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Abstract 

 

Insights into Circum-Arctic Sea Ice Variability from 

Molecular Geochemistry: The IP25 Index 

Vera Petrova Stoynova, M.S. Geo. Sci. 

The University of Texas at Austin, 2012 

 

Supervisor:  Timothy M. Shanahan 

 
Geological records of past sea ice, such as those contained in Arctic marine sediments, 

offer an opportunity to strengthen our understanding of long-term sea ice variability, 

provided unambiguous paleo-sea ice proxies can be developed.  One such recently 

proposed proxy is IP25, a highly branched isoprenoid alkene biosynthesized exclusively 

by sea-ice dwelling diatoms (Haslea spp.), which is well preserved in marine sediments 

and could be used to reconstruct past changes in spring sea-ice extent.  However, little is 

known about regional-scale controls on IP25 production in sea ice, limiting its wider 

applicability as a paleo-sea-ice proxy.  To address this issue we examined the 

distributions of IP25 and the marine productivity biomarkers dinosterol and brassicasterol 

in a suite of surface sediment samples distributed across the Arctic. We find a statistically 

significant, logarithmic relationship between IP25 and spring sea ice cover in samples 

from arctic and subarctic sites in the Pacific (n = 96, r2 = 0.67, P < 0.0001) and the 

Atlantic n = 25, r2 = 0.50, P < 0.0001), though the absolute concentrations of IP25 are 

generally higher in the Atlantic (1.6 - 166.4 µg/g OC) than in the Pacific (0 - 38.5 µg/g 

OC) for equivalent sea-ice cover, and there are regional and basin-specific differences in 

the slope of the IP25 - sea ice relationship. After normalization of IP25 concentrations to 

that of a productivity biomarker (e.g., dinosterol; the PDIP25 index) the proxy-sea ice 

relationship in greatly improved for all regions (r2 = 0.86 and r2 = 0.75 for Atlantic and 
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Pacific, respectively) and most of the basin specific differences in the rate of change of 

IP25 with sea ice are removed.  This suggests that productivity plays an important 

secondary role in controlling IP25 concentrations.  However, the use of the PDIP25 index 

does not change the absolute differences in concentrations seen in the Atlantic and the 

Pacific, and previously published data from Fram Strait remain anomalous when 

compared to the rest of our data.  This suggests that there are additional, yet unidentified 

controls on the IP25 proxy - sea ice relationship, which may hinder the development of an 

Arctic-wide calibration but that the PDIP25 index is a viable tool for local and regional sea 

ice reconstructions. 
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1. INTRODUCTION 

Recent changes in Arctic sea ice 

Recent satellite observations have revealed dramatic changes in Arctic sea ice 

over the last decade, including a 39% reduction of spring sea ice extent and a 38% 

reduction in perennial sea ice (Comiso, 2002; Comiso et al., 2008; Drobot et al., 2008; 

Kwok and Rothrock, 2009; Maslanik et al., 2011; Stroeve et al., 2011, 2012). The record 

minimum in sea ice extent in September of 2007 was followed by the second and third 

lowest extents in 2008 and 2010, respectively. It has been suggested that if these current 

trends continue, the Arctic could be ice-free in summer within 30 years (Stroeve et al., 

2008), with potentially dramatic changes in Arctic climate and biology (ACIA, 2005).  

However, the instrumental satellite record of sea ice variability spans a relatively short 

time period (1979-present), and longer instrumental reconstructions based on ship 

observations are spatially incomplete, making it difficult to assess whether recent changes 

in sea ice are anomalous in the context of longer term Arctic environmental change.  

 

Reconstructing Past Sea Ice 

Geological records of past sea ice, such as those contained in Arctic marine 

sediments, offer an opportunity to strengthen our understanding of long-term sea ice 

variability, provided unambiguous paleo-sea ice proxies can be developed. A variety of 

proxies have been used to qualitatively reconstruct sea ice ranging from ice-rafted debris 

(IRD) to microfossils (Gersonde and Zielinski, 2000; Gorbarenko et al., 2010; Gregory et 

al., 2010). However, microfossil (both calcareous and siliceous) species assemblage 

techniques can be biased by dissolution and a lack of species diversity at high latitude-

sites (Thomas and Dieckmann, 2010). Dinocyst-based reconstructions are less susceptible 
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to dissolution and show excellent spatial correlations with modern sea ice cover (de 

Vernal et al., 2000; Mudie et al., 2001; de Vernal, Eynaud, et al., 2005; de Vernal, 

Hillaire-Marcel, et al., 2005; Hollings et al., 2008), but lack indicator fossils that are 

exclusively associated with sea ice and can be strongly influenced by other factors such 

as nutrient availability and temperature.  

 

The IP25 biomarker 

Recently, a novel molecular sea ice proxy, IP25, (Ice Proxy with 25 carbons) has 

been proposed (Belt et al., 2007). The IP25 index is based on the concentration of a 

monosaturated highly branched isoprenoid (HBI) alkene which is believed to be 

produced exclusively by diatoms dwelling in sea ice (Belt et al., 2007). Studies 

examining open-water phytoplankton from across the Canadian Arctic show no evidence 

of IP25 (Belt et al., 2007) and the highest IP25 abundances in modern sea ice occur 1-3 cm 

away from the ice-water interface (Brown et al., 2011).  In surface sediment samples, IP25 

is only found in association with modern sea ice cover, and generally increases in 

abundance with increased ice cover duration (Belt et al., 2007; Mueller et al., 2011). 

Furthermore, carbon isotope analysis of IP25 in Arctic surface sediments has shown that 

IP25 has an isotopically enriched signature (e.g., -19.3 ± 2.3‰) relative to planktonic or 

terrigenous organic matter, (Belt et al., 2008) consistent with previous observations of 

significant carbon isotope fractionation during algal growth in sea ice (Schubert and 

Calvert, 2001). This lends strong support to the hypothesis of IP25 as an ice-specific 

proxy. The identification of IP25 in Arctic sediments as old as 30 ka BP and data showing 

down-core variations in IP25 concentrations consistent with other ice proxy data (Masse et 

al., 2008; Andrews et al., 2009; Mueller et al., 2009; Vare et al., 2009, 2010; Belt et al., 
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2010; Gregory et al., 2010; Axford et al., 2011) suggest that IP25 is stable and well 

preserved in marine sediment records, making it a good candidate for paleo-sea ice 

reconstructions. 

Recently, Mueller and colleagues (2011) compared IP25 concentrations in surface 

sediment samples from Fram Strait against modern spring sea ice concentrations, and 

showed a statistically significant correlation over this sea ice margin (n = 38, r2 = 0.67), 

demonstrating the utility of IP25 as a qualitative sea ice proxy in marine sediments. These 

relationships were significantly improved (r2 = 0.74) however, when IP25 concentrations 

were normalized to a marine productivity indicator (i.e., brassicasterol or dinosterol). 

They argued that the observed improvement in the sea ice-proxy relationship (the PIP25 

index) could be attributed to the influence of ice-edge conditions on algal productivity, 

most likely through nutrient or light availability. By normalizing to a more general algal 

productivity indicator, complications associated with changes in algal productivity, 

whether due to changes in available sunlight, nutrients, or otherwise, are removed from 

the IP25 signal, improving the fit to sea ice cover. 

 

The present study 

Despite these promising results, little is known about the broader regional controls 

on IP25 (or PIP25) and sea ice relationships. For example, can the IP25- sea ice relationships 

seen in the Fram Strait be extrapolated to other locations and ice margins in the Atlantic?  

What about the Pacific?  Heterogeneities, both spatial and temporal, could potentially 

complicate the link between IP25 and sea ice, particularly for quantitative reconstructions. 

For example, spatial differences in light or nutrient availability during the seasonal 

expansion of sea ice could potentially impact IP25 concentrations via changes in diatom 
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productivity, independent of changes in total sea ice cover (Mundy et al., 2007; Estrada et 

al., 2009; Rozanska et al., 2009).  The physical characteristics of sea ice, such as porosity, 

could also have an impact on IP25 formation and distribution through their effects on algal 

growth and productivity (Estrada et al., 2009). Recent preliminary work suggests that 

there may be significant regional variations in the controls of IP25 abundance (Caissie et 

al., 2011; Stoynova et al., 2011; Xiao et al., 2012). The present study expands the existing 

surface sediment IP25 database to locations across the Arctic in order to examine regional 

differences in the IP25 (and PIP25) - sea ice relationships and to further assess the potential 

use of IP25 as a quantitative sea ice proxy.  
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2. REGIONAL SETTING 

The seasonal expansion of sea ice across the Arctic begins in autumn, forming 

first over shallow continental shelves where surface water salinities are lowest, and 

expanding via a combination of freezing and advection of ice from coasts by the wind 

and ocean currents. In the Arctic Ocean, sea ice formation is facilitated by fresh water 

input from continental rivers, especially the Mackenzie, Kolyma, Lena, and Yenisei 

(Eicken et al., 1991; Mundy et al., 2005; Golden et al., 2007) and is subsequently 

transported northward to the central Arctic perennial sea ice pack.   Transport of sea ice 

within the Arctic occurs by either the cyclonic Beaufort Gyre in the west over the Canada 

Basin or the Transpolar Drift in the east.  The strength and position of the Beaufort Gyre 

plays a crucial role in the transport of ice from the Beaufort and Chukchi shelves and in 

the northward penetration of warm Pacific waters through the Bering Strait.  The 

Transpolar Drift transports sea ice out of the Arctic through the Fram Strait and is the 

chief mechanism for sea ice transport out of the Arctic, significantly influencing 

freshwater delivery to the North Atlantic (Carmack, 2000).   

Similar processes for sea ice formation operate elsewhere in the Arctic.  In the 

surrounding oceans like the Bering Sea and Baffin Bay, sea ice formation starts in 

November along the northern shelves where salinities and temperatures are lowest and is 

transported by northeasterly winds to the south, where it leads to a southward expansion 

of the sea ice edge, reaching a maximum extent in March.  In contrast, sea ice in Fram 

strait is derived from a combination of localized expansion of shelf ice and the delivery 

of older ice from the Arctic Ocean by the Transpolar Drift and the East Greenland 

Current.   In non-polar seas like the Sea of Okhotsk and Hudson Bay, the expansion of 
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sea ice occurs via a similar mechanism, which ice produced in the north and transported 

southward by the wind.  Melting and sea ice retreat across the Arctic occurs between the 

spring and late summer/early fall, depending on latitude and the seasonal increase in 

temperature. 
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3. MATERIALS AND METHODS 

Surface sediment database 

The present study uses a suite of archival core top (n=121) surface (0-3 cm) 

sediment samples obtained from the Oregon State University Marine Geology 

Repository, where they have been stored at 5°C since collection. The samples were taken 

from the upper 1-3 cm of piston and gravity corers that were collected between 1961 and 

2009. The sediment samples span most of the major Arctic basins including the East 

Siberian,  (n=22), Chukchi (n=42), Bering (n=17), and Okhotsk, (n=3) Seas, the Gulf or 

Alaska (n=11), Baffin (n=11), Gaspe (n=6), and Hudson Bays (n=5), and the North Water 

Polynya (n=4) (Fig. 1). This dataset covers multiple modern sea ice margins, a range of 

sea ice concentrations (0-100%) and characteristics (seasonal, perennial, polynyas). 

Together, they provide a more diverse and comprehensive set of samples than previous 

studies and an opportunity to examine regional differences and controls on IP25-sea ice 

correlations. 

Because the samples used in this study are archival, with some samples > 50 years 

old, there is the possibility that the biomarkers used in this study could be influenced by 

diagenesis, particularly since the use of IP25 relies on absolute concentration data.  In-situ 

degradation of biomarkers in marine sediments prior to sampling is probably small, as 

evidenced by their detection in sediment cores dating back thousands of years (Mueller et 

al., 2009);Ternois et al., 2001). Furthermore, in sediment records spanning the last few 

decades to centuries, down-core trends in IP25 correlate remarkably well with other 

climate proxies, with no evidence of a progressive loss of IP25 over time (Masse et al., 

2008). While the possibility of additional diagenetic losses of IP25 in sediment samples 
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cannot be completely dismissed, IP25 has been shown in the laboratory to be relatively 

resistant to photo-oxidation, particularly in comparison with the di and tri-unsaturated 

alkenes (Rontani et al., 2011).  Within our dataset, we see no evidence for a systematic 

decline in IP25 concentrations with sampling date, though we cannot dismiss the 

possibility that some of the scatter in our data is the consequence of differences in the 

total amount of IP25 losses during sediment storage.  Provided the diagenetic losses of the 

sterol markers (e.g., brassicasterol, dinosterol) are similar to IP25, the use of relative 

indices (such as the PIP25 index) should reduce the effect of these losses on sea ice 

reconstructions.  Regardless, since future paleo-sea ice reconstructions are likely to use 

archived cores, the present dataset provides some sense of the limitations of this proxy 

considering this potential complication 

 

Lipid extraction and geochemistry 

For biomarker analysis, sediments were freeze-dried, homogenized and 

microwave extracted (CEM MARS 100oC, 10min) using methylene chloride: methanol 

(9:1 v/v) to yield a total lipid extract (TLE). To permit GC-MS quantification of IP25 and 

sterols (brassicasterol and dinosterol), 0.1 µg 7-hexylnonadecane and 5α-androstan-3β-ol 

were added per each gram of sample prior to extraction. The TLE was separated into 

hydrocarbon and sterol fractions by open column chromatography (SiO2) using hexane 

and hexane: methyl acetate (4:1 v/v), respectively. The hydrocarbon fraction was further 

purified after the addition of a secondary internal standard, 9-octyl-8-heptadecene (0.01 

µg/g sample), using Ag-ION chromatography. This procedure separates the saturated and 

unsaturated hydrocarbons and was found to be crucial in the quantification of IP25 in low 
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abundance samples (Belt et al., 2012). Sterols were derivatized to their trimethylsilyl 

ethers with BSTFA/pyridine and heating prior to GC-MS analysis.  

For measurement of total organic carbon (TOC), aliquots of each freeze dried and 

homogenized sediment sample were weighed into silver capsules and pretreated with 

sulfurous acid to remove carbonates (Verardo et al., 1990). TOC was measured using a 

Costech ECS 4010 Elemental Analyzer. Acetanilide was used for calibration (r2=0.99) 

prior to, during, and at the completion of each set of analyses to account for instrumental 

drift. Instrumental precision (1.2%) was calculated by replicate analyses of the 

acetanilide standard. 

 

Compound identification and quantification 

Unsaturated hydrocarbons and sterols were identified and quantified following 

procedures similar to those outlined in Belt et al., (2012) and Muller et al., (2011).  

Analytes were identified using an Agilent 7890 GC coupled to an Agilent 5975 mass 

selective detector. An HP5-MS capillary column (30m HP-5 ms column, 0.25mm inner 

diameter, 0.25µm film thickness) was used with a helium flow rate of 1 mL/min. The GC 

oven was heated from 40°C to 300°C at 10°C/min with a 10 min hold time at the 

maximum temperature for the analysis of hydrocarbons. Samples were analyzed in both 

total ion chromatograph (TIC, 50-500 m/z) mode and selected ion monitoring (SIM) 

mode. IP25 was identified based on retention time and mass spectra of a purified extract 

(Belt et al., 2012). Sterols and internal standards were identified by retention time and 

mass spectra based on authentic standards. The IP25 was quantified by external calibration 

(r2=0.99) relative to 9-octyl-8-heptadecene via selective ion monitoring of the molecular 

ions (m/z 350) for both compounds. The presence of IP25 was confirmed by monitoring 
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the co-eluting di- and tri-unsaturated HBIs using m/z 348 and 346, respectively. For the 

analysis of sterols, the GC oven was heated from 70°C to 130°C at 20°C/min then at 

4°C/min to 320°C. Brassicasterol and dinosterol were quantified by direct and external 

calibration, (r2=0.99) relative to the internal standard via selective ion monitoring using 

m/z 470, 500 and 333, respectively. Analytical reproducibility for both hydrocarbons and 

sterols was checked by repeated injection of a select extract (error <10%).   All biomarker 

concentrations are reported relative to TOC to remove the potential influence of dilution 

with other sedimentary components (e.g., CaCO3, SiO2, minerals). 

 

Instrumental data 

Sea ice concentration values are compiled from the Hadley Center’s HadISST 

dataset (Rayner et al., 2003) and are defined as the climatological (1970-2000) average 

from March through September.  Productivity data from two different models are used in 

the analyses (Radi and de Vernal, 2008). The first model, Laboratoire de Physique et 

Chimie Marine (LPCM) (Antoine and Morel, 1996; Antoine et al., 1996) uses satellite 

observations collected by the Coastal Zone Color Scanner (CZCS) during its 1978-1986 

orbit. The CZSC observations are based on 1/16° latitude by 1/16° longitude resolution 

chlorophyll concentration as well as physical properties of the water column.  In addition, 

we use productivity data from the Vertical Generalized Production Model (VGPM), 

which is based on satellite observations chlorophyll data by the MODerate resolution 

Imaging Spectroradiometer (MODIS). The MODIS satellite was launched in 2000 and 

collected data at a 4.62 km resolution for 6 years. In both models, productivity may be 

slightly overestimated due to colored dissolved organic matter (Antoine and Morel, 1996; 

Antoine et al., 1996). The data were interpolated for sites lacking data. Although notable 
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heterogeneities exist between the two models, the spatial distribution of productivity 

values is consistent with higher values occurring in coastal and upwelling areas (Antoine 

and Morel, 1996; Antoine et al., 1996). 

Maps of productivity, sea ice and biomarker data were generated using the Ocean 

Data View DIVA Gridding Algorithm (Schlitzer, 2012).  Colors were adjusted to 

accentuate the concentration gradients of the biomarkers and although the concentration 

scale is linear, the color gradient is not.  
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4. RESULTS AND DISCUSSION 

Spatial Trends 

The sediments examined in this study span a wide geographic area including most 

of the major basins in the Pacific and Atlantic sectors of the Arctic. Within our dataset, 

the spatial distribution of IP25 in Pacific and Atlantic sediments (Fig. 2b and Fig. 3b, 

respectively) generally agrees with the distribution of spring/summer sea ice cover (Fig. 

2a and 3a). Abundant IP25 is found in sediments with extensive spring-summer sea ice 

cover while sediments from areas with diminished or absent spring summer sea ice were 

found to contain little or no IP25. As expected, phytoplankton productivity indicators 

(e.g., brassicasterol and dinosterol) are generally more abundant in areas with open ocean 

and reduced sea ice cover but show no significant correlation with either sea ice cover or 

IP25 concentrations, in agreement with estimates of annually averaged primary 

productivity from satellite data (Fig. 6c and 7c).  

In the Pacific, IP25 was most abundant in sediments from the Chukchi and East 

Siberian Seas (10 µg/ g OC average), coinciding with extensive spring-summer sea ice 

coverage (70-80%). Furthermore, the highest concentrations of IP25 were found in 

sediments from the eastern portion of the East Siberian Sea (12 µg/ g OC), and decreased 

towards the west (to 8 µg/ g OC), a trend that is not observed in the sea ice extent. 

However, this pattern is also seen in the abundances of phytoplankton biomarkers, 

suggesting a possible productivity influence on IP25 concentrations in this area.  Although 

we lack annual productivity data for the western portion of the East Siberian Sea, 

productivity does increase toward the east and into the Chukchi Sea, in agreement with 

the phytoplankton biomarker data (Fig. 7c). To the south, in the Bering Sea, IP25 

concentrations progressively decrease southward with spring sea ice cover, from values 

as high as 4.2 µg/ g OC in the northeast Bering Sea to 0.2 µg/ g OC in the southeast.  In 

contrast, phytoplankton biomarkers, especially dinosterol, are generally high throughout 

the Bering Sea and show increased abundance along the eastern margin, but do not 
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appear to show any patterns directly associated with sea ice cover. Annual productivity is 

also higher along the eastern margin of the Bering Sea in agreement with the productivity 

biomarker data. The Gulf of Alaska is largely free of sea ice during the algal bloom 

period and as expected, IP25 is absent from the sediments in this area. However, we see 

evidence for high phytoplankton productivity from the increased abundance of 

brassicasterol (35 µg/ g OC) and dinosterol (97 µg/ g OC) as well as increased annual 

productivity (>200 gC/m2).   

IP25 abundances in Atlantic sediments were, on the whole higher than those from 

the Pacific, though they showed a similar trend towards lower concentrations in areas 

with reduced spring sea ice coverage, as expected. Sediments from northern Baffin Bay, 

which has extensive seasonal sea ice cover that persists through summer, were found to 

contain the highest concentrations of IP25 in our dataset, with a maximum abundance of 

327 µg/ g OC (210 µg/ g OC average). In addition to yielding the highest concentrations 

of IP25, sediments from northern Baffin Bay are also found to contain abundant 

brassicasterol and dinosterol (123 µg/ g OC and 261 µg/ g OC on average, respectively) 

(Fig. 3c and d) in contrast to what might be predicted for an area with relatively extensive 

sea ice cover. This trend is also seen in the annual productivity data (Fig. 6c). To the 

south, IP25 abundances in Baffin Bay decline steadily (from 167 µg/ g OC to 45 µg/ g 

OC) with reduced sea ice cover.  However, south of Davis Strait, there is a more 

precipitous decline in IP25 (<6 µg/ g OC), whereas sea ice cover maintains a consistent 

gradient with decreasing latitude (~5% per degree lat.) over this region. In Hudson Bay, 

average IP25 abundances decline from 76 µg/ g OC to 23 µg/ g OC with increasing 

distance from shore. In contrast to IP25, phytoplankton biomarkers do not show 

significant correlations with either sea ice cover or latitude and are most abundant in both 

the northernmost (mentioned above) and southernmost samples. However, as in the 

Pacific, the highest average abundances of phytoplankton biomarkers (121 µg/ g OC 

brassicasterol and 468 µg/ g OC dinosterol) are found in sediments from Chaleur and 

Gaspe Bays (Fig. 3c and d), which have minimal sea ice cover in the spring-summer and 
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low concentrations of IP25, but some of the highest annual productivity (>400 gC/m2, Fig. 

6c).  

Samples containing no detectable IP25 were found in: the central Arctic (~80oN), 

where there is perennial sea ice and the Gulf of Alaska, where there is minimal spring sea 

ice cover, as well as at several (n = 5) anomalous sites with intermediate spring sea ice 

cover.  The absence of IP25 in site from the central Arctic is most likely due to persistent, 

perennial sea ice cover (98% spring-summer mean) which limits nutrient availability and 

diatom growth (Thomas and Dieckmann, 2010). Low phytoplankton biomarker 

concentrations at this location are consistent with this interpretation.  Similarly the 

absence of IP25 in the Gulf of Alaska, where spring sea ice cover is absent, is consistent 

with the requirement of sea ice cover during the spring season of diatom growth for the 

production of IP25.  High concentrations of the phytoplankton productivity biomarkers 

brassicaterol and dinosterol as well as high annual productivity (up to 300 gC/m2) 

demonstrate that the lack of IP25 at these locations is not related to changes in algal 

productivity.    

The five anomalous samples in which IP25 was not detectable span a range of 

modern sea ice cover (8-57%) and show no easily discernable spatial patterns or 

relationships with latitude, sea ice cover, TOC, productivity or productivity-related 

biomarkers.  Similar quantities of sediment were extracted as those with IP25 present and 

the recovery of internal standards suggests that losses during extraction or cleanup are not 

a viable explanation for the low or absent IP25 values.  Post-depositional diagenetic loss 

of IP25 from the samples is one possibility, though this process does not appear to have 

affected dinosterol of brassicasterol concentrations similarly.  More work is needed to 

assess this and other possible explanations for these anomalous IP25-free samples.  
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IP25 variability and spring sea ice cover 

To further explore the potential use of IP25 as a proxy for quantitative sea ice 

reconstructions, we compared IP25 concentrations directly against spring sea ice cover 

(where spring sea ice cover is defined here as the climatological (1970-2000) mean sea 

ice concentration for March through September computed from the HadISST dataset 

(Rayner et al., 2003)). IP25 concentrations in core-top sediments (µgIP25/g OC) show a 

statistically significant positive relationship with modern spring sea ice cover in both the 

Pacific (n = 96, r2 = 0.67, P < 0.0001) and the Atlantic (n = 26, r2 = 0.50, P < 0.0001).  

However, in contrast to previous studies (Mueller et al., 2011), which found a linear 

relationship between the IP25 concentrations and spring sea ice cover, our results indicate 

that this relationship is better described by a logarithmic function (Fig. 4). Thus, as the 

total sea ice coverage in spring increases the rate at which IP25 is produced and/or 

delivered to ocean sediments also increases.  

In Pacific samples, which span the East Siberian, Chukchi, Bering, Okhotsk Seas 

and the Gulf of Alaska, the sea ice-IP25 relationship is spatially consistent over a wide 

range of estimated spring sea ice coverage (0-98%; log (y) = 2.16x – 0.78).  Particularly 

high IP25 concentrations are evident pole-ward of the Bering Strait, where spring sea ice 

cover extends to 80-90% and IP25 concentrations exceed 10 µg/ g OC.  However, even 

when these high latitude end-member samples are excluded, the fit of this log relationship 

remains statistically significant, indicating that it is not solely an artifact of the 

anomalously high IP25 concentrations at high latitudes and sea ice cover.  

In the Atlantic (Fig. 4a), IP25 concentrations also show a significant positive and 

logarithmic relationship with spring sea ice cover that is similar to that of the Pacific (log 

(y) = 1.88x + 0.24), though the overall concentrations of IP25 are higher in the Atlantic 



 16 

(1.6 - 166.4 µg/g OC) than in the Pacific (0 - 38.5 µg/g OC) for equivalent sea ice cover.  

These regional differences suggest an additional complexity to the use of the IP25 proxy 

for reconstructing paleo-sea ice cover in that local conditions unrelated to sea ice cover 

may also have a significant influence on IP25 production. 

Additional evidence for regional differences in IP25 production is apparent when 

comparing IP25-sea ice relationships within individual basins in the Atlantic.  Although 

the Atlantic sample set is not extensive enough to fully assess the individual trends 

between IP25 and sea ice for all of the basins (e.g., Baffin Bay, Hudson, Gaspe and 

Chaleur Bays), there are some indications that significant regional differences in the IP25-

sea ice relationship may exist.  For example, the rate of increase in IP25 with sea ice 

appears to be much higher in Baffin Bay than in other parts of the Atlantic (Fig. 4a, 

dashed line); decreasing from 166 µg/g OC in northern Baffin Bay to below detection 

limits in samples south of Davis Strait, where sea ice cover is low.  The latter sample in 

particular seems anomalous in the context of the full Atlantic dataset because it suggests 

the absence of IP25 at a location with low but significant (15%) spring sea ice cover. 

However, when examined solely in the context of the Baffin Island samples, the 

anomalous sample with no IP25 is consistent with the overall trend in Baffin Bay.  This 

indicates that considerations of regional differences in the rate of IP25 production may be 

important when reconstructing sea ice using this biomarker. 

Similarly, when IP25 in sediments from Fram Strait (Mueller et al., 2011) are 

reassessed by comparison with sea ice estimates from the present study (Fig. 4c) they 

show a much lower rate of increase in IP25 as a function of sea ice cover than other sites 

from the Atlantic, suggesting they also require a local calibration. Interestingly, however, 

the net abundance of IP25 in the Fram Strait is statistically indistinguishable from the 
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abundances in the Pacific, suggesting that the factors controlling IP25 production and its 

relationship with sea ice cover are similar between these locations.   

Throughout the dataset, under conditions of high sea ice cover, IP25 concentrations 

not only increase logarithmically, but the variability in IP25 concentrations also increases 

amongst sites with similar spring sea ice cover.  Although this effect is most apparent in 

the Chukchi and East Siberian Seas, where IP25 concentrations are highest and relative 

standard deviation is 76%, this increase in variance is also evident in the Bering Sea 

where the relative standard deviation increases from 35% (at sea ice cover <20%) to 76% 

(at sea ice cover >20%), and in some locations in the north Atlantic.  Thus, the increase in 

variance at high sea ice cover cannot be solely attributed to sea ice dynamics occurring 

north of the shallow Bering shelf and near the perennial sea ice margin.  

In the Atlantic, a significant portion of the increased variance (96% relative 

standard deviation for >50% sea ice cover) in IP25 concentrations under high sea ice cover 

are the result of exceptionally high IP25 concentrations (58.4 - 332.7µg/g OC) at sites 

associated with permanent or semi-permanent polynyas, including the Northwater 

Polynya (NOW) and the Lady Ann Strait Polynya (Figure 4a). Polynyas are openings 

within sea ice that remain totally or partially ice free despite climatological conditions 

that would favor sea ice cover and are maintained via mechanical means, where newly 

formed thin ice is continually transported away or by heat from upwelling that prevents 

sea ice formation (Smith and Muench, 1990). Thus, in seasonally recurrent polynyas, 

such as the NOW and Lady Ann Strait, the winter ice never gets exceptionally thick, 

allowing greater light penetration earlier in the season, stimulating larger algal blooms 

than in more typical sea ice pack (Stirling, 1980). Furthermore, these polynyas are 

characterized by enhanced upwelling and enhanced surface water nutrient availability 

which lead to increased productivity (Lewis et al., 1996; Williams, 2008). Anomalously 
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high concentrations of the phytoplankton biomarkers (122.5 µg/g OC brassicasterol and 

260.5µg/g OC dinosterol) in the polynya samples support this assertion.  Together, these 

data suggest a significant influence of productivity on IP25 concentrations.    

In the Pacific, the increased variability in IP25 concentrations at higher latitude sites 

is dominated by a large number of anomalously low values. Though IP25 preservation is 

one potential complication, the fact that the variability increases with increasing IP25 

concentrations makes this less likely.  Instead, we suggest that factors, such as spatial 

variations in nutrient and light availability could be responsible for locally variable sea 

ice algae and IP25 production (Thomas and Dieckmann, 2010). Though the lack of 

available nutrients is typically the most limiting factor for algal growth (productivity) 

(Lizotte and Sullivanz, 1992; McMinn et al., 1999; Thomas and Dieckmann, 2010) light 

availability can also be a factor, particularly in areas with thick, multiyear ice and 

abundant snow cover, which can reduce the sunlight available for photosynthesis, 

decreasing productivity (Irwin, 1990; Gradinger et al., 1991) and IP25 synthesis.  

 

 

IP25 and productivity 

To address the potential complications associated with the influence of changing 

productivity on the IP25-sea ice relationship, we followed the approach of Mueller and 

colleagues (2011), and normalized IP25 concentrations to the phytoplankton productivity 

indicators brassicasterol or dinosterol.  By normalizing to a biomarker for marine primary 

productivity, the complications associated with changes in overall productivity, whether 

due to changes in available sunlight, nutrients, or otherwise, can be removed from the IP25 
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signal, improving the fit to spring sea ice cover. Thus, the Phytoplankton-IP25 (PIP25) 

Index was developed (Mueller et al., 2011): 

 

 

where c = mean IP25 concentration/ mean phytoplankton biomarker concentration.  

Mueller and colleagues (2011) reported that the application of this method to their Fram 

Strait data (using brassicasterol) produced a significant improvement in the IP25-sea ice 

relationship. 

We see a significant improvement in the proxy-sea ice relationship throughout the 

study areas with respect to spring/summer sea ice concentrations (Figs. 5 and S4) with 

both brassicasterol and dinosterol normalized IP25 concentrations. However, dinosterol 

normalized data produced that largest and most consistent improvement in the proxy-sea 

ice relationship.  It is not clear why normalization to dinosterol would perform better than 

normalization to brassicasterol, or if this observation would be significant with a larger 

dataset.  There are differences in the two biomarkers, as dinosterol is only produced by 

dinoflagellates whereas brassicasterol is produced by a variety of unicellular marine algae 

and some land plants. In the future, more work will be needed to better understand why 

dinosterol might be a more appropriate phytoplankton productivity marker.  Regardless, 

the results are very similar using either approach, so we focus our discussion here on 

normalization to dinosterol because it appears slightly more robust. 

In Pacific sediments, there is an overall reduction in the spread (r2 = 0.75) of the 

data when IP25 values are normalized to dinosterol (PDIP25), indicating that 

heterogeneities in productivity play a major role in the net abundance of IP25. However, 

the PDIP25 index still increases logarithmically as a function of sea ice cover, suggesting 

that other factors unrelated to productivity may be important.  
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IP25 abundances showed the greatest variability in the Chukchi and East Siberian 

Seas. By normalizing to dinosterol, we see a significant reduction of scatter in the 

regression analysis, particularly at these locations. Relative standard deviations for the 

East Siberian and Chukchi Seas are reduced by 32% and 24%, respectively with the 

PDIP25 index. This reduction is scatter suggests that much of the variability in IP25 in 

samples from the Chukchi and East Siberian Seas was caused by differences in 

productivity.  This hypothesis is supported by the spatial distribution of annual 

productivity in Fig. 7c. Here, we see that estimated annual productivity declines steeply 

from the eastern margin of the Chukchi Sea  (>150gC/m2) toward the East Siberian Sea 

(<50gC/m2). Dinosterol abundances follow a similar trend to average annual productivity, 

but remain elevated (~200gC/m2) until west of Wrangel Island, where values decline to 

<50 gC/m2. Low IP25 abundances from the western portion of the East Siberian Sea lead 

to interpretations that underestimate sea ice cover (Fig. 2b). However, normalization to 

dinosterol accounts for the low productivity in this area and improves the agreement in 

the spatial patterns of sea ice reconstructions (Fig. 7d). 

In the Bering Sea, using the PDIP25 index reduces the overall spread of 

reconstructed sea ice concentrations and makes a 15% improvement in the relative 

standard deviation of the regression. This improvement is most evident in areas with 

more extensive sea ice cover (>30%) (Fig. 4b and Fig. 5b). The reconstructions based on 

IP25 alone tend to under estimate sea ice cover particularly along the northwestern portion 

of the Bering Sea (Fig. 3b).  Maps of average productivity indicate that this part of the 

Bering Sea is characterized by lower productivity (~150gC/m2), which is reflected by the 

reduced abundance of dinosterol (<50 µg/g OC). As in the northern latitudes of the 

Pacific region, after we account for productivity with the PDIP25 index and we see an 
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improved reconstruction of the spatial patterns of sea ice cover within the Bering Sea 

(Fig. 7d) 

Normalization of IP25 abundances in Atlantic sediments to the phytoplankton 

proxy dinosterol (e.g., the PDIP25 index) results in an even larger improvement than in the 

Pacific (r2 = 0.86, Fig. 5a).  Furthermore, most of the regional heterogeneities that are 

apparent in the IP25-sea ice relationships for the Atlantic are no longer significant when 

the PDIP25 index is used instead. This suggests that much of the scatter and regional 

heterogeneities in the proxy - sea ice relationships can be attributed to differences in total 

productivity, which has an important secondary influence on the abundance of IP25 in 

Arctic sediments. 

In the NOW and Lady Ann Strait Polynyas (~76°N), anomalously high IP25 values 

are accompanied by high productivity (~150 gC/m2) and high dinosterol concentrations 

(260.5 µg/g OC on average, Fig. 3d). High productivity in semi-permanent and 

permanent polynyas is consistent with high nutrient concentrations associated with 

upwelling and thin ice cover, which allows greater light penetration than in the 

surrounding ice pack. After accounting for productivity with the PDIP25 index, the 

polynya- associated sediments fall very close to the Atlantic proxy-sea ice regression line 

(Fig. 5a), providing support for this approach as a means of accounting for the influence 

of productivity, even when productivity is exceptionally high. 

Similarly high productivity is seen in the Chaleur and Gaspe Bays, where 

productivity (>400 gC/m2) and dinosterol (468 µg/g OC on average) are amongst the 

highest seen in our dataset.  IP25 values for this area generally overestimate the sea ice 

coverage, consistent with a productivity influence on IP25 concentrations.  Using the 

PDIP25 index, we see a slight decrease in the relative standard deviation of these data 

(9%).  However, the sea ice cover is still underestimated when compared against 
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instrumental data (Fig. 6a and 6d). This suggests that at least in some high productivity 

areas, this normalization approach does not completely account for the enhanced IP25 

concentrations.  This may be because dinosterol is not the most appropriate productivity-

related biomarker (though note that brassicasterol does not perform any better), that 

dinosterol underestimates total productivity in very high productivity areas, or that some 

other, unidentified factor is also responsible for the anomalously high IP25 concentrations 

at these locations. 

In Hudson Bay, IP25 values are also anomalous, with concentrations decreasing 

from >60 µg/g OC near the margins to <20 µg/g OC in the center of the basin.  Similar 

trends are not apparent in the data for sea ice coverage, resulting in a lack of correlation 

between IP25 and sea ice cover in this area.  However, productivity is also highest on the 

shallow shelf margins, decreasing from >150 gC/m2 at the eastern margin to >80 gC/m2 at 

the center of the basin.  This pattern is also reflected in dinosterol concentrations.  Using 

the PDIP25 index, the relative standard deviation of the Hudson Bay samples is reduced by 

72% (Fig. 5a) and the spatial reconstructions of sea ice cover more closely resemble the 

observed data (Fig. 6a and 6d). 

In Baffin Bay, the IP25-sea ice relationship is remarkably consistent across a wide 

range of sea ice coverage.  However, the rate of change in IP25 with sea ice cover is much 

steeper than in any other area studied and suggests that there may be significant 

differences in the IP25-sea ice relationship in this area, which could complicate its use in 

reconstructing paleo-sea ice cover (Fig. 4a). However, when the PDIP25 index is used 

instead, these differences disappear, indicating that these apparent differences are an 

artifact of changes in productivity (Fig. 5a).  A closer examination of the productivity 

data for Baffin Bay shows that it increases gradually with decreasing latitude.  When the 

IP25 data is normalized to the productivity biomarker dinosterol, the resultant PDIP25 data 
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changes more gradually, more consistent with the sea ice data and with the relationships 

seen in the other Atlantic basins. 

The combined data from the Atlantic, including Baffin, Hudson, Chaleur and 

Gaspe Bays, as well as the NOW and Lady Ann Strait Polynyas, once corrected using the 

PDIP25 index, produce a consistent and statistically significant relationship with spring sea 

ice cover with no apparent regional differences between basins.  Somewhat surprisingly, 

the slope of the PDIP25 relationship in the Atlantic is very close to that determined for the 

Pacific (1.95 and 1.79 index units per sea ice concentration for Atlantic and Pacific, 

respectively) despite the fact that the absolute concentrations of IP25 for a given amount 

of sea ice are much higher in the Pacific than in the Atlantic.  The fact that the changes in 

the PDIP25 index with changing sea ice are consistent across basins provides some 

confidence in the use of this index as a tool for down-core reconstructions.  However, the 

differences in the absolute values of PDIP25 for the same sea ice cover between the 

Atlantic and the Pacific suggests that caution should be applied when using the PDIP25 

index to reconstruct sea ice cover, particularly when working in areas where modern 

PDIP25-sea ice relationships have not been examined.  The origins of these differences are 

unclear: they could have something to do with the characteristics of the ice or differences 

in the seasonal recruitment and growth of ice algae between the two oceans.  Regardless, 

it does not appear that they can be related to differences in productivity caused by 

variations in light or nutrient availability. 

Despite the apparent consistencies between the Atlantic and the Pacific, the 

PDIP25-sea ice relationship in Fram Strait (recalculated from Mueller et al., (2011)) is 

significantly different than what we determined for our Pacific and Atlantic datasets (Fig. 

5c).  The slope of the relationship is considerably shallower (0.46 index units per sea 

PDIP25 ice concentration) and the absolute values of the PDIP25 index for Fram Strait are on 
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average much lower than elsewhere in the Atlantic (and on average higher than PDIP25 

values seen in Pacific samples).  One possible explanation for the lower slope in the Fram 

Strait dataset is that these sites are influenced by IP25-poor sea ice advected to lower 

latitudes from the Arctic Ocean.  As discussed earlier, ice from the central Arctic can be 

low in IP25 as a result of low light availability in the base of permanent ice pack.  Since 

the Fram Strait serves as the primary pathway by which ice from the Central Arctic is 

transported to lower latitudes, it is possible that some of this older ice (with low IP25) may 

be carried along the eastern margin of Greenland, where it reduces the total coverage by 

new low latitude ice (with higher IP25), effectively “diluting” the IP25 signal delivered to 

the sediments.  This would presumably have a larger impact to the north closer to the 

source of Arctic Ocean ice, resulting in lower IP25 concentrations than expected and 

artificially lowering the IP25 (or PDIP25)-sea ice relationship over the Fram Strait.  

Alternatively, the similarities between our Atlantic and Pacific basins may be simply 

fortuitous and as more surface sediment samples are measured, regional differences 

between the basins may become clearer.  More work on the applicability of the IP25-based 

paleo-sea ice reconstructions is needed to assess these possibilities.  Regardless, the 

present work does suggest that these approaches have promise for paleo-sea ice 

reconstructions. 
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5. CONCLUSIONS 

This study expands our understanding of the spatial variability of IP25 in Arctic 

sediments by examining a suite of samples that capture heterogeneities in ocean and sea 

ice conditions. Our findings confirm previous indications of a positive relationship 

between IP25 and spring-summer sea ice cover over most of the Arctic and provide 

additional support for the use of IP25 as a qualitative paleo-sea ice indicator.  These data 

indicate that IP25 increases exponentially with sea ice cover and that there are some 

significant nonlinear controls on the sea ice-IP25 relationship. In addition, sediments from 

areas with greater sea ice cover exhibit amplified variability in IP25 abundance likely due 

to heterogeneities in the physical properties of sea ice or snow cover as well as nutrient 

availability (productivity). As sea ice cover becomes more extensive, these 

heterogeneities become more pronounced in the sediment record potentially complicating 

paleo-sea ice reconstructions in areas or during time periods of extensive sea ice cover 

(>60%). Sediments from the Atlantic sites were found to contain greater net abundance of 

IP25 indicating that regional heterogeneities may also need to be considered when using 

this proxy for paleo-sea ice reconstructions.  

Normalizing the IP25 abundance to a phytoplankton proxy via the PIP25 index can 

account for much of the productivity related variability, and is essential to future paleo-

reconstructions using this proxy. We found that dinosterol-normalized IP25 data (PDIP25) 

significantly improved spatial reconstruction of spring-summer sea ice throughout the 

Atlantic and Pacific sectors of our study. In addition, the dinosterol normalization 

removed basin-related differences seen in the IP25-sea ice relationship within the Atlantic. 

Furthermore, the rate at which the PDIP25 index increases as a function of sea ice cover 
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was found to be very similar between the Atlantic and Pacific sites. This enhanced 

agreement over IP25 alone suggests that, by removing the influence of productivity, we 

expand the area over which the IP25 proxy is effective for accurate reconstructions of 

changes sea ice cover. However, PDIP25 values are still higher in the Atlantic than Pacific 

for the same sea ice cover, indicating that other, yet unidentified factors differ between 

these two regions. Furthermore, the PDIP25–sea ice relationships in the Atlantic and 

Pacific are significantly different from those found in the Fram Strait (Mueller et al., 

2011).  It remains possible that regional differences can vary to a greater degree than is 

captured in our study area.  Elucidating more of the local and regional parameters that 

govern the IP25-sea ice relationship will allow for stronger and possibly quantitative, 

absolute, paleo-sea ice reconstructions.  
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6. FIGURES 

 

 

 

Figure 1:  Study area with locations of sediments analyzed in this study (white) and 
sediments from Mueller et al, (2011) (green). Color scale shows the average annual sea 
ice concentration and is based on the climatological average (1970-2000) from the 
HadISST dataset (Rayner et al, 2003). 
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Figure 2:  Spatial distributions of north Pacific arctic and subarctic (a) average spring 
(March-September) sea ice concentration (Rayner et al, 2003) and surface sediment 
biomarker abundances (µg/g OC) measured in this study, including (b) IP25, (c) 
brassicasterol, and (d) dinosterol. Maps produced using the Ocean Data View DIVA 
Gridding Algorithm (Schlitzer, 2012).  Colors were adjusted to accentuate the 
concentration gradients of the biomarkers and although the concentration scale is linear, 
the color gradient is not.  
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Figure 3:  Spatial distributions of north Atlantic arctic and subarctic (a) average spring 
(March-September) sea ice concentration (Rayner et al., 2003) and surface sediment 
biomarker abundances (µg/g OC) measured in this study, including (b) IP25, (c) 
brassicasterol, and (d) dinosterol.  Maps and sea ice data were generated as in Figure 2. 
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Figure 4:  IP25 as a function of sea ice cover (Rayner et al., 2003) in the (a) Atlantic, (b) 
Pacific (this study) and (c) Fram Strait (*Mueller et al, 2011). Note that zero values 
(represented by ‘x’) cannot be plotted on a logarithmic scale and have been excluded 
from the regression analysis.  4 
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Figure 5: The PDIP25 index as a function of sea ice cover (Rayner et al., 2003) in the (a) 
Atlantic, (b) Pacific and (c) Fram Strait (*Mueller et al., 2011) regions. Note that zero 
values (represented by ‘x’) cannot be plotted on a logarithmic scale and have been 
excluded from the regression analysis. 
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Figure 6:  Spatial distributions of north Pacific arctic and subarctic (a) sea ice 
concentration (Rayner et al., 2003) (c) annual productivity (gC/m2) (Radi and de Vernal, 
2008), and phytoplankton normalized IP25 values using (b) brassicasterol  (PBIP25), and 
(d) dinosterol (PDIP25). 
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Figure 7:  Spatial distributions of north Atlantic arctic and subarctic (a) sea ice 
concentration (Rayner et al., 2003), (c) annual productivity (gC/m2)  (Radi and de Vernal, 
2008) and phytoplankton normalized IP25 values using (b) brassicasterol (PBIP25), and (d) 
dinosterol (PDIP25). 
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7. SUPPLEMENTAL TABLES 

Table S1: Station list and biomarker data. 

Station Latitude Longitude Water TOC IP25 Brassicasterol Dinosterol PDIP25 
      depth (m) (wt. %) (µg/g OC) (µg/g OC) (µg/g OC)   

BI 64-10 W 74.617 160 46 1.09 9.99 43.74 22.24 0.70 
BI 64-16 W 72.65 157.5 22 0.63 12.62 8.90 7.01 0.90 
BI 64-36 W 70.65 170 29 1.18 8.12 32.92 23.91 0.63 
BI 64-52 A 71.117 177.5 35 0.85 6.16 29.48 54.64 0.37 
BI 64-59 W 70.783 163.5 15 0.48 11.06 29.40 46.07 0.55 
EW0408-15MC08 W 55.5517 -134.7082 296 0.62 0.00 155.44 44.57 0.00 
EW0408-25MC03 W 56.9556 -136.4278 1623 1.02 0.00 317.48 57.43 0.00 
EW0408-39MC02 A 56.9856 -135.479 216 3.88 0.00 182.77 193.97 0.00 
EW0408-68MC07 A 59.4398 -140.2541 238 0.48 0.00 116.89 67.78 0.00 
EW0408-88MC05 W 58.7699 -144.4961 3686 0.58 0.00 13.33 17.92 0.00 
EW0408-91MC08 W 59.6485 -145.1533 198 0.50 0.00 135.41 120.51 0.00 
EW0408-94MC01 W 60.6628 -147.7081 744 0.79 0.10 39.22 94.03 0.01 
HLY0302-01GC 79.3151 -162.8858 2570 0.43 0.00 2.96 3.58 0.00 
NW 63-14 A 67.467 -170.367 48 1.37 12.21 24.46 76.42 0.45 
NW 63-21 R 67.583 -173.408 46 0.64 0.41 39.59 111.20 0.02 
NW 63-28 R 69.417 -173.25 53 1.73 17.60 30.20 235.43 0.28 
NW 63-29 R 69.892 -174.442 52 1.76 11.49 36.46 167.03 0.26 
NW 63-32 R 69.8 -176.65 53 1.57 24.72 38.85 159.76 0.44 
NW 63-37 A 69.75 179.8 50 0.91 38.49 69.58 138.01 0.59 
NW 63-39 A 70.175 -179.567 44 0.85 7.88 89.68 102.27 0.28 
NW 63-41 A 70.633 -179 38 0.84 25.45 60.72 90.44 0.59 
NW 63-42 A 69.633 -171 53 1.30 11.16 50.63 258.14 0.18 
NW 63-46 A 70.45 175 45 1.15 17.61 118.64 89.12 0.50 
NW 63-48 W 70.917 175 39 1.30 24.29 159.92 483.51 0.20 
NW 63-50 A 71.417 174.95 41 1.37 3.91 20.51 39.11 0.34 
NW 63-53 W 71.167 170 38 1.29 6.60 2.58 1.89 0.95 
NW 63-56 W 69.833 165.017 26 1.07 9.07 17.32 69.46 0.40 
NW 63-64 A 71.167 159.95 10 0.76 6.45 3.02 5.67 0.85 
NW 63-67 W 71.922 160.033 23 0.72 8.96 9.25 36.35 0.56 
NW 63-74 A 71.75 155.033 17 0.79 4.63 28.86 82.07 0.22 
NW 63-77 A 72.4 155.233 21 0.85 18.18 21.66 70.43 0.57 
NW 63-80 W 73.067 155.367 34 1.06 3.25 6.21 23.69 0.41 
NW 63-84 A 73.967 155.4 39 0.93 6.17 7.68 23.89 0.57 
NW 63-87 A 73.333 149.667 16 0.52 9.26 17.97 40.67 0.54 
NW 63-90 S 72.583 149.5 10 1.42 9.18 23.23 57.68 0.45 
NW 63-92 A 74.133 146.667 15 0.39 19.44 11.68 30.14 0.77 
NW 63-95 S 74.442 142.717 16 0.50 6.90 6.17 29.09 0.55 
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NW 63-97 A 74.5 140.433 28 0.98 15.99 19.75 38.72 0.68 
NW 63-197 A 71.65 157 13 0.86 10.05 15.08 66.70 0.44 
NW 262-21 R 62.008 -177 108 1.73 1.37 14.08 58.06 0.11 
NW 362-62 W 69 -176 51 3.86 2.08 9.13 92.49 0.10 
NW 362-72 A 68.483 -169.017 56 1.18 5.65 13.97 82.25 0.26 
NW 362-77 A 68.017 -169.033 54 1.28 1.84 26.73 112.77 0.08 
NW 362-78 W 68.033 -170 53 1.20 1.47 27.24 157.31 0.05 
NW 362-79 W 68.033 -171 50 1.55 1.88 20.57 80.84 0.11 
NW 362-80 A 68.033 -172.067 40 2.13 1.90 16.10 94.18 0.09 
OK92/2221 G 54.9767 144.7517 1340 0.74 0.86 8.62 73.78 0.06 
OK92/2225 G 55.2017 153.1667 550 1.47 0.24 56.29 124.61 0.01 
OK92/2231 G 53.5717 147.6917 1380 1.11 0.16 2.81 24.08 0.03 
SI 689-005 W 70.767 -167.65 53 1.08 17.72 60.17 260.15 0.26 
SI 689-009 A 70.75 -165.5 41 0.70 0.36 4.47 20.43 0.08 
SI 689-010 A 70.733 -164.5 43 0.98 12.88 13.90 109.17 0.38 
SI 689-011 A 70.717 -163.5 48 0.72 28.89 29.06 95.57 0.61 
SI 689-016 A 71.25 -160.5 43 1.08 24.77 9.70 65.30 0.66 
SI 689-018 A 71.25 -159.5 48 1.25 16.57 22.15 82.25 0.51 
SI 689-036 A 69.8 -166.5 43 0.85 13.16 14.37 124.50 0.35 
SI 689-039 A 69.783 -168.467 46 1.37 3.65 10.59 56.05 0.25 
SI 689-042 A 69.25 -169.367 53 1.46 10.90 8.38 147.01 0.28 
SI 689-046 A 69.267 -167.467 47 1.26 7.00 24.50 258.20 0.12 
SI 689-047 A 69.267 -166.467 35 0.76 8.21 35.76 173.86 0.19 
SI 689-053 A 68.733 -167.5 46 0.92 7.30 14.93 146.75 0.20 
SI 689-055 A 68.733 -169.5 55 1.19 2.34 30.58 146.43 0.08 
SI 689-064 A 67.217 -168.533 43 0.77 3.37 23.81 116.25 0.13 
SU 453 13-165 A 60.37 -146.892 285 0.62 0.21 9.50 47.20 0.02 
TT-20 18-29PC 67.09 -164.483 28 0.83 8.65 10.43 128.24 0.26 
TT-20 23-45PC 67.383 -165.392 36 0.97 3.32 42.31 117.92 0.13 
TT-20 27-63PC 67.3 -166.083 38 0.82 6.77 68.39 259.94 0.12 
TT-20 29-68GC 66.833 -166.567 29 0.35 1.38 29.77 76.46 0.08 
TT-20 30-72GC 67.392 -167.333 44 0.76 0.53 2.98 16.69 0.14 
TT-20 41-114GC 67.992 -166.975 57 0.57 2.48 18.11 139.32 0.08 
TT-20 45-124GC 67.55 -168.008 47 0.84 0.00 3.55 37.81 0.00 
TT-20 46-127GC 67.917 -167.6 54 0.35 2.35 15.06 114.86 0.09 
TT-20 56-158GC 68.867 -168.25 51 1.21 8.54 14.60 189.57 0.19 
TT-20 68-202PC 69.683 -170.25 53 1.12 10.04 34.38 86.45 0.37 
TT-20 71-214PC 68.867 -170.817 56 0.96 0.75 8.30 81.41 0.05 
TT-42 16-36PC 60.383 -177.433 144 1.22 1.93 36.68 147.00 0.06 
TT-42 64-140GC 61.023 -170.255 50 0.43 1.41 11.74 116.16 0.06 
TT-42 111-247PC 62.53 -172.865 60 0.27 0.00 4.40 14.64 0.00 
TT042-112-249GC 61.867 -172.583 61 0.96 2.45 13.04 78.70 0.14 
TT-42 136-292PC 62.668 -174.365 73 1.21 0.66 9.31 31.84 0.10 
TT-42 150-316GC 61.8 -175.433 89 0.95 1.31 102.15 98.38 0.06 
TT051-14PC W 67.578 -169.148 52 0.95 1.97 6.95 54.21 0.16 
TT051-29GC W 61.858 -170.2 48 0.55 4.17 26.12 104.63 0.17 
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TT051-35GC W 60.138 -173.908 94 1.50 0.19 6.83 59.71 0.02 
TT051-40GC A 59.448 -171.9 80 0.67 0.78 34.59 64.28 0.06 
TT051-58GC W 57.575 -166.797 68 0.34 0.19 56.45 147.11 0.01 
TT051-64GC W 56.91 -165.14 72 0.41 0.15 12.88 84.04 0.01 
TT051-155GC W 55.6 -165.288 111 0.65 0.30 49.43 147.62 0.01 
TT51-225PC S 60.032 -175.145 114 1.19 0.95 16.03 76.54 0.06 
TT 51-255GC S 57.453 -171.483 100 0.51 0.00 15.83 136.24 0.00 
TT 51-277GC R 58.707 -169.523 66 0.35 0.68 30.12 122.89 0.03 
TT51-292GC R 56.763 -167.742 97 0.55 0.15 7.95 39.74 0.02 
Y70-02-34 Phleger 54.01 -154.787 4575 0.37 0.00 14.55 46.83 0.00 
Y70-04-59 GC 50.387 -139.257 3774 0.53 0.00 0.85 3.97 0.00 
Y70-04-60 G 51.633 -139.203 3707 3.88 0.07 1.43 5.75 0.06 
HU2008-029-002 BC 61.4636 -58.0358 2668 0.16 0.00 19.67 29.64 0.00 
HU2008-029-006 BC 64.3931 -58.1347 857 1.17 0.62 9.37 14.56 0.18 
HU2008-029-010 BC 68.6665 -60.0000 1479 0.21 45.55 9.63 28.80 0.89 
HU2008-029-014 BC 70.4618 -64.6574 2060 0.28 119.15 5.48 22.84 0.96 
HU2008-029-019 BC 75.4687 -70.6346 602 0.63 31.78 19.30 44.99 0.78 
HU2008-029-024 BC 77.2879 -74.3427 728 0.23 261.99 201.76 477.14 0.74 
HU2008-029-028 BC 76.9788 -71.8905 1048 0.57 332.73 122.44 227.25 0.88 
HU2008-029-032 BC 76.3287 -71.4211 696 0.69 251.77 141.52 261.26 0.83 
HU2008-029-036 BC 76.573 -73.9554 680 0.84 41.74 149.23 415.61 0.34 
HU2008-029-040 BC 75.5793 -78.6296 580 0.70 174.02 77.69 173.77 0.84 
HU2008-029-047 BC 74.0231 -77.1163 870 0.43 347.26 121.04 201.12 0.90 
HU2008-029-055 BC 74.092 -78.7186 866 1.30 58.44 44.12 67.53 0.82 
HU2008-029-063 BC 72.4063 -67.7167 2375 0.11 166.44 75.97 224.51 0.79 
HU2008-029-066 BC 72.4345 -67.8782 2357 0.14 117.17 13.21 44.36 0.93 
HU2008-029-068 BC 68.2281 -57.6181 437 1.63 6.17 69.33 55.05 0.36 
COR0902-06 Shipeck 48.8133 -64.3465 65 0.59 6.05 35.62 204.27 0.13 
COR0902-07 Shipeck 48.7744 -64.2740 87 1.12 2.13 32.56 216.84 0.05 
COR0902-08 BC 48.7744 -64.3409 87 0.84 1.63 37.64 228.17 0.04 
COR0902-10 Shipeck 47.9077 -65.2741 69 0.42 9.51 168.88 678.35 0.07 
COR0902-16 BC 47.9055 -65.2676 68.8 0.33 13.81 310.00 1151.51 0.06 
COR0902-19 Shipeck 47.9328 -65.1691 73.5 0.32 12.77 140.93 328.75 0.17 
Merica 2003 station3 60.5 -85 194 2.80 0.17 0.31 3.40 0.20 
Merica 2003 station4 60.8386 -87.4493 204 1.70 26.49 2.17 18.33 0.88 
Merica 2003 station6 60.9183 -91.7766 120 1.11 64.30 30.49 93.08 0.78 
Merica 2003 station8 65.1448 -81.3450 445 3.87 8.29 2.89 3.32 0.93 
Merica 2003 station A 60.15 -79.0011 129 0.26 87.58 25.60 454.97 0.50 
Merica 2003 station B 60.3363 -81.9998 156 1.27 19.85 3.95 43.03 0.70 
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8. SUPPLEMENTAL FIGURES 

 

Figure S1:  Biomarker concentrations (µg/ g OC ) as a function of collection year, 
including (a) IP25,  (b) brassicasterol, and (d) dinosterol. 
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Figure S2:  Biomarker concentrations (µg/ g OC) as a function of water depth, including 
(a) IP25,  (b) brassicasterol, and (d) dinosterol. 
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Figure S3:  Phytoplankton biomarker concentrations (µg/ g OC) as a function of sea ice 
cover, including (a) brassicasterol, and (b) dinosterol. 
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Figure S4: The PBIP25 index as a function of sea ice (Rayner et al., 2003) in the (a) 
Atlantic, (b) Pacific and (c) Fram Strait (*Mueller et al., 2011) regions. Note that zero 
values (represented by ‘x’) cannot be plotted on a logarithmic scale and have been 
excluded from the regression analysis. 
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