K.L., Sha, L., Eiriksson, J., Gudmundsdéttir, E., Jiang,
H., Guo, Z., 2017. Deglacial and Holocene sea—ice variability north of Iceland
and response to ocean circulation changes. Earth and Planetary Science
Letters 472, 14-24.

Xu, Y., Jaffé, R., Wachnicka, A., Gaiser, E.E., 2006. Occurrence of Cys highly
branched isoprenoids (HBIs) in Florida Bay: Paleoenvironmental indicators of

diatom-derived organic matter inputs. Organic Geochemistry 37, 847—859.



1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

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

Figures

Figure 1. Structures of HBI biomarkers discussed in this review. The structures of

two internal standards often used in the quantification of HBIs are also shown.

Figure 2. Summary maps of locations where IP,5 has been investigated for proxy
development and palaeo Arctic sea ice reconstruction purposes: (a) surface
sediments; (b) palaeo sea ice studies (c) sea ice, sea ice algae and taxonomic
studies where the IP,5.producing diatoms have been reported; (d) sediment trap
(sinking particulate matter) and water column (suspended particulate matter)

samples. See Tables 1,2 for more details.

Figure 3. Temporal changes in IP25 concentration in Arctic sea ice from the
Amundsen Gulf (2008; red symbols, dotted line) and Resolute Passage (2011: green
symbols, solid line; 2012: blue symbols, dashed line) showing peak production in
spring (May—June). The outer ordinate scale corresponds to data from the
Amundsen Gulf and Resolute Passage (2011); the inner scale refers to data from
Resolute Passage (2012). Note the parallel trends between IP,5 and Chl a, a bulk
measure of ice algal primary production. A map showing the approximate sampling

locations is also shown. Adapted from Belt et al. (2013).

Figure 4. Schematic representation summarising the proposed relative
abundance production of IP25 and HBI |l in different near-surface oceanographic
settings within the Arctic. Note that some scenarios (e.g. a constantly fluctuating

sea ice margin) are not shown. In brief, IP»5 production is known to take place in



1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

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

seasonal sea ice prior to melting and ice margin retreat in spring (see also Fig. 3;
Brown et al., 2011; Belt et al., 2013). According to sedimentary distributions,
highest IP25 concentration is normally associated with more frequent or long-
lasting seasonal sea ice, with moderate/high levels also found for regions
proximal to the sea ice edge or the marginal ice zone (MIZ), including polynyas.
In contrast, IP25 production in multi-year ice, thick snow-covered ice, etc, is likely
very low (or absent) but is in need of further investigation. IP 5 is not believed to
be produced in open waters. Production of HBI Ill is thought to be limited to ice
free conditions, with highest concentrations associated with the open waters of
the MIZ (Belt et al., 2015). Please refer to Sections 2.1, 2.2 and 2.4 of the main

text for more detailed descriptions.

Figure 5. Summary maps of locations where IPSO325 has been investigated for
proxy development and palaeo Antarctic sea ice reconstruction purposes: (a)
surface sediments; (b) palaeo sea ice studies; (c) sea ice and taxonomic reports
of Berkeleya adeliensis (a source of IPSO3s5); (d) water column (phytoplankton)

samples. See Tables 1,2 for more details.

Figure 6. Examples where analysis of IPSO5 (HBI IlI) has been used to
reconstruct palaeo Antarctic sea ice conditions for the West Antarctic Peninsula
spanning different timeframes. The blue shaded areas correspond to intervals of
elevated IPSO,5 concentration that also coincide with periods of glacial meltwater
or ice shelf influence as derived from other proxy records. Figure adapted from
Belt et al. (2016); data taken from Barbara et al. (2013,2016) and Etourneau et

al., 2013.



1547

1548

1549

1550

1551

1552

1553

1554

1555

1556

1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

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

Figure 7. Summary maps showing locations where HBI Il has been investigated
for proxy development and palaeo sea ice (Marginal Ice Zone) purposes: (a)
Arctic surface sediments; (b) Arctic palaeo records and water column studies; (c)
Antarctic surface sediments; (d) Antarctic palaeo records and water column
studies. All studies were carried out on sediment material unless otherwise

indicated. See Tables 1,2 for more details.

Figure 8. Distributions of IPSOz5and HBI Ill in near surface waters from East
Antarctica. Symbol sizes reflect the relative concentration ranges in each case.
Note the absence of IPSOys5in the Permanently Open Ocean Zone (POOZ). The
highest relative abundances of IPSO25and HBI Il are found in the Seasonal Sea
Ice (SSI) zone and the Marginal Ice Zone (MIZ), respectively, according to the
definitions of sea ice conditions used by Smik et al. (2016a). ACC: Antarctic
Circumpolar Current; ACoC: Antarctic Coastal Current. Figure adapted from Smik

et al. (2016a).

Figure 9. Distributions of IP25 and HBI Ill in surface sediments from the Barents
Sea. Symbol sizes reflect the relative concentration ranges in each case. The
regions with highest biomarker concentration are also highlighted (red ovals). The
white lines indicate the position of the winter (April) sea ice extent: Minimum
extent: April 2006; maximum extent: April 1981; median extent: April 1981-2010.
The region between the April 1981 and 2006 extent approximates to the MIZ
during the spring. Note the highest concentrations of HBI Il in the MIZ during

spring. In contrast, IP,5 concentrations are generally highest for locations found
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further north where spring sea ice extent is greater; such locations also
experience MIZ conditions during the summer months. Figure adapted from Belt

et al. (2015).

Figure 10. Mass spectra of source-specific HBIs described in the text. Retention
indices are those obtained using an HP5ms GC column. The ion at m/z 350 for

IPSO25 corresponds to the (M+2)*tion (see Section 3).

Figure 11: Representative downcore records of IP,5 and HBI from different
regions of the Barents Sea spanning different timeframes. (a) out-of-phase
profiles reflecting changes in the position of the winter ice margin for annual
advance/retreat cycles; (b) in-phase profiles likely resulting from more rapid
seasonal fluctuations in sea ice dynamics. See the main text (Section 4.1) for a
more detailed discussion. Data taken from Belt et al. (2015), Cabedo-Sanz and

Belt (2016), Stein et al. (2017a) and Kremer et al. (2018b).

Figure 12. Development and application of HBI-based Classification Tree (CT)
models for palaeo Arctic sea ice reconstruction. (a) location of surface sediments
from which HBI distributions were used for CT model construction by Késeogdlu et
al. (2018b). Modern sea ice classifications for each location are also shown; (b)
Outcome of CT model showing the two main predicative variables of sea ice
conditions (i.e. IP25 and HBI IV) together with the corresponding threshold criteria
for each sea ice classification; (c) Locations of short cores used to test the CT
model. The four cores represent regions of contrasting modern sea ice extent

(see (a) for colour coding); (d) CT model and PIPs-based estimates of sea ice
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conditions for each of the four cores in (c) spanning the last few centuries. Note
the agreement between the SpSIC estimates obtained by the PIP 5 (left-hand
axis) and CT model (right-hand axis) approaches. Figures adapted from those in
Kbseoglu et al. (2018b). See Section 4.2 and Kdseoglu et al. (2018b) for more

detailed discussions.
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Summary of study locations where source-specific HBls and other biomarkers have been used in sea ice proxy development studies.

Study region

Sample(s)

Study type

Reference(s)

Arctic
Arctic Ocean

Kara/Laptev Seas

Fram Strait/Svalbard

Barents Sea

Norway
Iceland

NE/E Greenland

SW Labrador Sea
Baffin Bay

Canadian Arctic Archipelago

Sediment traps
Surface sediments
Surface sediments

Sea ice algae
Phytoplankton
Sediment traps
Surface sediments

Surface sediments

Surface sediments
Surface sediments
Sediment core

Surface sediments

Sediment cores
Sediment core
Surface sediments
Seaice

Sea ice algae

Sea ice/sediment trap/sediments

Water column POM

IP,5 (sterols)—seasonal deposition
IP,5 (PIPys)—sea ice calibration
IP2s (PIP,s5)—sea ice calibration

IP,5 identification

Source identification (HBI 111)
IP,s—seasonal deposition

IP,5 (HBI lll)—sea ice calibration
IP,5 (PIP,s5)-sea ice calibration
CT model development

P||||P25 development

IP,5 (HBI lll)—sea ice calibration
IP,s (PIP2s)—sea ice calibration
CT model development

IP,5 (HBI lll)-sea ice comparison
IPos-historical sea ice comparison
HBI-sea ice comparison

IP,5 (PIP2s)—sea ice calibration

IP2s (PIP2s) vs. other sea ice proxies
IPos vs. other sea ice proxies

IP,5 (PIP2s)—sea ice calibration

IP,5 identification

Sterol identification

IP,5 (sterols)-temporal changes

IP2s (HBI) degradation

P25 source identification

IP,5s and HBI Il isotopes (5'°C)
IP,5 transfer following ice melt

Fahl and Stein, 2012
Xiao et al., 2015a

Xiao et al., 2013
Stoynova et al., 2013
Brown et al., 2017a
Belt et al., 2017
Lalande et al., 2016
Smik and Belt, 2017
Muller et al., 2011
Kdseoglu et al., 2018b
Smik et al., 2016b

Belt et al., 2015
Navarro-Rodriguez et al., 2013
Kdseoglu et al., 2018b
Cabedo-Sanz et al., 2016a
Massé et al., 2008
Ribeiro et al., 2017
Limoges et al., 2018
Muller et al., 2011
Weckstrom et al., 2013
Cormier et al., 2016
Stoynova et al., 2013
Belt et al., 2007

Belt et al., 2018

Belt et al., 2013

Brown et al., 2011
Rontani et al., 2014a
Brown et al., 2014c
Belt et al., 2008

Brown et al., 2016
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Study region Sample(s) Study type Reference(s)
IP,5 (HBI) degradation/reactivity Rontani et al., 2016
Surface sediments P55 distribution Belt et al., 2007,2013
Tolosa et al., 2013
Pienkowski et al., 2017
Hudson Bay Seaice IP,5 identification Belt et al., 2007

Bering Sea/Gulf of Alaska

Sea of Okhotsk

Chukchi/E Siberian Seas

Antarctica
Antarctic Peninsula
McMurdo Sound

E Antarctica

South Atlantic (sub-Antarctic)
Scotia Sea

Various locations

Other

Surface sediments

Surface sediments

Surface sediments

Water column POM
Surface sediments

Sea ice

Sea ice

Seaice
Phytoplankton

Surface sediments/short cores
Sediment core

Phytoplankton

Water column

Sediment cores

Surface sediments

Sediments

IP,5 (PIPys)—sea ice calibration
IP,5 identification

IP,s—sea ice calibration

IP,5 (PIP2s)—sea ice calibration
IP,5 (sterols) distribution

IP,5 (PIP2s)—sea ice calibration

P55 distribution
IP,s—sea ice calibration
IP,5 (PIP2s)—sea ice calibration

Sterol identification

IPSO,5 source identification
HBI 1l (IPSO,s) identification
HBI 1l (IPSO,s) identification

HBI 1l (IPSO4s5) identification
HBI 1l (IPSO,5) & HBI Il distributions™

HBI Il (IPSO25) & HBI Il distributions*
HBI Il (IPSOys) reactivity*

Source identification (HBI I1I)

IPSO,5 and HBI Il distributions
IPSO,5 and HBI Il distributions
IPSO,5 and HBI Il distributions

Analytical method for IP25
Inter-laboraoraty study of IP,5 (HBIs)

Stoynova et al., 2013
Belt et al., 2007
Sharko, 2010
Stoynova et al., 2013
Méheust et al., 2013
Stoynova et al., 2013
Lo et al., 2018

Tesi et al., 2017
Sharko, 2010
Stoynova et al., 2013
Xiao et al., 2015a

Belt et al., 2018

Belt et al., 2016

Massé et al., 2011

Nichols et al., 1988,1989,1993
Johns et al., 1999

Massé et al., 2011

Smik et al., 2016a

Massé et al., 2011

Massé et al., 2011

Sinninghe Damsté et al., 2007
Belt et al., 2017

Schmidt et al., 2018

Collins et al., 2013

Belt et al., 2016

Smik, 2016

Belt et al., 2012b

Belt et al., 2014
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Study region Sample(s) Study type Reference(s)
Confirmed structure - sedimentary IP,s Belt et al., 2012a
Sediments/extracts IP,5s (HBI) degradation/reactivity Rontani et al., 2018a,b

Cabedo-Sanz et al., 2016b
Belt and Cabedo-Sanz, 2015

* includes some stable isotope (8'°C) data
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Summary of study locations and timeframes where source-specific HBIs and other biomarkers have been used for palaeo sea ice

reconstructions. For further detail of individual sterols and PIPs indices, please refer to the cited publication(s). *Denotes more than one core.

Study region Core Timeframe Biomarkers Reference(s)

Arctic

Arctic Ocean PS2767-4 Last 60 ka IP,s5, HBI 1, sterol Stein and Fahl, 2012
PS2446-4* MIS 3-1 IPy5, sterol Xiao et al., 2015b
PS2138-2 MIS 6-5 IP,s, HBI 111, sterol, PIP,s Stein et al., 2017a
PS87/106 Late Miocene P25, sterol, PIP,s5 Stein et al., 2016

Kara Sea BP00-07/7 Holocene (last 8 ka) P25, sterol, PIP,s5 Horner et al., 2017
BP00-36/4* Last 12 ka IP,s, sterol, PIPos Hoérner et al., 2018

Laptev Sea PS2458-4 Last 16 ka IP,s, HBI 1I, sterol, PIPys Fahl and Stein, 2012
PS51/154-11* Last 17 ka IP,s, HBI 11, sterol, PIPys Horner et al., 2016

Yermak Plateau-Fram Strait PS92/039-2 Last 160 ka IP,s, HBI 111, sterol, PIPs Kremer et al., 2018b

N Svalbard
E Fram Strait

Barents Sea

N Norway

SE Norwegian Sea
Iceland Sea
SW/NE/N Iceland

ODP Hole 910C
ODP Hole 912A*
GeoB10817-4
MSM5/5-712-1
MSM5/5-723-2*
MSM5/5-712-2
PS2837-5
PS93/006-1
BASICC 1*

JM10-10GC
NP05-11-70GC

JM09-KA11-GC

JM99-1200

JM11-FI-19PC
ODP 907
MD99-2275

Pliocene/Pleistocene (5.3-2.6 Ma)
Quaternary (last 2.2 Ma)

Ca. 16-8 ka; 2-0 ka

Holocene (last 2 ka)

Holocene (last 9 ka)

LGM-Early Holocene (30-9 ka)
Last 30 ka

Last 190 ka

Recent centuries

Mid-late Holocene (last 6.5 ka)
Holocene (last 10 ka)

Holocene (last 12 ka)
YD-Holocene (last 13 ka)

LGM (ca. 30-16 ka)
YD-early Holocene (13-7 ka)

Last 90 ka
Pliocene (3.5-2.4 Ma)
Recent millenia

|P25, Ster'Ol, P|P25

P25, HBI 11111, sterol, PIP,s

|P25, sterol, P|P25

IP,s, HBI 111, sterol, PIP,s
IP2s, sterol, PIP,s5

IP,s, HBI 1I, sterol, PIPys
P25, sterol

IP2s, sterol, PIP,s5

IP,s, HBIs 11-VI, PIPys
IP2s

IP,5, sterol

IP,s, HBI 111, sterol, PIP,s
IP,s, HBIs 1I-VI, PIPys
IP,s, sterol

IP,s, HBI 111, sterol, PIP,s
IP,s, HBIs 11-VI, PIPys
IP2s

IP,s, HBI 111, sterol, PIPs
IP,s, HBI 11, sterol, PIPys
IP,s, HBIs 11-VI, PIPys
IP2s, sterol, PIP,s5

IP,5, sterol

IP2s

Knies et al., 2014
Stein and Fahl, 2013
Bartels et al., 2017

Cabedo-Sanz and Belt, 2016

Muller et al., 2012
Mdller and Stein, 2014
Mdller et al., 2009
Kremer et al., 2018a
Kdseoglu et al., 2018b
Vare et al., 2010
Knies et al., 2016
Berben et al., 2017
Kdseoglu et al., 2018a
Berben et al., 2014
Belt et al., 2015
Kdseoglu et al., 2018a
Knies et al., 2018

Belt et al., 2015
Cabedo-Sanz et al., 2013
Kdseoglu et al., 2018a
Hoff et al., 2016
Clotten et al., 2018
Massé et al., 2008
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Study region Core Timeframe Biomarkers Reference(s)
IPys Axford et al., 2011
MD99-2263 IP55 Andrews et al., 2009
MD99-2273 IPys Sicre et al., 2013
MD99-2269* Holocene (last 8 ka) IPys, HBI 1 Cabedo-Sanz et al., 2016a
MD99-2272 Last 15 ka IP,s, HBI 111, sterol, PIP,s Xiao et al., 2017
B997-326PC1* Ca. 16-12 ka BP IP,s, HBI I Andrews et al., 2018
E Greenland PO175GKC#7* Recent centuries IP,os, HBI 1I, sterol Alonso-Garcia et al., 2013
PS2641-4 Mid-late Holocene (last 5 ka) IP,s, sterol, PIPos Kolling et al., 2017
MD99-2322 Holocene (last 8-9 ka) P25 Darby et al., 2017
PS2641-4 IP,s, sterol, PIP,s Mdiller et al., 2012
W Greenland HU2008029-12PC Ca. 17-12ka BP IP5s Jennings et al., 2017
Ca. 26-12 ka BP P55, sterol Jennings et al., 2018

SW Labrador Sea
Baffin Bay

Canadian Arctic Archipelago

Bering Sea

Sea of Okhotsk
Chukchi-Alaskan Margin
Chukchi/E Siberian Seas

Antarctica
Western Antarctic Peninsula
Antarctic Peninsula

E Antarctica

A107-04BC*
A107-14G
2008-029-040BC
99LSSL-001
ARC-4*

ARC-3

BRO7
S0201-2-12KL*
S0202-07-6*
LV29-114-3*
U1343
MDO01-2414

HLY0501-05TC/JPC*

ARA2B-1A*

JPC-10
MTC-38C*
JPC-38
MD130-MC02
DTCI2010
CB2010
SMB-Ellis Fjord
MDO03-2601*
NBP0101-JPC24

Last 2.2 ka

Recent centuries

YD-early Holocene (ca. 13-10 ka)
Recent centuries

Recent centuries

Holocene (last 7 ka)
Holocene (last 10 ka)
Holocene (ca. 11-2 ka)

Last 18 ka

LGM-Holocene (ca. 25-5 ka)
Ca. 138-70 ka BP

MPT (ca. 1.53-0.34 Ma)
Last 130 ka

Holocene (last 11 ka)
Holocene (last 10 ka)

Holocene (last 9 ka)
Recent centuries
Holocene (last 9 ka)
Recent seasons
Recent decades
Recent centuries

Holocene (last 9 ka)
Deglaciation (11-9 ka)

IP2s, HBI 111, sterol, PIP2s
|P25, sterol, P|P25

IP2s

|P25, sterol, P|P25

IP,s, sterol, PIPos

IP2s

IP,s, HBI Il

IP,s, HBI II, sterol, PIP,s
IP2s

|P25, sterol, P|P25

IP2s

IP2s, HBI 111

IP2s, HBI 111

|P25, sterol, P|P25

|P25, sterol, P|P25

HBI 1l (IPSOys), HBI llI
HBI 1l (IPSOys), HBI llI
HBI 1l (IPSOys), HBI llI
HBI 1l (IPSOys), HBI llI
HBI Il (IPSOys), HBI Il
HBI Il (IPSOys), HBI Il
HBI 1l (IPSOys)

HBI Il (IPSOys), HBI Il
HBI Il (IPSOy), HBI Il

Kolling et al., 2018
Weckstrom et al., 2013
Pearce et al., 2013,2014
Cormier et al., 2016
Pienkowski et al., 2016
Belt et al., 2010

Vare et al., 2009

Ruan et al., 2017
Méheust et al., 2016
Méheust et al., 2018
Max et al., 2014

Detlef et al., 2018

Lo et al., 2018

Polyak et al., 2016
Stein et al., 2017b

Etourneau et al., 2013
Barbara et al., 2013
Barbara et al., 2016
Massé et al., 2011
Campagne et al., 2016
Campagne et al., 2015

Sinninghe Damsté et al., 2007

Denis et al., 2010
Barbara et al., 2010
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Study region Core Timeframe Biomarkers Reference(s)

Scotia Sea TPC286* Last 60 ka HBI 1l (IPSOy5), HBI 111 Collins et al., 2013
McMurdo Sound (Ross Sea)  83-3a Unspecified (short core) HBI I Venkatasen, 1988
Litzow-Holm Bay Core A* Unspecified (short core) HBI I Matsumoto et al., 1992




