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Temporal and vertical distributions of IP25 and other lipid biomarkers in sea ice 

from Resolute Bay, Nunavut, Canada. 

By 

Ashleigh E. Ringrose 

ABSTRACT 

 

IP25 (Ice Proxy with 25 carbon atoms) is a highly branched isoprenoid biomarker, 

specifically produced by marine diatoms in Arctic sea ice. Temporal and vertical IP25 

concentrations were measured in sea ice from a second location in the Canadian Arctic, 

Resolute Bay, Nunavut. Sea ice samples were collected as part of the Arctic ICE project 

in collaboration with scientists of the University of Manitoba from April to June 2011. 

Comparisons were made between other established lipid biomarkers of diatom origin 

and general organic production, along with previously established temporal and vertical 

distributions in sea ice collected from the Amundsen Gulf, from January to June 2008. 

IP25 was present in sea ice from a second location in the Canadian Arctic over the spring 

sea ice bloom period and concentrations correlated well with those of chlorophyll a (r = 

0.81; n = 10; P < 0.05). IP25 and chlorophyll a were present throughout sea ice cores. 

Accumulation of IP25 and chlorophyll a were highest (89% - 99%) in the lower 3 cm, 

whereas vertical distributions of fatty acids were more distributed throughout the sea ice 

cores. Overall accumulation of IP25 in the lower section of the sea ice was found to be 

affected by snow cover. 
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CHAPTER ONE 

1.0 INTRODUCTION  

1.1 The Arctic Environment  

1.1.1 Climate warming 

Due to rapid climate change, the Arctic is currently one of the fastest warming regions 

in the world, warming on average 1.9 times faster than the global mean (Winton, 2006). 

The annual land-surface air temperature has risen by 0.09
o
C per decade between 1900 

and 2002 (McBean, 2005), whilst January sea surface temperatures in the Barents Sea 

have risen by 0.5-1.0 
o
C from 2005 to 2012 (NOAA, 2012). More evidence of Arctic 

warming is shown by the reduction in sea ice extent (Fig. 1.1) (NSIDC, 2012a). The 

extent of Arctic sea ice reduced at an average annual rate of approximately 45,100 km
2
 

(±4,600 km
2
) per year from 1979 to 2006 (Parkinson and Cavalieri, 2008). In January 

2012, the winter sea ice extent averaged 13.7 million km
2
, 1.1 million km

2
 below the 

1979 to 2000 winter average and the summer 2012 sea ice extent reached a record low 

(3.41 million km
2
) since satellite data was first recorded in 1979. Further studies have 

also shown that the thickness of multiyear ice has reduced by at least 40% over the past 

30 years (Liu et al., 2004; Rothrock et al., 1999). Predictions using climate models 

simulate complete or nearly complete loss of multiyear sea ice in the Arctic as early as 

2040 (Holland et al., 2006; Wang and Overland, 2009).  Melting of sea ice and 

reduction in snow cover are related to greenhouse warming through the Albedo effect 

(Fig. 1.1). As snow and ice reflect more solar radiation than open water, soil or 

vegetation, it is postulated that sea ice depletion will amplify greenhouse warming by 

10 to 20 % globally (Reuss and Poulsen, 2002). There are a number of mechanisms 

thought to affect the melting of sea ice and climate forcing in the Arctic, Barber et al. 
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(2012) provides an overview of these. For example an increase in sea surface 

temperature has been associated with a decline in the sea ice extent through changes in 

latent ocean heat (Zhang, 2005). Sea surface temperatures are also affected by an 

increase in first year ice and decrease in stable multiyear ice, as the increase in annual 

open water gives rise to solar radiation and absorption into the ocean, decreasing the 

Albedo effect (Lindsay and Zhang, 2005; Woodgate et al., 2006). This increase in 

fragile first year ice has made the ice cover more susceptible to regional atmospheric 

forcing. Large-scale atmospheric changes can also result in pole-ward retreat of sea ice 

(Barber et al., 2012) and an increase in the break-up, resulting in more mobile pack ice.  

Melting of Arctic sea ice could also result in changes to the current food web structure 

and a reduction in biodiversity (Gill et al., 2011) as the sea ice is vital for providing a 

habitat for polar marine organisms. Retreat of the sea ice may also have implications for 

Inuit populations (ACIA 2005). Some communities from Arctic regions in Canada, 

Norway, the USA, Finland and Russia depend on hunting and fishing for their 

livelihoods. As food web dynamics in the Arctic marine ecosystem change, indigenous 

people, who depend on some of these animals for survival, may be affected by these 

changes first and most intensely (ACIA 2005). Changes in timing of freeze-up and 

breakup of the sea ice may affect the safety, transportation and annual food security of 

northern communities in the Arctic. Further investigation into the physical factors of 

climate change will lead to ensuring adaptability of northern communities to their 

currently changing environment in which they live. Reduction of sea ice may also have 

a significant impact on seasonal shipping and industrial development in the Arctic. As 

sea ice has an important role to play in the Arctic ecosystem, it is vital we increase our 

understanding of the possible impacts of climate change on the polar environments to 

ensure further understanding of environmental and socio-economic implications. 
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Figure 1.1 Arctic sea ice extent (NSIDC, 2012a) and schematic of the Albedo Effect (Ŭ) over ice/snow covered 

waters and open water (adapted from (NSIDC, 2012b)). 

 

1.1.2 Arctic sea ice 

As sea ice is frozen salty water, it forms, grows and melts over the oceans in the Polar 

regions. Icebergs and glaciers differ from sea ice in that they are formed from fresh 

water or compacted snow and originate on land. Sea ice in the Arctic is present in 

different forms with varying area, thickness and distribution.  

Arctic sea ice varies with the season. Ice that remains during the summer season is 

known as multi year ice, this is thick ice that has built up over extended periods of time. 

In the summer months there are also usually large open areas of water or thin-ice. The 

water temperature in the summer is normally higher than the freezing point due to 

increased solar-radiation. The Arctic sea ice that melts during the summer and forms 
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during the winter is known as first year ice (Thomas and Dieckmann, 2010). In the 

winter months, the amount of Arctic sea ice increases as temperatures fall. Large areas 

of both multi-year and first-year ice form. Polynas in the winter can also form further 

ice as the openings, created by the topography of the ocean floor, create space for the 

ice crystals to aggritate together at the surface. 

Sea ice classifications and types are mainly categorised by ice thickness and structure of 

the ice within a floe. Sea ice can range from a few centimetres to metres thick however 

generally multi year ice is thicker than first year ice.   

Sea ice is formed from frazil crystals (typically 3-4 millimetres in diameter) floating to 

the surface, accumulating and aggregating together (NSIDC, 2012c). In calm 

conditions, such as those found in a fjord or bay close to land, ice forms a thin and 

smooth layer of ice called grease ice. Grease ice develops into a continuous thin sheet 

called nilas, which gradually thickens due to currents and winds pushing sheets of nilas 

on top of each other, in a process known as rafting. The resulting thick and more stable 

ice, with a smooth bottom surface, is known as congelation ice. This ice can further 

develop in thickness by formation of long congelation crystals on the bottom of the ice, 

advancing vertically downwards. In aggitated conditions, usually further out to sea, ice 

forms and breaks apart easily, resulting in smaller pieces called pancake ice (Rafferty, 

2011). Rafting can then bring these pieces together to form large ice sheets with rough 

edges, resulting from movement as pieces collide with one another. If the ice is thick 

enough, ridging sometimes occurs when the sea ice sheets bend or fracture and pile on 

top of each other. In the Arctic, ridges can be up to 20 m thick. Eventually, a rough-

bottomed ice sheet is formed when further pieces are aggregated together, a contrast to 

the smooth-bottomed ice sheets formed in calm conditions. Over the winter these ice 

sheets continue to grow, however if the ice is not thick enough when the warmer 

temperatures are reached in summer, the ice will melt (first year ice). If the ice is thick 
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enough, it will remain over summer until the next winter when it will grow and continue 

to thicken  (multi year ice). A simple schematic of sea ice formation is shown in Figure 

1.2. 

As temperature and salinity measured in sea ice samples have a functional linear 

relationship (Thomas and Dieckmann, 2010) and temperature changes have a strong 

influence on the production of brine in sea ice (Petrich and Eicken, 2010), temperature 

and salinity are major influences of the structure of sea ice (Golden et al., 2007; Thomas 

and Dieckmann, 2010). Sea water contains many ions including Na
+
, Mg

2+
, K

+
, Cl

-
, 

SO4
2-

, CO3
2-

 and Ca
2-

. The crystal lattice structure of sea ice is resistant to the 

incorporation of these sea salt ions, therefore they are rejected from the structure when 

sea ice forms. These salt ions are rejected in the form of brine through channels that are 

formed by expulsion and gravity drainage of brine pockets in the sea ice (Eide and 

Martin, 1975). These micro and macroscopic channels allow organisms, including 

algae, to inhabit the sea ice. As the salt ions are rejected from the downward advancing 

ice, the salt builds up ahead of the advancing interface. This increases the salinity of a 

thin layer of ice at the bottom that is at the respective melting/freezing point and is of 

both solid and liquid properties. This increase in salt concentration then leads to 

diffusion into the ocean out of the brine channels (Thomas and Dieckmann, 2010).  

Sea ice melt is partly dependent on the Albedo of the ice/snow and levels of solar 

radiation penetrating it during the summer months (NSIDC, 2012b).  As snow and the 

surface of the ice start to melt, meltponds form ontop of the ice floes. As these deepen 

and the ice carries on melting the Albedo continues to decrease, thus increasing the 

absorption of solar radiation and increasing the rate of melt. Sea ice can also melt from 

underneath without direct solar radiation. If the underlying and surrounding surface sea 

water has a temperature above the freezing point, typically in leads or polynyas, this 

will begin to melt the bottom and side surfaces of the ice floe. 
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Figure 1.2. Simple schematics of a) sea ice formation in calm and rough conditions and b) brine channels in sea ice 

along with c) a photograph in natural light showing elongated brine channels between ice crystals (image taken from 

www.nsidc.org courtesy of Ted Maksym, United States Naval Academy). 

 

1.2 The Arctic ecosystem 

1.2.1 Marine primary production  

There are two important habitats for Arctic marine primary production; sea ice and open 

water. In these two marine environments, different algal species grow; algae on the 

underside and within the seasonal sea ice (Syvertsen, 1991) and phytoplankton growing 

in the open waters (Round, 1981). Ice formation processes are important for the initial 
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incorporation of organisms into the developing sea ice, including bacteria, protists and 

metazoans. Mechanisms of incorporation include scavenging of frazil ice crystals 

(Ackley, 1982) and wave fields that pump water through grease ice, trapping organisms 

between the ice crystals (Ackley, 1987).  

The amount of sunlight available, due to ice and snow cover (Palmisano et al., 1985) 

and seasonal variability of day light hours (Lee et al., 2008), are key factors affecting 

the amount of algal growth. Other important factors include salinity (Grant and Horner, 

1976), temperature (Arrigo and Sullivan, 1992) and availability of nutrients (Lizotte and 

Sullivan, 1992). In ice covered regions, the bottom few centimetres of ice containing the 

algae is the main source of food for the ecosystems below (Gosselin et al., 1997; 

Thomas and Dieckmann, 2010). During spring, there is an enhancement in this ice-

associated algae as it is the optimal period for growth (Brown et al., 2011; Smith et al., 

1993). In summer, the algae and nutrients, previously within and attached to the 

underside of the ice, are released into the water column in pulses (Brown, 2011; 

Hegseth, 1998). The associated bloom is initiated by increased solar radiation, 

stratification induced ice melting and abundant winter-accumulated nutrients 

(Wassmann et al., 2006a). The rapid sinking of ice algae provides an early season food 

source for the benthic community (Morata et al., 2010; Renaud et al., 2007).  

1.2.2 Diatoms 

 One of the most common primary sources of organic matter in the Arctic marine 

environment are the unicellular photosynthetic protists, diatoms. Diatoms are eukaryotic 

single celled colonial organisms found in marine and terrestrial environments and  make 

up the majority of sea ice algae in the Arctic. They are responsible for around one fifth 

of the worldôs primary production (Falkowski et al., 1998) with annual average Arctic 

primary production estimates at approximately 26 g C m
-2

 y
-1 

(Sakshaug, 2004). 

Characterised by their silica cell walls called frustules (Rampen, 2009), marine diatoms 
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have two main types; pennate and centric. Pennate diatoms are thin, lenticular in shape 

and found attached to substrate, such as sea ice, these include Nitzschia spp. and Haslea 

spp. Centric diatoms, including Chaetoceros spp. and Thalassiosira spp., are circular in 

shape, bouyant and found mostly in the water column  (Booth and Horner, 1997; 

Falkowski et al., 1998; Gran, 1904).  

Diatom assemblages can be used to monitor environmental changes and in some cases 

the implications of long-term human impacts on the environment. For example 

sedimentary diatom assemblages can give detailed information of eutrophication trends 

in lakes. For example Anderson (Anderson, 1989) studied the eutophication of the lake 

Lough Augher in Northern Ireland, due to untreated sewage effluent from a local 

manufacturer. This was determined through diatom assemblages identified within the 

sediment. Diatoms have also been used as indicators of pH and to measure surface-

water acidification. In certain areas of the UK which are prone to low or high levels of 

acid deposition (acid rain), diatom assemblages along with other chemical and 

biological indicators, are monitored as part of national monitoring programmes 

(Battarbee et al., 2010).  

Diatoms can also be used as paleo primary production indicators (Chmura et al., 2004) 

and variation in diatom species in sediment cores can provide information on paleo sea 

ice cover (Gersonde and Zielinski, 2000). For example, Gersonde and Zielinski found 

that abundance changes in the diatom taxa Fragilariopsis curta and Fragilariopsis 

cylindrus, within sediment cores collected in the Antarctic, was a robust identification 

tool for the winter sea ice extent.  

1.2.3 Consumers 

Sea ice in the Arctic has been established as a prime environment for primary 

consumers (Laurion et al., 1995; Sime-Ngando et al., 1997). Some of these species live 
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within the ice, such as copepods (Fig.1.3c) and nematodes (Fig.1.3f) and are known as 

in-ice fauna (Thomas and Dieckmann, 2010). Other larger metazoan species are known 

as under-ice macrofauna and include species such as amphipods and fish that live in 

close proximity to the under side of the ice (Gradinger and Bluhm, 2004) (Fig. 1.3). 

This densely packed food source of sea ice algae on the underside and within ice can be 

much more favourable to consumers when phytoplankton concentrations are low, 

especially in the spring season. For example, the nearshore amphipod Onismus litoralis 

feeds almost exclusively on sea ice algae in the spring time; feeding primarily on 

pennate sea ice diatoms (Carey and Boudrias, 1987). 

1.2.4 Predators 

Polar cod (Boreogadus saida) (Fig. 1.3a), is an important species in the Arctic food web 

as it feeds on sympagic fauna and directly on sea ice algae. Its predators include black 

guillemots (Cepphus grylle), Brünnich's guillemots (Uria lomvia) (Bradstreet, 1979) 

and ringed seals (Phoca hispida) (Finley et al., 1983). In ice-covered regions, polar cod 

rely on the ice for both protection against predators and as a feeding habitat (Gradinger 

and Bluhm, 2004; Welch et al., 1992). In winter they have also been observed in ice-

covered regions near the bottom of the water column in shallow shelves (first suggested 

by Welch et al. in 1992), possibly avoiding predation by diving seals (Benoit et al., 

2008) or following their prey such as amphipods (personal observations). Ringed seals 

depend on stable annual ice and sufficient snow coverage for lairs while seal pups rely 

on the ice for initial growth and development (Thomas and Dieckmann, 2010). Polar 

bears (Ursus maritimus) (Fig. 1.3k) are known to feed on ringed seals as their primary 

prey (Amstrup et al., 2001). They use the sea ice as a platform for travelling, mating and 

feeding, and so live out most of their lives on the sea ice (Derocher, 2012; Stirling et al., 

1999). These populations of primary production, consumers and predators have great 

influence on Inuit sustainability as they contribute significantly to food sources of Inuit 
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communities (IPY-API, 2010). A few examples of polar species that rely on sea ice 

presence and the primary sources of food within are shown in Fig. 1.3. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Examples of Arctic ice-associated fauna. a) Polar cod (Photograph by Thomas Brown), Boreogadus 

saida, b) Sympagohydra tuuli, c) Apherusa glacialis, d) turbellarian, e) Copepod nauplius, f) nematode, g) 

Gammarus wilkitzkii, h) Hesionidae juvenile, i) Mertensia sp. (Thomas and Dieckmann 2010), j) Onisimus nanseni, 

photograph by Mikko Vihtakari, MOSJ cruise and k) Polar Bear (Ursus maritimus), photograph by Ashleigh 

Ringrose. 

 

1.2.5 The effects of climate change on Arctic food webs 

Predictions of Arctic sea ice retreat and information of species reliance on the habitat 

and food source within, may allow effects of climate change on Arctic food webs to be 

anticipated in the future.  

Prehistoric Heinrich events, have been widely studied to gain a wider understanding of 

possible future climate change effects. By analysing prehistoric, rapid and abrupt past 

climatic events, a better understanding of the environments response to a similar 

climatic event, currently predicted partly due to human-impact, may be provided. 

Heinrich events are climate transitions which are linked to discharges of ice-bergs from 

the Northern Hemisphere that melt in the North Atlantic. Using sediment analysis from 

these prehistoric events, Cermeño and co-workers have predicted that marine diatom 

(j)  

(k) 

(a) 
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communities will respond to future, climate-induced environmental changes through 

variation in species abundance.  However, they also suggested marine diatom 

communities will also be able to maintain the potential to shift back to previous states if 

the environmental conditions are re-established (Cermeño et al., 2013). 

Phytoplankton, inlcuding sea ice algae (made up partly by marine diatoms), produce 

organic molecules such as polyunsaturated fatty acids (PUFAs) that are vital in animal 

diets (Søreide et al., 2010). Some animal species cannot synthesise these themselves 

(Nichols, 2003), resulting in malnutrition, stunted growth and death (Yongmanitchai 

and Ward, 1989). Shifts in animal populations that heavily rely on sea ice algae for their 

intake of PUFAs may be observed due to a reduction in accessibility to these vital 

compounds. 

Alternative predictions of climate induced changes to the Arctic ecosystem show an 

overall increase of  primary production of more than 30% (Wassmann et al., 2006b), 

however with a greater contribution from open water phytoplankton and less from sea 

ice algae (Horner and Schrader, 1982; Hsiao, 1992). This switch between the 

availability of primary production sources may induce feeding habbit changes of 

consumers that rely mainly on sea ice algae. This will add demand for vital compounds, 

such as PUFAs, from open water phytoplankton.  

Changes in Calanus species dominance due to temperature shifts have also been 

predicted; a warmer Arctic with reduced ice cover and new phytoplanktonic bloom 

regimes would favour the smaller and less lipid rich Calanus finmarchicus (Falk-

Petersen et al., 2007). This in turn, may reduce populations of the little auk (Alcidae 

alle) and minke whale (Balaenoptera acutorostata). Arctic ringed seals have long 

lactation periods, usually 36 to 41 days (Hammill et al., 1991). Pups obtain 93% of their 

first year growth during this suckling period (Smith, 1987). Absence of stable ice 
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throughout this period may make this species vulnerable. This could potentially result in 

slower growth and higher mortality rates of the ringed seal, with retreat of their vital 

habitat (Smith and Harwood, 2001).  The effects of climate change on Arctic food webs 

are difficult to measure. Some methods of monitoring these effects include using 

satellite imagery to measure sea ice extent changes and animal population monitoring. 

Chemical biomarkers are also useful when monitoring the effects of climate change. For 

example, the unsaturation index U
K

37 of long chain alkenones, produced by 

coccolithophores, provides information of past sea surface temperatures (Brassell et al., 

1986). Another index to investigate past sea surface temperatures is TEX86. This uses the 

number of cyclopentane moieties in glycerol dialkyl glycerol tetraethers (GDGTs) as an 

indicator of temperature, an increase in rings corresponds to an increase in production 

temperature.  

1.3 Biomarkers found in the Arctic marine environment 

A molecular biomarker is a chemical indicator of a process that cannot be measured and 

evaluated directly. Biomarkers can be chemical finger prints of the organism from 

which they are produced. They can indicate the existence, either past or present, of 

biological sources and environmental states or changes. 

1.3.1 Fatty acids 

Fatty acids are a set of common biomarkers used to study food webs in marine 

ecosystems (Nichols et al., 1986). Saturated and unsaturated fatty acids are important 

for storing energy and maintaining cell fluidity at low temperatures (Gillan et al., 1981; 

Sicko-Goad et al., 1988) and some, including C18:0, are ubiquitous. Some fatty acids 

including C14, C16:1ɤ7 and C16 (FI , FII , FIII ; Fig. 1.4) are believed to be representative 

of marine diatoms (Dunstan et al., 1993; Opute, 1974; Volkman et al., 1998; Zhukova 

and Aizdaicher, 1995). Discriminating between a sea ice and/or phytoplanktic origin 

however is not possible. Despite the lack of clarity of fatty acid primary source origins, 
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their relative abundances can give information towards changes in the environment, 

such as algal blooms (Brown et al., 2011; Reuss and Poulsen, 2002) and overall primary 

productivity (Rampen et al., 2010).   

1.3.2 HBIs 

A third class of biomarkers are highly branched isoprenoids (HBIs) which, unlike fatty 

acids, are resticted in terms of their origin. HBIs are produced by some diatomaceous 

algae including; Haslea spp. (Allard et al., 2001; Johns et al., 1999; Volkman et al., 

1994; Wraige et al., 1997), Rhizosolenia sp. (Sinninghe Damsté et al., 1999), and 

Pleurosigma sp. (Belt et al., 2000). HBIs are branched hydrocarbons with usually 20, 25 

or 30 carbon atoms, with between at least 1 and 6 double bonds (Volkman et al., 1994; 

Wraige et al., 1997).  

C25 HBIs were first found in sediment  in 1976 (Gearing et al., 1976), later the structure 

and biological source were identified (Robson and Rowland, 1986; Volkman et al., 

1994). The extent of unsaturation in Haslea ostrearia was found to be temperature 

dependent (Rowland et al., 2001). Therefore it was hypothesised that a monoene HBI 

would be present at temperatures lower than 5
o
C. IP25 (I ; Fig. 1.4) is an HBI with one 

double bond and was identified in Arctic sea ice (Belt et al., 2007) and recognised to 

have a likely sea ice source, based on stable carbon isotope analysis (Belt et al., 2008).   

The curent understanding of the role of HBIs and specifically IP25 in marine diatoms is 

unknown. However a broad hypothesis can be made to suggest the purpose of HBIs 

being similar to other lipids such as fatty acids and sterols, to store energy and to be 

constructural constituents in diatom cells. To date, the individual species of diatom 

responsible for producing IP25 have not been identified due to the absense of IP25 from 

laboratory culturing experiments. This was possibly due to a lack of facilities to 

accurately create minus temperatures, similar to the natural environment. However it is 
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likely that either Haslea spp. or Navicula spp. (or both) are the diatom sources, as these 

diatom genera are known to produce C25 HBIs in culture and both have been found in 

sea ice samples containing IP25 (Belt et al., 2007; Brown, 2011).  

It is also hypothesised that temperature is the controling factor that localises the 

production of IP25 to the sea ice rather than the open water. For the past five years IP25 

has been used to map former sea ice cover throughout the Holocene period and has 

provided information towards climate reconstruction and prediction models (Belt et al., 

2010; Gregory et al., 2010; Müller et al., 2009; Vare et al., 2009). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Molecular structures of analytes in the current study. IP25 (I ), C25:2(5/6) (IIa ), C25:2(6/17) (IIb) , C25:3(7/20) E 

(III ), silylated fatty acids C14 (FI ), C16:1ɤ7 (FII ), C16 (FIII ), C18:1ɤ7 (FIV ) and C18 (FV).
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CHAPTER TWO  

2.0 THE CURRENT STUDY 

2.1 Previous work: IP25 in sea ice 

IP25 was first identified in sea ice from three separate locations in the Canadian sub and 

high Arctic; Button Bay, McDougall Sound and Franklin Bay (Belt et al., 2007) (Fig. 

2.1). To give further understanding of the production of IP25, temporal and vertical 

distributions were investigated in sea ice collected from the Amundsen Gulf in 2008 

(Brown et al., 2011) (Fig. 2.1). The majority of IP25 production (ca. 90%) in the 

Amundsen Gulf took place from mid-March to the end of May and peak concentrations 

reached 310 pg mL
-1

 in early May (Brown et al., 2011). As IP25 production paralleled 

the main production interval of other biomarkers (chlorophyll a, fatty acids, sterols and 

diatom cell abundances) and was not detected in sea ice samples from mid-winter to 

early spring, it was concluded that IP25 was synthesised during the spring bloom (Brown 

et al., 2011).  In terms of vertical distributions, peak IP25 concentations occurred close 

to the ice-water interface (ca. 1-3 cm). The majority of IP25 production (>85%) was 

found within ice sections that had brine volume fractions >5% (Brown et al., 2011), 

which is required for diatom colonisation and growth (Brown et al., 2011 and references 

therein). 
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Figure 2.1. Previous sea ice sampling  locations for IP25 analysis. Symbols denote the following; ǒ Button Bay, ǅ 

McDougall Sound, ƶ Franklin Bay, ƴ Amundsen Gulf. 

 

 

2.2 Aims and objectives of this study 

Initial findings of the environmental influences affecting IP25 production in sea ice and 

its temporal and spatial distributions have been investigated in the Amundsen Gulf. To 

be able to use this specific biomarker in future studies across the Arctic, more temporal 

and spatial information needs to be provided. Therefore the main aim of this study was 

to give further understanding of the occurrence and accumulation of IP25 and other lipid 

biomarkers in Arctic sea ice. This was achieved by the following objectives: 

i. To investigate concentration changes in IP25 and other lipid biomarkers 

in Arctic sea ice from Resolute Bay over the spring period 

ii.  To investigate relationships between concentrations of IP25 and other 

indicators of general sea ice primary production in sea ice from Resolute 
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iii.  To investigate concentration changes in IP25 and other lipid biomarkers 

vertically within Arctic sea ice from Resolute Bay 

iv. To investigate the effect (if any) of snow cover on IP25 and other lipid 

concentrations in sea ice from Resolute Bay 

v. To compare timing and concentrations of these lipid biomarkers in sea 

ice between Resolute Bay and previous data from the Amundsen Gulf in 

the Canadian Arctic 

2.3 Study location 

The Resolute Passage in the centre of the Canadian Arctic Archipelago (Fig. 2.2) has a 

maximum depth of 168 m and land-fast sea ice can be up to 2 m thick, persistent from 

November to July (Siferd and Conover, 1992). This area has been a popular study site 

for many multidisciplinary ice algal ecosystem and carbon flow studies (Fukuchi et al., 

1997; Michel et al., 2006; Smith et al., 1988; Vézina et al., 1997; Welch et al., 1992). 

Located on the south coast of Cornwallis Island, Resolute Bay (74
o
41ôN, 094

o
52ôW) is 

a small inuit hamlet in Nunavut, Canada. 

 

2.4 Sample collection 

The process described here was carried out by scientists from the University of 

Manitoba, participating on the Arctic ICE project in 2011. Replicate ice cores (Table 

2.1) were sampled with a Kovacs ice corer in an approximate 0.17 miles
2
 (0.27 km

2
) 

sampling area and sectioned into five sections, usually with the same or similar 

horizons. For simplicity of this study, these sections will be denoted as the following; 

section A (0-3 cm; zero being the ice/water interface), section B (3-10 cm), section C 

(approx.10-60 cm), section D (approx. 60-110 cm) and section E (approx. 110 to the top 

of the core). The same section from each core was then pooled together to take into 

account for environmental variability and added to filtered sea water (100 ml for every 1 
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cm of sea ice). This minimises cell lysis which is the breakdown of a cell, due to 

osmotic shock (Thomas and Dieckmann, 2010). The addition of filtered sea water 

ensures that little additional organic matter is added. Ice cores with filtered sea water 

were then left to melt in the dark at the room temperature of the vessel (24 h). The 

sealed container was swirled to make sure the mixture was homogeneous and a sub 

sample (100 ï 3900 mL) was filtered under vacuum onto a glass fibre filter (GF/F; 0.7 

ɛm), flash frozen at -80
o
C and then stored at -20

o
C until further analysis (Fig. 2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. a) A map of the Canadian Arctic Archipelago region and Greenland. Resolute Bay is indicated byǒ and 

McDougall Sound is indicated by ǅ. b) A map of the study site in comparison to Resolute Bay for the Arctic ICE 

project 2011. 
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Figure 2.3. Schematics of a) sea ice core sectioning and b) sea ice core filtration method.  
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Table 2.1. Summary of the sea ice core sampling in Resolute Bay during the Arctic ICE project 2011. Low, medium 

and high snow cover represented by L, M and H. 

Date Station ID Lat. (N) Long. (W) 

Averaged ice 

thickness of 

pooled cores (cm) 

Horizon 

(cm) 

Snow depth 

category 

Average snow cover 

of pooled cores (cm) 

Number of 

cores 

pooled 

27/04/11 AI1 74
o
43.161 95

o
09.974 158.3 0-3 L 5.6 3 

27/04/11 AI1 74
o
43.163 95

o
09.965 158.6 0-3 M 13 3 

27/04/11 AI1 74
o
43.162 95

o
09.953 161 0-3 H 23.6 4 

01/05/11 AI2 
74°43.161 95°09.919 

155.6 0-3 L 7.6 3 

01/05/11 AI2 
74°43.159 95°09.938 

No data provided 0-3 M 17 3 

01/05/11 AI2 
74°43.157 95°09.947 

181.6 0-3 H 29.3 3 

01/05/11 AI2 
74°43.159 95°09.938 

 3-10 M  3 

01/05/11 AI2 
74°43.159 95°09.938 

 10-57 M  1 

01/05/11 AI2 
74°43.159 95°09.938 

 57-107 M  1 

01/05/11 AI2 
74°43.159 95°09.938 

 107-157 M  1 

05/05/11 AI3 
74°43.165 95°09.868 

160 0-3 L 7.6 3 

05/05/11 AI3 
74°43.164 95°09.982 

137.6 0-3 M 22 3 

05/05/11 AI3 
74°43.158 95°09.911 

142 0-3 H 20.3 3 

10/05/11 AI4 
74°43.166 95°09.864 

159.6 0-3 L 12 3 

10/05/11 AI4 
74°43.167 95°09.851 

161.5 0-3 M 14 3 

10/05/11 AI4 
74°43.168 95°09.827 

134.6 0-3 H 23.2 3 

10/05/11 AI4 
74°43.167 95°09.851 

 3-10 M  3 

10/05/11 AI4 
74°43.167 95°09.851 

 10-50 M  1 

10/05/11 AI4 
74°43.167 95°09.851 

 50-110 M  1 

10/05/11 AI4 
74°43.167 95°09.851 

 110-150 M  1 

15/05/11 AI5 
74°43.162 95°09.740 

154.8 0-3 L 7.8 3 

15/05/11 AI5 
74°43.160 95°09.750 

142 0-3 M 18.6 3 

15/05/11 AI5 
74°43.161 95°09.769 

139.8 0-3 H 27 3 

19/05/11 AI6 
74°43.171 95°09.665 

155.2 0-3 L 8 3 

19/05/11 AI6 
74°43.171 95°09.653 

150.8 0-3 M 13.7 3 

19/05/11 AI6 
74°43.168 95°09.678 

153.2 0-3 H 24.3 3 

19/05/11 AI6 
74°43.171 95°09.653 

 3-10 M  3 

19/05/11 AI6 
74°43.171 95°09.653 

 10-60 M  1 

19/05/11 AI6 
74°43.171 95°09.653 

 60-110 M  1 

19/05/11 AI6 
74°43.171 95°09.653 

 110-164 M  1 

23/05/11 AI7 
74°43.144 95°09.699 

154.8 0-3 L 8.5 3 

23/05/11 AI7 
74°43.150 95°09.659 

152.6 0-3 M 12.2 3 

27/05/11 AI8 
74°43.138 95°09.655 

156.2 0-3 L 8.5 3 

27/05/11 AI8 
74°43.136 95°09.631 

147.6 0-3 M 13 3 

27/05/11 AI8 
74°43.132 95°09.609 

142.6 0-3 H 21.2 3 

27/05/11 AI8 
74°43.136 95°09.631 

 3-10 M  3 

27/05/11 AI8 
74°43.136 95°09.631 

 10-60 M  1 

27/05/11 AI8 
74°43.136 95°09.631 

 60-110 M  1 

27/05/11 AI8 
74°43.136 95°09.631 

 110-150 M  1 

31/05/11 AI9 
74°43. 099 95°09.601 

148.3 0-3 L 10.5 3 

31/05/11 AI9 
74°43.099 95°09.646 

143.8 0-3 M 16.6 3 
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31/05/11 AI9 
74°43.100 95°09.583 

135.3 0-3 H 28.3 3 

04/06/11 AI10 
74°43.087 95°09.526 

150.3 0-3 L 7.6 3 

04/06/11 AI10 
74°43.084 95°09.591 

136 0-3 M 13.6 3 

04/06/11 AI10 
74°43.079 95°09.648 

148.3 0-3 H 18.6 3 

04/06/11 AI10 
74°43.084 95°09.591 

 3-10 M  3 

04/06/11 AI10 
74°43.084 95°09.591 

 10-60 M  1 

04/06/11 AI10 
74°43.084 95°09.591 

 60-110 M  1 

04/06/11 AI10 
74°43.084 95°09.591 

 110-140 M  1 

08/06/11 AI11 
74°43.081 95°09.498 

154.8 0-3 L 7.2 3 

08/06/11 AI11 
74°43.071 95°09.508 

148 0-3 M 16 3 

08/06/11 AI11 
74°43.072 95°09.491 

154.5 0-3 H 39.6 3 

12/06/11 AI12 
74°43.075 95°09.446 

146.3 0-3 L No data provided 3 

12/06/11 AI12 
74°43.074 95°09.467 

145.5 0-3 H 9.3 3 

16/06/11 AI13 
74°43.063 95°09.495 

154 0-3 H 3 3 

20/06/11 AI14 
74°43.042 95°09. 564 

143 0-3 H 2.2 3 
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CHAPTER THREE  

3.0 METHODOLOGY  

3.1 Introduction 

This chapter describes the experimental procedures undertaken in this study to separate 

the biomarkers of interest (HBIs including IP25, fatty acids and chlorophyll a) from the 

filtered sea ice core samples to enable analysis. Samples were provided by colleagues at 

the University of Manitoba, Canada, and were collected during the Arctic ICE 2011 

project. Samples were flash frozen (-80
o
C), stored (-20

o
C) and freeze dried before 

delivery to Plymouth University (UK). Each filtered sea ice sample was analysed either 

as a whole, in half or in quarters, in order to test the reproducibility of the data and 

analytical procedures. Figure 3.1 represents the portioning method of filtered samples. 

Replicates of the mass of analyte per mL of sea ice were calculated by calculating the 

means of the concentrations in each half/quarter). 

 

 

 

 

Figure 3.1. Schematic of filter portioning for samples collected on the Arctic ICE project 2011. 1 and 2 represent 

portioning in two halves whilst 2a and 2b represent portioning in quarters (Filter size 47mm).  

 

3.2 Extraction and purification of lipid fractions  

Whole or part filters were placed in clear glass 7 mL vials and four internal standards 

were added prior to extraction of lipids for later quantification (Table 3.1). These were; 

9-octyl-8-heptadecene (ISa) and 7-hexylnonadecane (ISb) to quantify HBIs and 

1 2 1 

2a 

2b 

GF/F GF/F 
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nonadecanoic acid (ISc) to quantify fatty acids. These standards were selected as they 

best represent the specific analytes in their structure and chemical behaviour and are not 

normally present in sea ice. For example ISa and ISb both have a molecular structure 

with 25 carbon atoms which behave similarly to I  and the other HBIs during the 

extraction and purification process (Belt et al., 2012; Brown et al., 2011). 

Samples were then saponified with a sufficient amount of methanolic potassium 

hydroxide (5% KOH; MeOH, H2O; 80/20 v/v) to cover the filter (ca. 2-3 mL), capped, 

vortexed (10 sec), sonicated (5 min) and heated at 80
o
C for 60 min. Non-saponifiable 

lipids (NSLs) were extracted  into clean vials with hexane using the following method; 

1 mL of hexane was added, the vial was capped, vortexed (10 sec) and centrifuged (30 

sec at 2500 rpm) and then transferred into an additional clean vial. This extraction was 

repeated twice more. Solutions containing potassium hydroxide were then protonated 

with concentrated HCl (1 mL), capped, vortexed (10 sec) and saponifiable lipids (SLs), 

including free fatty acids, were extracted into hexane (3 x 1 mL as before). NSLs were 

purified by open column silica chromatography (99:1 SiO2: NSLs). Apolar lipids 

including HBIs were collected into clean vials with hexane (5 column volumes), 

followed by the more polar compounds with dichloromethane/methanol (50:50 v/v; 5 

column volumes). Figure 3.2 shows a schematic of the extraction and purification 

procedures undertaken. 

3.3 Derivatisation 

Saponifiable polar lipids including free fatty acids were converted into trimethylsilyl 

derivatives (TMS), to reduce polarity and improve peak shape during analysis by 

GC/MS. After the derivatising agent, bis(trimethylsilyl)trifluoroacetamide (BSTFA) 

was added (50 µL), samples were capped and heated at 70
o
C for 20 min. 
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3.4 Gas chromatography-mass spectrometry (GC/MS) 

All samples were diluted with hexane (non-polar extracts) or dichloromethane (polar 

extracts) to an appropriate concentration (0.001 mg mL
-1

) for analysis by GC/MS. 

Analysis was carried out using an Agilent 7890A gas chromatograph (GC), coupled to 

an Agilent 5975 mass selective detector, fitted with an Agilent HP-5MS (30 m x 0.25 

mm x 0.25 µm) column with auto-split less injection (300
o
C) and helium carrier gas (1 

mL min
-1

 constant flow). Detectable compounds were determined by both total ion 

current (TIC; m/z 50-500 Daltons) and selective ion monitoring (SIM; -0.3 +0.7 m/z of 

interest) modes. TIC allowed the retention times and mass spectra of selected 

compounds to be elucidated, while SIM was used for compound quantification due to 

its higher selectivity and sensitivity.  Analysis by GC involved a ramped temperature 

profile from 40-300
o
C at 10

o
C min

-1
, with a 10 minute isothermal at 300

o
C. Data 

analysis and collection was achieved with Agilent Chemstation software, version 

C.03.00. 
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1. Place filtered sample (whole or part) into clean glass 7 mL vial 

2. Add internal standards 

3. Add enough 5% KOH; MeOH, H2O; 80/20 v/v, to cover filter (ca. 2-3 mL). Cap, vortex (10 sec) and 

sonicate (5 min) 

4. Add 1 mL of hexane, cap, vortex (10 sec) and centrifuge (30 sec at 2500 rpm) 

5. Extract hexane layer with glass pipette into new vial to give the NSLs 

Repeat steps 4 and 5 twice more. 

6. Add 1 mL of conc. HCl to the vial containing the filter and KOH solution, cap and vortex (10 sec) 

7. Add 1 mL of hexane, cap, vortex (10 sec) and centrifuge (30 sec at 2500 rpm) 

8. Extract top hexane layer with glass pipette into new vial to give the SLs 

Repeat steps 7 and 8 twice more. 

9. Transfer NSL mixture to column, elute with hexane (5 column volumes) and collect hexane soluble NSLs 

in new vial 

10. Elute DCM/MeOH soluble NSLs with DCM/MeOH (50:50 v/v; 5 column volumes) into new vial 

11. Dry all extracts under N2 (25oC) 

12. Derivitise SLs (BSTFA; 50µL; 70oC; 20 min) before GCMS analysis of them and hexane soluble NSLs 

 

Figure 3.2. Schematic diagram showing the extraction and purification process used on the filtered sea ice samples.

GC/MS analysis  

Derivitisation 

12 

N2 

Hexane 

soluble 

NSLs 

N2 
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3.5 Quantification of HBIs  

Quantification of HBIs and internal standards extracted from the filtered sea ice samples 

were first achieved by identification of individual isomers and internal standards from 

their mass spectra from the TIC chromatogram (for example Fig. 3.3) and manual 

integration of the SIM chromatograms. The integrated peak areas of the molecular ion 

(M
+
) signal for each HBI (I : m/z 350.3 II : m/z 348.3 III : m/z 346.3 (Fig. 3.4)) and the 

respective internal standard from the SIM chromatograms were then used to calculate 

the concentration of each isomer according to equation 3.1. The detection limit for 

quantification of IP25 using the GC-MS system described is 10 ng mL
-1

 (S/N > 3) (Belt 

et al., 2012). It is presumed that this value is the same for the other analyte GC/MS 

detection limits. 

Equation 3.1    ὃὲὥὰώὸὩ  
 

     

There are many factors to consider when quantifying analytes using GC/MS, some of 

these include; detector sensitivity towards each analyte and internal standard (RF), mass 

of the internal standard added (Mis), volume of sea ice analysed (Vice), proportion of 

sea ice filtered for analysis (Vtot/Vfilt) and the proportion of filter analysedὼ.  

Equation 3.1 allows for quantification of all HBI analytes in this study. Pa/Pis denotes 

the ratio between the integrated peak area of the SIM M
+
 HBI ion (Fig. 3.4) and the 

integrated peak area of the SIM M
+
 internal standard ion, ISa (m/z 350.3) or ISb (m/z 

99) depending on the analyte. This ratio is then multiplied by the corresponding GC/MS 

response factor (RF) to take account of the detector sensitivity towards each analyte and 

the internal standard. To convert this number into a mass unit, it is multiplied by the 

mass of the internal standard added (Mis). Equation 3.1 gives the abundance of the 

analyte in mass per unit volume of sea ice, therefore Vice denotes for the volume of sea 

ice analysed. To take into account for the proportion of the sea ice filtered, the value is 
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multiplied by the inversed proportion of ice filtered (Vtot (sea ice volume and filtered 

sea water volume) over the volume filtered (Vfilt).  Finally, to take into account the 

proportion of the filter analysed (either a quarter, half or whole), the volume filtered is 

multiplied by ὼ (0.25, 0.5 or 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Background subtracted mass spectra and structure of I  (M+ = m/z 350.3), internal standards ISa (M+ = 

m/z 350.3) and ISb (M+ = m/z 352). 
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Figure 3.4. An example of partial SIM extracted chromatograms of the hexane soluble NSL extract of filtered sea ice 

samples. HBIs; I  (m/z 350.3), II  (m/z 348.3) and III  (m/z 346.3) are shown along with the integration technique 

shown by dotted lines. 

 

 

3.6 Quantification of fatty acid trimethylsilyl esters 

Quantification of derivatised fatty acids extracted from filtered sea ice samples was first 

achieved by identification of individual isomers and internal standard from their mass 

spectra from the TIC chromatograms (Fig. 3.5) with comparison of the previous order 

of elution of individual analytes (Brown, 2011) and  manual integration of the TMS 

fragment ion (m/z 117) in SIM mode. These peak area values were incorporated into 

equation 3.1 as Pa, along with individual RF values for each analyte (Table 3.1) to 

accurately calculate individual fatty acid concentrations. 
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Figure 3.5. Background subtracted mass spectra and structures of fatty acid trimethylsilyl (TMS) esters 

Tetradecanoate FI  (M+ = m/z 300), cis-9-Hexadecanoate FI I (M+ = m/z 326), Hexadecanoate FI II (M+ = m/z 328) 

and internal standard Nonadecanoate ISc (M+ = m/z 370). 
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3.7 Quantification of chlorophyll a  

Colleagues at the University of Manitoba melted and filtered sea ice sub-samples 

(section A; 0-3 cm) for the determination of chlorophyll a. Concentrations (mg m
-2

) 

were calculated using equations (Holm-Hansen et al., 1965) after measuring 

fluorescence with a Turner Designs 10-005R fluorometer after 24 h extraction in  90% 

acetone at approximately 5
o
C in the dark (Parsons et al., 1984). 

 

Table 3.1. All analytes with relative response factors, SIM m/z ions used for quantification and relative amounts of 

each used. Response factors were calculated from calibration curves produced by colleagues at Plymouth University. 

I  was isolated from mass extraction of marine sediment. II  and III  were isolated from diatom laboratory cultures. 

Fatty acid response factors were also calculated by calibration curves, however from purchased standards. 

 

 

 

Lipid 
SIM 

m/z ion 

Response factor (RF) 

and standard used to 

quantify 

Concentrations and amount of standards 

added to sea ice samples 

Section A (0-3 cm) Sections B-E 

HBIs 

I  IP25 350.3 5.0 

ISa 10 µL; 10 µg mL-1 20 µL; 0.1 µg mL-1 

II  C25:2(5/6) and C25:2(6/17) 348.3 11.3 

III  C25:3(7/20) E 346.3 10.0 ISb 10 µL; 10 µg mL-1 20 µL; 0.1 µg mL-1 

Fatty acids 

FI  C14 117 1.2 

ISc 10 µL; 4 mgmL-1 20 µL; 0.04 mg mL-1 

FII  C16:1ɤ7 117 0.9 

FIII  C16 117 1.3 

FIV  C18:1ɤ7 117 0.5 

FV C18 117 1.0 

Internal 

standards 

ISa 
9-octyl-8-

heptadecene 
350.3 - - - - 

ISb 7-hexylnonadecane 99 - - - - 

ISc C19 117 - - - - 
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CHAPTER FOUR 

4.0 RESULTS  

4.1 Introduction 

This chapter describes temporal concentrations of, and correlations between, I  (IP25) 

and other lipids in sea ice collected from Resolute Bay over the spring period between 

April 27
th
 and June 8

th
 2011. Vertical lipid concentration profiles from sea ice cores 

collected from the same sampling site and time period are also described. This chapter 

also describes the investigation into the effect snow cover has on overall accumulation 

of the lipids present in the sea ice. Findings from this study in Resolute Bay are then 

compared to previous temporal and vertical findings from sea ice cores collected in the 

Amundsen Gulf in 2008. 

4.2 Temporal distributions of lipids in sea ice over the spring period  

Concentrations of I  and other lipids were established by GC/MS analysis of the A 

section (lower 0-3 cm) of sea ice cores collected in Resolute Bay from mid-April to 

early June 2011. Figure 4.1 shows the analytical outcomes of the GC/MS analysis 

procedure. The TIC chromatograms show retention times for the individual analytes 

whilst the SIM chromatograms show signals used for quantification. 

These example chromatograms are from sea ice samples collected on the 27
th
 May with 

low snow cover (8.5 cm). These resulted in the following concentrations of each 

analyte; I  (IP25) 2.4 ng mL
-1

, II  (C25:2(5/6) and C25:2(6/17) 7.6 ng mL
-1

, III  (C25:3(7/20)E) 0.33 

ng mL
-1

, FI  (C14) 1.3 µg mL
-1

, FII  (C16:1̟ 7) 1.8 µg mL
-1

, FIII  (C16) 1.9 µg mL
-1

, FIV  

(C18:1̟ 7) 0.044 µg mL
-1

 and FV (C18) 0.082 µg mL
-1

. 
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Figure 4.1. Partial TIC and SIM chromatograms of a) hexane soluble NSL and b) SL from filtered sea ice sample 

AI8 (27th May 2011) filter half 1 with low snow cover. 

 

Analysis of the sea ice samples with medium snow cover (12.2 cm ï 22 cm) allowed 

temporal concentrations of the analytes to be quantified. Samples with medium snow 

depth were chosen for the temporal analysis to be comparable to the vertical samples. 

Concentrations of HBIs (I  (IP25), II  (combined dienes C25:2(5/6) and C25:2(6/17)) and III  

(C25:3(7/20) E) were investigated in the A section of the sea ice samples over the temporal 

sampling period (27
th
 April to the 8

th
 June 2011). The mean concentration of I  over the 

sampling period ranged from 0.23 ng mL
-1

 to 4.5 ng mL
-1

 and peaked on the 27
th
 May 

(Fig. 4.2). The mean concentration of II  ranged from 1.5 ng mL
-1

 to 14 ng mL
-1

, which 
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peaked earlier on the 23
rd

 May, whilst the mean concentration of III  ranged from 0.28 

ng mL
-1

 to 3.4 ng mL
-1

 and peaked on the 19
th
 May. Determination of average relative 

contributions of individual HBI isomers to the total HBIs over the sampling period (Fig. 

4.2), revealed II  to be the most abundant, contributing ca. 70% of the total HBI 

concentration in the A section of the sea ice samples whereas I  contributed ca. 20% and 

III  ca. 10%.  

Concentrations of fatty acids (FI  (C14), FII  (C16:1ɤ7), FIII  (C16), FIV  (C18:1ɤ7) and FV 

(C18)) were also investigated in the A section of the sea ice samples over the temporal 

sampling period. Figure 4.3 shows the mean concentrations of the fatty acids between 

the replicate filter sample halves. The mean concentration of FI  ranged from 0.021 µg 

mL
-1

 to 1.9 µg mL
-1

, which peaked on the 31
st
 May. Mean concentrations of FII  peaked 

on the 8th June and ranged from 0.0054 µg mL
-1

 to 3.1 µg mL
-1

. FIII  mean 

concentrations ranged from 0.062 µg mL
-1

 to 3.4 µg mL
-1

 but peaked slightly later on 

the 8
th
 June, whereas mean concentrations of FIV  peaked on the 31

st
 May and ranged 

from 0.00039 µg mL
-1

 to 0.047 µg mL
-1

. Lastly, FV mean concentrations ranged from 

0.0033 µg mL
-1

 to 0.098 µg mL
-1

 and peaked on the 4
th
 June. Determination of average 

relative contributions of individual fatty acids to the total fatty acid abundance over the 

temporal sampling period (Fig. 4.4), revealed FIII  to be the most abundant, contributing 

ca. 50% of the total fatty acid concentration in the A section of the sea ice samples. FI  

and FII  contributed ca. 22% and 26% respectively, whilst FIV  and FV only contributed 

ca. 2% collectively. FII  and FIII  appear to have opposite trends in their contributions to 

the total fatty acids as accumulation of FII  increases and FIII  decreases over the 

sampling period. As FI , FII  and FIII  are known to be from a diatom origin, it can be 

stated that ca. 98% of the total fatty acids analysed in the A section of the sea ice 

samples over the temporal sampling period, were produced by diatomaceous algae.  
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Concentrations of chlorophyll a were also investigated in the A section of the sea ice 

samples over the temporal sampling period (Fig. 4.5). Two replicate measurements and 

quantification of chlorophyll a were carried out by other scientists at the University of 

Manitoba. Mean chlorophyll a concentrations ranged from 3.9 mg m
-2

 to 34 mg m
-2

 and 

peaked on the 10
th
 May.  

The reproducibility of this temporal data, for all measured analytes, is variable (Table 

4.1.). The mass of analyte measured on each half of the GF/F was between 0 and 1.6 

times greater than the corresponding half. Vacuum filtration onto a GF/F does not 

guarantee a homogeneously spread filtrate. However when portioning the filters, every 

effort was made to visually equally divide the amounts of filtrate on each half. The 

variability of the reproducibility may be due to inaccurate portioning of the filters. 

However, variability of the concentrations may also be due to the heterogeneous nature 

of sea ice in terms of both diatom abundances and varying species. Ice cores were 

pooled to try and to take into account for some of the natural variation however this 

could still be reflected in the variable replicate concentrations.  

 

Table 4.1. Calculated mass of HBIs and fatty acids on each half of the filter for medium snow samples over the 

temporal sampling period. 

Analyte I  II  III  FI  FII  FIII  FIV  FV 

Mass of 

analyte in each 

half of the 

filter (µg) 

A B A B A B A B A B A B A B A B 

27/04/11 0.035 0.045 0.27 0.26 0.01 0.01 6.8 7.8 5.6 5.8 22 24 0.17 0.24 0.82 0.88 

01/05/11 0.047 0.045 0.28 0.27 0.024 0.021 9.4 9.2 8.2 7.8 23 22 0.16 0.16 0.43 0.43 

05/05/11 0.033 0.033 0.13 0.15 0.007 0.01 4.7 4.5 2.5 3.7 12 12 0.06 0.094 0.26 0.28 

10/05/11 0.050 0.053 0.31 0.29 0.004 0.01 6.3 7.2 8.0 8.3 18 20 0.15 0.16 0.98 1.09 

15/05/11 0.044 0.06 0.18 0.20 0 0 8.9 12 24 31 40 52 0.44 0.59 1.7 2.2 
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19/05/11 0.023 0.039 0.15 0.21 0.0097 0.0071 14 20 49 58 62 71 0.46 0.64 0.80 1.05 

23/05/11 0.103 0.19 0.63 0.95 0 0 61 63 99 100 104 109 1.2 1.2 2.4 2.4 

27/05/11 0.095 0.13 0.303 0.36 0.013 0.019 51 54 70 78 78 83 1.8 2.7 3.3 4.4 

31/05/11 0.16 0.18 0.62 0.71 0.013 0.021 62 65 98 97 97 100 2.2 2.0 2.9 3.04 

04/06/11 0.15 0.17 1.15 1.44 0.013 0.016 73 69 110 103 113 108 2.4 2.4 3.5 3.3 

08/06/11 0.071 0.086 0.68 0.78 0 0 59 48 97 72 115 84 1.4 1.4 2.0 2.0 
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Figure 4.2. Temporal mean concentrations (±1 s.d. n = 2) of HBIs a) I , b) II , c) III  and d) relative contributions of 

HBI isomers to the total HBIs, observed in the A section of sea ice with medium snow cover during the Arctic ICE 

project.  
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Figure 4.3. Temporal mean concentrations (±1 s.d. n = 2) of fatty acids a) FI , b) FII , c) FIII  and d) FIV  and e) FV 

observed in the A section of sea ice with medium snow cover during the Arctic ICE project.  
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Figure 4.4. Relative contributions of individual fatty acids to the total fatty acids observed in the A section of sea ice 

with medium snow cover during the Arctic ICE project.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Temporal mean concentrations of chlorophyll a (±1 s.d. n = 2) observed in the A section of sea ice with 

medium snow cover during the Arctic ICE project.  
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shows the distribution between these dates over the sampling period. As previously 

described in Chapter Two, the sea ice cores were sectioned into five; section A (0-3 

cm), B (3-10 cm), C (approx. 10-60 cm), D (approx. 60-110 cm) and E (approx. 110 to 

the top of the core). Exact lengths of sections for each core are provided in Table 2.1. 

 

 

 

 

 

 

Figure 4.6. Distribution of full sea ice cores with medium snow cover collected for vertical lipid distribution analysis 

over the sampling period on the Arctic ICE project. Dates at which the full sea ice cores were collected for the 

vertical distribution analysis are represented by thick arrows. Temporal sampling begins on the 27th April  and ends on 

the 8th June.  

 

GC/MS analysis of sectioned sea ice cores enabled observations of vertical lipid 

concentrations over the spring sampling period to be made. All concentrations in 

sections above 3 cm from the ice/water interface (B, C, D and E) were calculated from 

analysing the filtered samples as a single sample and not divided into two as were the 

filters for the temporal study, so mean concentrations could not be calculated in the 

same way. Data of HBI concentrations are represented for only four out of the five cores 

sampled due to a procedural error. Concentrations of I  were consistently highest in the 

A section of the five sea ice cores, these reached 4.5 ng mL
-1

 (27
th
 May). Concentrations 

of I  in the A section always contributed at least 86% of the total I  in the core. The 

concentration of I  then decreased rapidly above 3 cm from the ice/water interface. 

Highest I concentrations in the B section reached 0.20 ng mL
-1

 (19
th
 May), which 

contributed at most 13% of the total I  in the core. Concentrations of I  in the C section 

only reached 0.02 ng mL
-1

 (19
th
 May) and less than 0.003 ng mL

-1
 in both sections D 

End of temporal sampling  

27-Apr 01-May 05-May 09-May 13-May 17-May 21-May 25-May 29-May 02-Jun 06-Jun 10-Jun 

Start of temporal sampling 

Date 2011 
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and E (both reached on the 4
th
 June).  Sections C, D and E consistently contributed as a 

whole at most 1% of the total I  in the core.  

Similarly, concentrations of II were consistently highest in the A section, these reached 

13 ng mL
-1

 (27
th
 May) and always contributed at least 94% of the total II  in the core. 

Concentrations of II  also decreased rapidly above 3 cm from the ice/water interface. 

Highest concentrations of II  in section B reached 0.63 ng mL
-1

 (19
th
 May) and 

contributed at most 5.4% of the total II  in the core. Concentrations of II  in section C 

only reached 0.1 ng mL
-1

 and less than 0.005 ng mL
-1

 in both sections D and E (all 

reached on the 19
th
 May). Sections C, D and E did not consistently contribute to the 

total I I  in the core as concentrations of II  in some of the sections were either too low to 

be detected or II  was not present. III  was only detected in sections A and B of the sea 

ice cores and not in any other sections above 10 cm from the ice/water interface (C, D 

and E). Concentrations of III  reached 3.4 ng mL
-1 

(19
th
 May) in the A section which 

always contributed at least 68% of the total III  in the core. Highest concentrations of III  

in section B reached 0.46 ng mL
-1

 (10
th
 May) however varied in contribution to the total 

III  in the core (0% - 32%). For all HBIs, the contribution from sections A and B (the 

lower 0-10 cm) to the total of each was at least 99% for all cores analysed. Figures 4.7 

to 4.9 show vertical concentrations of I , II , III  and relative contributions of each 

section, to the total in the core.  
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Figure 4.7. Vertical concentrations of a) I  and b) II  in samples collected on the Arctic ICE project with medium 

snow cover. Concentrations in sections D and E are not represented as they contributed less than 1% of the total. 
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Figure 4.8. Vertical concentrations of I II  in sections A and B of the sea ice core samples collected on the Arctic ICE 

project with medium snow cover. 
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Figure 4.9. Schematic of vertical distributions of I  and % of total I , throughout sea ice collected on the Arctic ICE project with medium snow cover. 

I 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

0.42 ng mL
-1

; 97.4% 

1.1 x 10
-3

 ng mL
-1

 

0.26% 

Under limit of 

detection 

0.11 x 10
-2

 ng mL
-1

 

0.25% 

0.009 ng mL
-1

; 2.09% 

3.7 ng mL
-1

; 98.08% 

0.069 ng mL
-1

; 1.85% 

0.12 x 10
-2

 ng mL
-1

 

0.03% 

0.88 x 10
-3

 ng mL
-1

 

0.02% 

0.68 x 10
-3

 ng mL
-1

 

0.02% 

2.9 ng mL
-1

; 92.82% 

0.20 ng mL
-1

; 6.39% 

2.2 x 10
-2

 ng mL
-1

 

0.71% 

1.2 x 10
-3

 ng mL
-1

 

0.04% 

1.1 x 10
-3

 ng mL
-1

 

0.04% 

4.5 ng mL
-1

; 98.65% 

0.054 ng mL
-1

; 1.19% 

0.47 x 10
-2

 ng mL
-1

 

0.10% 

0.96 x 10
-3

 ng mL
-1

 

0.02% 

1.8 x 10
-3

 ng mL
-1

 

0.04% 

1
st

 May 10
th

 May 19
th

 May 27
th

 May 

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 ic
e
/w

a
te

r 
in

te
rf

a
c
e
 (

c
m

) 
in

to
 t
h

e
 s

e
a

 i
c
e

 



44 

 

Concentrations of fatty acids (FI , FII , FIII , FIV  and FV) throughout sea ice cores were 

also investigated over the sampling period (Fig.4.10 to Fig. 4.13). Fatty acids were more 

evenly distributed through the cores, at the start of sampling, than the HBIs. The upper 

sections (B, C, D and E) that were slightly away from the ice/water interface, 

contributed higher proportions to the total fatty acids in the core. All fatty acids were 

present in all sections of the full sea ice cores with the exception of section C of the 

sample taken on the 1
st
 May. Peak concentrations of FI  in section A reached 1.6 µg mL

-

1
 (27

th
 May) and ranged in contribution of the total FI  in the core from 60% to 93% 

(Fig. 4.10). Concentrations of FI  in section B decreased rapidly and contributed 

between 4% and 29%, and peak concentrations reached 0.18 µg mL
-1

 (19
th
 May). 

Section C contributed between 0% and 9.4% and peak concentrations reached 0.097 µg 

mL
-1

 (19
th
 May). Highest concentrations of FI  in sections D and E decreased again to 

0.012 µg mL
-1

 (1
st
 May) and 0.011 µg mL

-1
 (1

st
 May) respectively. Both sections, D and 

E, always contributed between 0.2% and 13% to the total FI  in the core.  

Highest concentrations of FII  in section A reached 2.5 µg mL
-1

 (27
th
 May) and 

contributed between 52% and 90% of the total (Fig. 4.10). Concentrations in section B 

reached 0.53 µg mL
-1

 (19
th
 May) and contributed between 7% and 38% of the total FII  

in the core. Section C contributed between 0% and 9.3% of the total FI I  and peak 

concentrations reached 0.14 µg mL
-1

 (19
th
 May). Highest concentrations of FII  in both 

sections D and E were less than 0.01 µg mL
-1

 (4
th
 June and 1

st
 May respectively). These 

sections contributed, as a whole, at most 25% of the total FII  in the core.  

Concentrations of FIII  in section A reached 2.8 µg mL
-1

 (27
th
 May) and always 

contributed between 36% and 71% of the total (Fig. 4.11). The FIII  concentration in 

section B reached 1.3 µg mL
-1

 (4
th
 June) and contributed between 16% and 38% of the 

total FIII  in the core. Section C contributed between 0% and 30% of the total FIII as 

peak concentrations reached 1.2 µg mL
-1

 (19
th
 May). Concentrations in sections D and 
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E reached 0.10 µg mL
-1

 (27
th
 May) and 0.18 µg mL

-1
 (19

th
 May) respectively and 

contributed at most 24% and 22% of the total FIII  in the core.  

Concentrations of FIV  (Fig. 4.11) and FV (Fig. 4.12) throughout the sea ice samples 

were considerably less than the other fatty acids. Concentrations of FIV  in section A 

reached 3.4 x 10
-2

 µg mL
-1

 (27
th
 May) and contributed between 9.7% and 46% of the 

total FIV  in the core. Concentrations of FIV  in sections B and C reached 1.3 x 10
-2
 µg 

mL
-1 

(10
th
 May) and 3.8 x 10

-2
 µg mL

-1
 (19

th
 May) respectively and contributed at most 

30% and 53% to the total FIV . Peak FIV  concentrations in sections D and E reached 

0.43 x 10
-2
 µg mL

-1
and 0.34 x 10

-2
 µg mL

-1
 (both peak dates on the 1

st
 May) 

respectively. Section D and E contributed at most 41% and 32% of the total FIV  in the 

core. Concentrations of FV in section A reached 9.8 x 10
-2

 µg mL
-1

 (4
th
 June) and 

contributed between 6.6% and 59% of the total FV in the core. Concentrations of FV in 

sections B and C reached 6.2 x 10
-2
 µg mL

-1
 (27

th
 May) and 0.21 µg mL

-1
 (19

th
 May) 

respectively and contributed at most 24% and 52% to the total FV in the core. Peak FV 

concentrations in sections D and E reached 9.1 x 10
-2

 µg mL
-1

 and 8.9 x 10
-2

 µg mL
-1
 

(both peak dates on the 10
th
 May). These sections contributed at most 36% and 33% to 

the total FV in the core. Figure 4.12 shows relative contributions of the total diatom 

fatty acids from each section of the sea ice cores over the sampling period. Figure 4.13 

demonstrates the increase in contribution from section A over the sampling period.  
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Figure 4.10. Vertical concentrations of a) FI  and b) FII  in sections A, B and C of sea ice samples collected on the 

Arctic ICE project with medium snow cover. Concentrations in sections D and E are not represented as they 

contributed less than 2% to the total (excluding on the 1st May, contributing 13% and 12% respectively in both FI  and 

FII ). 
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Figure 4.11. Vertical concentrations of a) FI II  and b) FIV  in sea ice samples collected on the Arctic ICE project 

with medium snow cover.  
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Figure 4.12. a) Vertical concentrations of FV and b) relative contributions from all sections of the diatom fatty acids 

(FI , FII  and FIII ) to the total in sea ice core samples collected on the Arctic ICE project with medium snow cover. 
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Figure 4.13. Relative contributions from section A and others of the diatom fatty acids (FI , FII  and FIII ) to the total 

in sea ice core samples collected on the Arctic ICE project with medium snow cover. 

 

 

Concentrations of chlorophyll a were also investigated throughout the sea ice cores over 

the sampling period (Fig. 4.14). Two replicate measurements and quantification of 

chlorophyll a were carried out by other scientists at the University of Manitoba. 

Chlorophyll a showed similar trends to the other analytes, the majority of accumulation 

occurred in the A section of the sea ice cores.  Highest concentrations of chlorophyll a 

in the A section reached 34 mg m
-2

 (10
th
 May) and always contributed at least 89% of 

the total chlorophyll a in the core. Concentrations in sections B and C reached 0.36 mg 

m
-2

 (10
th
 May) and 0.88 mg m

-2
 (4

th
 June) respectively and contributed at most 1.7% 

and 5.4% of the total chlorophyll a in the core. Maximum concentrations of chlorophyll 

a in sections D and E reached 0.42 mg m
-2

 and 0.34 mg m
-2

 (both peak dates on the 4
th
 

June) and contributed at most 2.6% and 2.1% of the total.  

Total fatty acid concentrations were also consistently higher (ca. x 80-500) than those of 

total HBIs. Vertical distributions of HBIs, diatom fatty acids (FI , FII  and FIII ) and 

chlorophyll a are summarised in Table 4.2. 
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Figure 4.14. a) Mean vertical concentrations of chlorophyll a (±1 s.d. n =2) in each section of the sea ice core 

samples collected on the Arctic ICE project with medium snow cover. 

 

Table 4.2. Vertical distributions of a) I , b) II , c) III , d) total HBIs, e) diatom fatty acids and f) chlorophyll a in sea 

ice cores collected on the Arctic ICE project with medium snow cover. * denotes analyte abundance under limits of 

detection or unavailability of data. Ice core sections are denoted by the following; A (0-3 cm), B (3-10 cm), C 

(approx. 10-60 cm), D (approx. 60-110 cm), E (approx. 110 to the top of the core). 
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c) III concentration (ng mL
-1
) and percentage of total in the ice core 
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f) Chlorophyll a concentration (mg m
-2
) and percentage of total in the ice core 

Ice core 

section 
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th
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th
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th
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4.4 Effect of snow cover on lipid  production 

As diatoms are photosynthetic organisms, they rely on natural light for growth and 

production. The depth of snow cover on top of sea ice limits the amount of sunlight 

available to the organisms below and within the sea ice. Replicate sea ice cores were 

collected over the sampling period on the Arctic ICE project 2011 with low, medium 

and high snow cover (ranging from 2.2 cm to 39.6 cm). These allowed the effect (if 

any) of snow depth, and therefore light availability, on production of I  and other lipids 

to be investigated. Temporal filtered sea ice samples with low and medium snow cover 

were portioned into two halves, giving two replicates to calculate means, whilst the 

majority of high snow samples were portioned into three (Fig. 3.1). Filters were 

portioned to create replicate samples to test the reproducibility of the experimental 

procedure. High snow samples on the 4
th
 and 12

th
 of June were only portioned into two.  

Figure 4.15 shows mean concentrations of I  in the A section of sea ice cores collected 

over the sampling period with low, medium and high snow cover. Mean concentrations 

of I  in sea ice collected with low snow cover ranged from 0.25 ng mL
-1

 to 3.7 ng mL
-1

, 

which peaked on the 31
st
 May. Medium snow cover provided mean I  concentrations 

ranging from 0.23 ng mL
-1

 to 4.5 ng mL
-1

 which peaked on the 27
th
 May. I  was absent 

or under the limits of detection in samples with high snow cover collected on the 27
th
 

April and 1
st
 May, however reached 4.7 ng mL

-1
 on the 27

th
 May.  Mean concentrations 

of II  in the A section of sea ice cores collected with low snow cover ranged from 0.42 

ng mL
-1

 to 27 ng mL
-1

 and peaked on the 4
th
 June (Fig. 4.16). Medium snow cover 

C 
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provided mean II concentrations ranging from 1.0 ng mL
-1

 to 14 ng mL
-1

 which peaked 

on the 23
rd

 May. II  was absent or under the limits of detection in samples with high 

snow cover on the 27
th
 April and 1

st
 May, however reached 23 ng mL

-1
 (27

th
 May). III  

was absent or under the limits of detection in samples collected with low snow cover on 

15
th
 and 23

rd
 of May and the 8

th
 of June. However mean concentrations of III  with low 

snow cover did reach 0.48 ng mL
-1

 (1
st
 May) (Fig. 4.17). Medium snow cover provided 

mean concentrations of III  ranging from 0.12 ng mL
-1

 to 3.4 ng mL
-1

, which peaked on 

the 19
th
 May. III  was absent or under the limits of detection in samples collected with 

high snow cover on the 27
th
 April and the 1

st
 May. However peak concentrations of III  

in sea ice with high snow cover reached 4.4 ng mL
-1

 on the 4
th
 June. 

The potential effect of snow cover on the production of diatom fatty acids (Fig. 4.18), 

and chlorophyll a (Fig. 4.19) were also investigated. Mean concentrations of combined 

fatty acids known to be from a diatom origin (FI , FII and FIII ) reached 8.3 µg mL
-1

 in 

the A section of sea ice cores collected on the 8
th
 of June with low snow cover. Medium 

snow cover provided a peak mean concentration of 8.0 µg mL
-1

 (31
st
 May), whilst mean 

concentrations in the A section of sea ice with high snow cover reached 6.9 µg mL
-1

 

(27
th
 May). Mean concentrations of chlorophyll a collected with low snow cover 

reached 21 mg m
-2

 (15
th
 May), 34 mg m

-2
 (10

th
 May) with medium snow cover and 35 

mg m
-2

 (4
th
 June) with high snow cover. 
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Figure 4.15. Temporal mean concentrations (±1 s.d. n = 2 or 3) of I  observed in the A section of sea ice during the 

Arctic ICE project with a) low, b) medium and c) high snow cover. Absence of a data point on the 23rd May for high 

snow due to no sample being provided. 
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Figure 4.16. Temporal mean concentrations (±1 s.d. n = 2 or 3) of II  observed in the A section of sea ice during the 

Arctic ICE project with a) low, b) medium and c) high snow cover. Absence of a data point on the 23rd May for high 

snow due to no sample being provided. 
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Figure 4.17. Temporal mean concentrations (±1 s.d. n = 2 or 3) of II I  observed in the A section of sea ice during the 

Arctic ICE project with a) low, b) medium and c) high snow cover. Absence of a data point on the 23rd May for high 

snow due to no sample being provided. 
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Figure 4.18. Temporal mean concentrations (±1 s.d. n = 2 or 3) of diatom fatty acids observed in the A section of sea 

ice during the Arctic ICE project with a) low, b) medium and c) high snow cover.  Absence of a data point on the 23rd 

May for high snow due to no sample being provided. 
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Figure 4.19. Temporal mean concentrations (±1 s.d. n = 2) of chlorophyll a observed in the A section of sea ice 

during the Arctic ICE project with a) low, b) medium and c) high snow cover. 

 

 

0

5

10

15

20

25

27-Apr 04-May 11-May 18-May 25-May 01-Jun 08-Jun

M
e

a
n
 c

h
lo

ro
p

h
y
ll a

 

c
o

n
c
e

n
tr

a
ti
o

n
 (

m
g
 m-

2
) 

Low 

0

5

10

15

20

25

30

35

40

27-Apr 04-May 11-May 18-May 25-May 01-Jun 08-Jun

M
e

a
n
 c

h
lo

ro
p

h
y
ll a

 c
o

n
c
e

n
tr

a
ti
o

n
  

(m
g
 m

-2
) 

Medium 

High 

a) 

b) 

c) 

0

5

10

15

20

25

30

35

40

27-Apr 04-May 11-May 18-May 25-May 01-Jun 08-JunM
e

a
n
 c

h
lo

ro
p

h
y
ll a

 c
o

n
c
e

n
tr

a
ti
o

n
 

(m
g
 m

-2
) 

Date 2011 

High 



59 

 

CHAPTER FIVE  

5.0 DISCUSSION 

5.1 Introduction  

Results presented in the previous chapter have established temporal and vertical 

distributions of I  and other lipid biomarkers throughout sea ice collected over the spring 

period in Resolute Bay during 2011. The effects of snow cover on production of lipids 

over the temporal sampling period have also been investigated. 

5.2 Temporal distributions of lipids in sea ice and correlations between them 

The first and second aims of this study were to investigate concentration changes in and 

relationships between I  and other lipid biomarkers in Arctic sea ice from Resolute Bay 

over the spring bloom from late April to early June 2011. The spring sea ice algal bloom 

in the Resolute Passage and the Canadian Arctic Archipelago, are well documented as a 

variety of studies have been carried out over the April to June period (Bergmann et al., 

1991; Brown et al., 2011; Laurion et al., 1995). Blooms in primary production in the 

marine environment, phytoplanktic and sea ice-based, are typically identified by 

increased concentrations of chlorophyll a, photosynthetic cell abundances, nutrients and 

algal-specific lipids (Brown et al., 2011; Codispoti et al., 1991; Legendre, 1990; Mundy 

et al., 2009; Reuss and Poulsen, 2002; Rózanska et al., 2009). In this study, 

concentrations of different algal biomarkers including I , fatty acids and chlorophyll a 

were measured from the 27
th
 April to the 8

th
 June (Fig. 4.2 to 4.5). The specific sea ice 

diatom biomarker I  contributed on average ca. 20% of the total HBIs over the sampling 

period, whilst II  and III  contributed on average ca. 70% and 10% respectively. II  was 

consistently the most abundant throughout the sampling period. Accumulation of I  in 

the sea ice over the first week of sampling (27
th
 April to the 5

th
 May) remained under 

a 



60 

 

1.0 ng mL
-1

 until production rapidly increased on the 10
th
 May to 3.7 ng mL

-1
. This 

upward trend in accumulation over the five day period (5
th
 May to the 10

th
 May) is also 

observed in chlorophyll a concentrations and could be due to increases in natural light 

penetrating the ice. The downward solar flux in Resolute Bay on the 5
th
 and 10

th
 May 

increased from 448-480 W m
-2
 to 480-512 W m

-2
 (Fig. 5.1). This further supports the 

association between I  and photosynthetic diatom production. It can also be noted that 

the average solar flux in Resolute Bay increased from 100 W m
-2
 to 237.5 W m

-2
 over 

the sampling period leading up to the summer sea ice melt (data provided by Physical 

Sciences Division, Earth System Research Laboratory). 

 

 

 

 

 

 

 

 

Figure 5.1. Downward solar flux over part of the Canadian Arctic Archipelago on a) 5th May 2011 and b) 10th May 

2011, Resolute Bay denoted by ǒ. Image provided by Physical Sciences Division, Earth System Research Laboratory, 

NOAA, Boulder, Colorado, from their Web site at http://www.esrl.noaa.gov/psd/. 

 

Along with local changes in solar radiation, changes in the accumulation of lipids may 

be attributed to an irregular underside of the sea ice and therefore local variation in 

algae abundances (Krembs et al., 2002). As there is difficulty in collecting samples in 

an extreme environment, especially with sea ice break-up imminent (27
th
 June) 

(Campbell et al., 2011), all ice cores were collected in an approximate 0.17 miles
2
 (0.27 

km
2
) area, this possibly leading to variations in algae biomass over a reasonably large 

area. Statistical determination of the extent of correlation between temporal 

concentration changes of I  and chlorophyll a (r = 0.81; n = 10; P < 0.05) show the 

a) b) 

ǒ ǒ 














































































