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Temporal and vertical distributions of IP,s and other lipid biomarkers in sea ice

from Resolute Bay, Nunavut, Canada.

By

Ashleigh E. Ringrose

ABSTRACT

IP2s (Ice Proxy with 25 carbon atom&3 a highly branched isoprenoid biomarker,
specifically poduced by marine diatoms #rctic sea ice Temporal and verticalP,s
concentrations were measured in sedram a second location in the Canadian Arctic,
Resolute Bay, NunavuBea ice samplesese collecteas part of the Arctic ICE project

in collaboration with scientists of the University of Manitdbam April to June 2011
Comparisons were made betweather established lipid biomarkersf diatom origin

and general organic productiadongwith previously establishemporal and vertical
distributions in sea ice collected from tAenundsen Gulffrom January tdJune 2008

IP2s was present in sea ice from a second location in the Canadian Arctic over the spring
sea ice bloom periodndconcentrations correlated well with those of chlorophyl =

0.81; n = 10; P< 0.05) IP25 and chlorophylla were present througbut sea icecores
Accumulationof IP,5 and chlorophylla were highest(8%% - 99%) in the lower 3 cm,
whereas ertical distributions of fatty acids were more distributed throughout the sea ice
cores.Overall accumulation of IR in the lower section of the sea ice waand tobe

affected by snow cover.
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CHAPTER ONE

1.0INTRODUCTION

1.1 The Arctic Environment

1.1.1Climate warming

Due to rapid climate changthe Arctic is currently one of the fastest warming regions
in the world, warmingn average 1.9 timefsterthan the global meafWinton, 2006.

The annual landurface air temperature has risen by 80per decade between 1900
and 2002(McBean, 200} whilst January sea surface temperatunethe Barents Sea
have risen $ 0.51.0 °C from 2005 to 201ZNOAA, 2012. More evidence of Arctic
warming is shown by the reduction in Sea extent(Fig. 1.1) (NSIDC, 2013). The
extent of Arctic sea iceeducedat an average annual rate of approximately 45,100 km
(+4,600 knf) per year from 1979 to 200@arkinson and Cavalieri, 2008n January
2012 the winter sea ice extemiveraged 13.Tillion km? 1.1million km? below the

1979 to 2000 winter avageand the summer 2012 sea ice extent reached a record low
(3.41 million knf) sincesatelite data was first recorded in 197%urther studies have
alsoshownthatthe 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
simulatecomplete or nearly complete loss of multiyear sea ice in the Arctic as early as
2040 (Holland et al., 2006 Wang and Overland, 20R9 Melting of sea ice and
reduction in snow cover are relatedgeenhouse waring through the fbedo 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 ampbffeenhous warming by

10 to 20% globally (Reuss and Poulsen, 200There are a number ohechanisms

thought to #ect the melting of sea icend climate forcing in the Arctic, Barbet al.
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(2012) provides an overview of tkee For example an increase in sea surface
temperature has been associated with a decline in ahieesextent through changes in
latent ocean heafZzhang, 200h Sea surface temperatures are also affected by an
increase in first year ice and decrease in stable multiyeaasche increase in annual
open water gives rise to solar radiation and absorption intodéan, decreasing the
Albedo effect(Lindsay and Zhang, 2003Voodgate et al., 2006 This increase in
fragile first year ice has made the ice cover more susceptibriegional atmospheric
forcing. Largescale atmospheric changes can also result inywald retreat of sea ice

(Barber et al., 20)2and an increase in the breag, resulting in more mobile pack ice.

Melting of Arctic sea icecould alsoresult in changes to the current food web structure
anda reduction inbiodiversity (Gill et al., 201) as the sea ice is vital for providing a
habitat for polar marine organisni®etreat of the sea ice may also have implications
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. Asfood web dynamicén the Arcticmarine ecosysterohangejndigenous
people who depend orsome oftheseanimals for survivalmay be affected by these
changes first and most intensely (ACIA 200&hanges in timing of freezagp and
breakup of the sea ice may affélce safety, transpation and annual food security of
northern communities in the Arctic. Further investigatioto the physical factors of
climate change will lead to ensuring adaptability of northern communities to their
currently changing environmeirt which they live Reductionof sea ice may also have

a significant imm@ct on seasonal shipping and industrial development in the AAic.
sea ice has an important role fayin the Arctic ecosystentt, is vital we increase our
understanishg of the possible impacts ofiolate change on the polar environmetats

ensure further understanding of environmental and ssmmoomic implications.
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Figure 1.1 Arctic sea ice extenfNSIDC, 2012) and schematic of the Albedo Effe¢t Uover ice/snow covered
waters and open watédapted fronfNSIDC, 2012)).

1.1.2Arctic sea ice

As a iceis frozen salty wateif forms, grows and meltsver the oceans in the Polar
regions.lcebergs and glaciers differ from sea icethat they ardormed from fresh
water or compacted snow and originate on lg®ela ice in the Arctic is present in

differentforms with varyingarea, thicknesanddistribution

Arctic sea ice varies with the seasdce that remains during the summerasen is
known as multi year icehis is thick ice that has built up over extended periods of time.
In the summer months there are also usually large open areatenfowr thirice. The

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

increased solaradiation. The Arctic sea icethat melts during the summer and forms



during thewinter is known as first year icéThomas and Dieckmann, 2010n the
winter months, the amount of Arctic sea ice increases as temperatures fall. Large areas
of both multiyear and firsiyear ice form. Polynas in the winter can also fdunther
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 &loe. Sea ice can range from a few centimetres to metres thick however

generally multi year ice is thicker than first year ice.

Sea ce is formedrom frazil crystals(typically 3-4 millimetres in diamet) floating to

the aurface, accumating and aggregating togethe(NSIDC, 2012). In calm
conditions such asthose found in a fjord or bay close to land, ice foamghin and
smooth layer of ice called grease ice. Grease ice develops into a continuous thin sheet
called nlas, which gradually thickendue tocurrents anavinds pushing sheets of nilas

on top of each othem a procesknown 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 downwardfn aggitated condibns usually further out to seace

forms and breaks apart easifgsulting in smallepiecescalled pancake icRafferty,

2017). Rafting can then bring these pieceseibgr to form large ice sheets with rough
edges, resulting froomovement a pieces colli@ with one anotherlf the ice is thick
enough, idging sometimes occurahen the sea iceheets bend or fractueand pileon

top of each other. In the Arcticidges can be up to 20 m thick. Eventually, a reugh
bottomed ice sheet is formed whiemther pieces are aggregated together, a contrast to
the smootkbottomed ice sheets formed in catonditions.Over the winter tase ice
sheets continue to grow, howewrthe ice is not thick enough when the warmer

temperatures are reached in summer, the icenvalt (first year ice).flthe ice is thick
4



enough, it will remain over summer until thext winter when it will grow andontinue
to thicken (multi year ice) A simple schematic of sea ice faation is shown in Figure

1.2.

As temperatureand salinity measured in sea ice samples have a functional linear
relationship(Thomas and Dieckmann, 2018nd emperature changes havestaong
influence on the prodtion of brine in sea icéPetrichand Eicken, 2010 temperature
and salinity arenajor influences of the structure of sea(G®lden et al., 20Q7Thomas

and Dieckmann, 20)0Sea water contains many ions includiNg’, Mg**, K*, CI,
SO, CO® and C&. The crystal lattice structure of sea ice is resistant to the
incorporation ofthesesea salt ionstherefore they are rejected from the structuhen

sea ice formsThese salt ions are rejected in the form of brine through chatta¢bre
formed by expulsion and gravity drainage of brine pockets in the se&ime and
Martin, 1975. These micro and macroscopic channale®w organisms,including
algae to inhabit the sea icés 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 layerof ice at the bottonthatis at the respective melting/freezing point andfis
both solid and liquid properties. This increase in salt cdraon then leads to

diffusioninto the ocean out of the brine chann@komas and Dieckmann, 2010

Sea ice melt is partly dependent on the Albedo of the ice/snow and levels of solar
radiation penetrating uringthe summer month@NSIDC, 2012h. As snow and the
surfa® of the ice start to melmeltponds form ontop of the ice floes. As these deepen
and the ice carries on melting théb&do continues to decrease, shncreasing 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 abdahe freezing point typically in leads or polynyashis

will begin to melt thebottom andside surfaces of the ice floe.
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Figure 1.2.Simple schematicof a) sea ice formation in calm and rough conditiansib) brine channels in sea ice
along withc) a photograph in natural light showing elongated brine chatesleeen ice crystals (image taken from
www.nsidc.org courtesy of Ted Maksym, United States Naval Academy).

1.2 The Arctic ecosystem

1.2.1Marine primary production

There are two important habitats for Arctic marine primary production; sea ice and open
water. In these two marine environmendsfferent algalspecies grow; algae on the
underside and within the seasonal sed$yertsen, 199land phytoplankton growing

in the open waterfRound, 198). 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, 1983 and wave fields that pump water through grease ice,itrgmpganisms

between the ice crystaldckley, 1987.

The amount of sunlight available, due t@ iand snow covegiPalmisano et al., 1985
and seasonal variability of day light hotse et al., 2008 are key factors affecting
the amount of algal growth. Other important factors include saliGitgnt aad Horner,
1976, temperatur€Arrigo and Sullivan, 1992and availability of nutrientéLizotte and
Sullivan, 1992. In ice covered regionshe bottom few centimegts of ice containing the
algae is the main source of food for the ecosystbeiew (Gosselin et al.,, 1997
Thomas and Dieckmanr2010. During spring there is an enhancement in this-ice
associated algae as it is the optimal period for grg@&tbwn et al., 2011Smith 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 p(Bsewn, 2011
Hegseth, 1998 The associatedbloom is initiated by increased solar radiation,
stratification induced ice melting and abundant whatecumulated nutrients
(Wassmann et al20063. Therapid sinking of ice algae provides an earlyasen food

source for the benthmommunity(Morata et al., 201,(Renaud et al., 2007

1.2.2Diatoms

One of the most common primary souradsorganic matterin the Arctic marine
environment are the unicellular photosynthetic protists, diatDimasomsareeukaryotic
single celled colonial organisms found in marine and terrestrial envirdaarath make
up the majority oseaice algadan the Arctic They ae respondile for around one fifth
of the wor |l dés (Fplkowski atraly, 1998with cinngat avevagérctic

primary productionestimates at approximately 26 C m? y* (Sakshaug, 2004

Characterisetby their siica cell walls called frustulelRampen, 2000 marine diatoms
7



have two main types; pennaad centricPennate diatoms are thin, lenticular in shape
and found attached to substraach as sea icehdse inaldeNitzschia sppandHaslea
spp Centric diatoms, includinGhaetoceros sp@ndThalassiosira spp are arcular in
shape, bouyant and found mostly in the water colurfBooth and Horner, 1997

Falkowski et al., 1998Gran,1904).

Diatom assemblages can be used to monitoirenmental changes and in some cases
the implications oflongterm human impacton the environmentFor example
sedimentary diatom assemblages can give detailed informateutrophicatiortrends

in lakes For example AndersoAfiderson 1989 studiedthe eutophication of the lake
Lough Augher in Northern Irelandjue 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 @ndeasuresurface

water acidificatio. 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 monitoreds part of national monitoring prgrammes

(Battarbee et al., 20)0

Diatomscanalsobe used as pab primary production indicato(€hmura et al., 2004
and variation in diim species in sediment corean provide information on patd sea
ice cover(Gersonde and Zielinski, 20p0~or exampleGersonde and Zielinski found
that abundance changes in the diattama Fragilariopsis curta and Fragilariopsis
cylindrus within sedimet cores collected in the Antdic, was a robust identification

tool for the winter sea ice extent.

1.2.3Consumers
Sea ice in the Arctic has beesstablished as prime environmenfor primary

consumerglLaurion et al., 1995SimeNgando et al., 1997 Some of these species live
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within the ice such as copepods (Fig.1.3c) areimatodes (Fig.1fBand are known as
in-ice fauna(Thomas and Dieckmann, 201@ther larger metazoan specasknown

as undeice macrofaunand include speciesuch as amphipods and figat live in

close proximity to the under side of the igeradinger and Bluhm, 2004Fig. 1.3.

This denset packed food source of sea ice algae on the underside and within ice can be
much more favourable to consumers when phytddan concentrations are low,
egecially in the spring season. For examphe, mearshore amphip@hismus litoralis
feedsalmost exclusively on sea ice algae in the spring ;tifeeding primarily on

pennate sea ice diator(GGarey and Boudrias, 1987

1.2.4 Predators

Polar cod Boreogadus saidaFig. 1.3), is an important species in the Arctic food web
as it feeds on sympagic fauna and directly anise algae. # predators incide black
guillemots Cepphus gryllg Brinnich'sguillemots(Uria lomvia) (Bradstreet, 1979
and ringed seald”fioca hispida(Finley et al., 1988 In icecovered regiongolar cod

rely on the ice for both protection against predators and as a feeding (@kai@inger

and Bluhm, 2004Welch 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)possbly avoiding predation by diving sea(8enoit et al.,
2008 or following their prey such as amphipogee(sonal observatiohsRinged seals
depend on stable annual ice and sufficient snow coverage fowlalesseal pups rely

on the ice for initial growth and developmediithomas and Dieckmann, 2010Polar
bears Ursus maritimu} (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 thdives on the sea ig@®erocher, 2012Stirling et al.,
1999. These populations of primary production, consumers @edators have great

influence on huit sustainability as they contribute significanttyfood sources omlit
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communities(IPY-API, 201Q. A few examples of polar species that rely on sea ice

presence and th@imary sources ofolod within are showm Fig. 1.3

Figure 1.3 Examples of Actic ice-associated fauna) Polar cod (Photograph by Thomas BrowrBoreogadus

saida b) Sympagohydra tuylic) Apherusa glacialis d) turbellarian e) Copepod naupliusf) nematode g)
Gammarus wilkitzkjih) Hesionidae juvenilg) Mertensia sp(Thomas and Dieckmann 201@),0Onisimus nanseni
photograph B Mikko Vihtakai, MOSJ cruiseand k) Polar Bear (rsus maritimu} photograph by Ashleigh
Ringrose

1.2.5 The effects otlimate change on Arctic food webs

Predictionsof Arctic sea ice retreat and information of species reliance on the habitat
and food sourcwithin, may alloweffects of climate change on Arctic food webse

anticipated in the future.

Prehistoric Heingh events, have been widely studied to gain a wider understanding of
possible future climate change effects. By analysing prehistoric, rapid and pastpt
climatic events, a better understanding of the environments response to a similar
climatic event, arrently predicted partly due to humanpact may be provided
Heinrich events are climate transitions which are linked to discharges-loérige from

the Northern Hemisphere that melt in the North Atlantising sediment analysis from

these prehistorievents, Cernf® and ceworkers have predicted that marine diatom
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communities will respond toufure, climatenduced environm&al changes through
variation in species abundance. However, they also suggested marine diatom
communities will also be able toaintain the potential to shift back to previous states if

the environmental conditions areestablished@ermeio et al., 2013).

Phytoplankton, inlcudinges ice algagdmade up partly bynarine diatoms) produce
organic molecules such as polyunsaturdggty acids (PUFAS) that are vital in animal
diets (Sareide et al.,, 20)J0Someanimal species cannot synthesise these themselves
(Nichols, 2003, resuling in malnutrition, stunted growth and degffiongmanitchai
and Ward, 198P Shifts in animal popations that heavily rely on sea iakgae for their
intake of PUFAsmay be obseed due to a reduction in accdsigly to these vital

compounds.

Alternative predictions of climate induced changes to the Arettosystenshow an
overall increase of primary production of more than 3@Wassmann et al., 2006b
however with a greater contribution from open water phytoplanitmhless fronsea

ice algae (Horner and Schrader, 198Hsiao, 1992 This switch between the
availability of primary productionsourcesmay induce feeding habbit changes of
consumers that rely mainly on sea ice algae. This will add demand for vital corapound

such as PUFAs, from open water phytoplankton.

Changes inCalanus species dominance due to temperatshéts have also been
predicted a warmer Arctic with reduced ice cover and new ppigiokbnic bloom
regimes would favour the smaller and less lipid rlalanus finmarchicugFalk-
Petersen et al., 20R7This in turn may reducepopulations ofthe little auk Alcidae
alle) and minke whale Balaenoptera acutorostataArctic ringed seals have long
lactation periods, usually 36 to 41 ddimmill et al., 199} Pups obtain 93% of their

first year growth during this suckling perig®mith, 1987. Absene of stable ice
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throughout this period may make this species vulnerdilis ould potentiallyresultin
slower growth and higher mortality rate$ the ringed sealvith retreat of their vital
habitat(Smith and Harwood, 2001 The effects of climate change on Arctic food webs
are difficult to measureSome methods of monitoring these effects include using
satelite imagery to measure sea ice extent chaagesnimal population monitoring
Chemicalbiomarkersare also usefuvhen monitoring the effects of climate change. For
example, the unsaturation index"4J of long chain alkenones, produced by
coccolithophores, providanformation of past sea surface temperat(Brassell et al.,
1986. Anotherindex to investigate past sea surfaceperatures iFEXgs. This uses the
number of cyclopentane moieties in glyceadlkyl glycerol tetraethers (GDGTsgp an
indicator of temperaturean increase in rings corresponds to an increaggaduction

temperature.

1.3Biomarkers found in the Arctic marine environment

A molecular biomarkeis achemicalindicator ofa processhatcannotbe measured and
evaluateddirectly. Biomarkerscan be chemical finger prints of the orgamifrom
which they are produced. They can indicHte existence, either past or present, of

biological sources and environmengtdtes ochanges.

1.31 Fatty acids

Fatty acids area set ofcommon biomarkers used to study food webs in marine
ecosystemgNichols et al., 1986 Saturated and unsaturated fatty a@ds important

for storingenergy and maintaining cell fluidity at low temperatui@glan et al., 1981
Sicko-Goad et al., 1988and some, including {go, are ubiquitous.Some fatty acids
including Cy4, C1 6 - 1&0eCys (FI, FII, FllIl ; Fig. 1.4 arebelieved to beaepresentative

of marine diatomgDunstan et al., 19930pute, 1974Volkman et al., 1998Zhukova
and Aizdaicher, 1995 Discriminating betweera sea i@ and/or phytplanktic origin

howeveris not possible. Despite the lack of clarityfafty acidprimary source origins,
12



their relative abundances can give information towards changes in the environment,
such as algal bloon{8rown et al., 2011Reuss and Poulsen, 2QGhd overall primary

productivity(Rampen et al., 20)0

1.32HBIs

A third class of biomarkers areghly branched isoprenoids (HBIg)hich, unlike fatty
acids, are resticted in terms of their origin. HBIs preduced bysomediatomaceous
algae includingHaslea spp (Allard et al., 2001 Johns et al., 199%/olkman et al.,
1994 Wraige et al., 1997 Rhizosolenia sp(Sinninghe Damsté et al., 199%nd
Pleurosigma sp(Belt et al., 2000 HBIs are branched hydrocarbons with usuaily 25
or 30 carbon atomsvith betweerat leastl and 6 double bond¥olkman et al., 1994

Wraige et al., 1997

Cos HBIs were frst found in sediment in 197{&earing et al., 1976later thestructure
and biological sourcevere identified (Robson and Rowland, 198&olkman et al.,
1994). The extent of unsaturation iHaslea ostreariawas found to be tempetae
dependat (Rowland et al., 2001 Therefore it was hypothesised that a monoene HBI
would be present demperatures lower thafC. IP,s (1; Fig. 1.9 is an HBI with one
double bondand wasidentified in Arctic sea ic€Belt et al., 200y and recognisedo

have a likelysea ice source, based on stable carbon isotope ar(8gkist al., 2008

The curent understanding of the role of IslBndspecifically IRs in marinediatoms is
unknown. However a broad hypothesis can be madsigjgesthe purpose of Bis
being similar to other lipidsuch as fatty acids and sterdig,store energynd to be
constructural constituents in diatom cell® date, he individual speciesof diatom
responsible for produciniiP,s have not been identifiedue tothe absense of jpfrom
laboratory culturing xperiments. This was possibly due to a lack of facilities to

accurately create minus temperatures, similar to the natural envirorthosveyver it is
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likely that eitherHaslea sppor Navicula spp(or both) are the diatom sources, as these
diatom genera are known to producg BBIs in culture and both have been found in

sea ice samples containingdfBelt et al., 2007Brown, 201).

It is also hypothesised that temperature is ¢batroling factor that localises the
production of IBs to the sea ice rather than the open wdter.the past five years 4§
has been usetb mapformer sea icecover throughout theHolocene period and has
providedinformation towards climate reconstruction and prediction mod=k et al.,

201Q Gregory et al., 20LMdller et al., 2009Vare et al., 2000
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Figure 1.4 Molecular structures of analytes in the current stuys (1), Cos.as6)(112), Cosoenny(11b) , Cosar20) E
(), silylated fatty acids G, (FI), Cinr (FII), Cp (FllI), Cugnry (FIV) and Cig (FV).
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CHAPTER TWO

2.0 THE CURRENT STUDY

2.1 Previous work IP,5in sea ice

IP25s was first identified in sea ice from three separate locations in the Canadian sub and
high Arctic; Button Bay,McDougall Sound andFranklin Bay(Belt et al., 200y (Fig.
2.1). To give further understanding of the production ofslRemporal and vertical
distributions were investigated in sea walectedfrom the Amundsen Gulin 2008
(Brown et al., 201} (Fig. 2.1). The majority of IBs production (ca. 90%) in the
Amundsen Gulf took place from midarch to the end of Magndpeak concentrations
reached310 pg mL! in early May (Brown et al., 201)L As IPss production paralleled
the main production interval of other biomarkers (chloropayfatty acids, sterols and
diatom cell abundances) and was not detected in sea ice sdroptemid-winter to
early spring, it was concluded thatdMvas synthesised during the spring blo@mown

et al.,, 201} In terms of vertical distributions, peak,lRconcentations occurred close
to the icewater interface (ca.-3 cm). The majority of IR production (>85%) was
found within ice sections that had brine volume fractions XB¥own et al., 201},
which is required for diatom colonisation and gro\idnown et al., 2011 and references

therein).
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Figure 2.1.Previous sea ice sampling locations fojsl@ nal ysi s . Symbol s denote
McDougall Soundz Franklin Bay,y” Amundsen Gulf

2.2 Aims and objectivesof this study

Initial findings of the environmental influences affecting.dproduction in sea ice and
its temporal and spatial distriboms have been investigated in the Amundsen.Qualf
be able to use this specific biomarker in future studies across the Arotie,temporal
and spaal informaion needs to be providedherebre the main aim of this study wa
to give furtherunderstanuhg of the occurrencand accumulatioof 1P,s and other lipid

biomarkers in Arctic sea ic&his wasachieved by the followinghgectives

i. To investigateconcentration changes IR,s and other lipid biomarker
in Arctic sea icdrom Resolute Bagpver the springeriod

il To investigate relationships between concentrations gf dRd other
indicators of general sea ice primary production inisedrom Resolute

Bay
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ii. To investigateconcentration changes IR»s and other lipid biomarkers
vertically within Arctic sea icdrom Resolute Bay

(2 To investigate the effect (if any) of snow cover ossl&nd other lipid
concentrations in sea ice from RedelBay

V. To comparetiiming and concentrationsf theselipid biomarkers in sea
ice between Resolute Bay aprkevious data fronthe Amundsen Gulf in

the Canadian Arctic

2.3 Study location

The Resolute Passage in the centre of the dianarctic ArchipelagqFig. 2.2) hasa
maximum deptlof 168 m and landiast sea ice can be up to 2 m thick, persistent from
November to JulySiferd and Conover, 1992This area has been a popular study site
for many multidisciplinary ice algal ecosystem and carbon flow stéigsuchi et al.,
1997, Michel et al., 2006Smith et al., 1988Vézina et al., 1997Welch et al., 199
Located orthe south coast of Cornwallisland, Resolute Bay (741 6 N 5 2009M)

a small nuit hamlet in Nunavut, Canada.

2.4 Sample collection

The process described hewas carried out by scientists from the University of
Manitoba, participating on the Arctic ICE projaot 2011 Replicate ice cores (Table
2.1) were sampled with a Kovacs ice coreran approximate 0.1iles” (0.27 kn?)
sampling areaand sectioned intdive sections, usually with the same a@imilar
horizons. For simplicity of this studyhese sections will be denoted as the following;
sectionA (0-3 cm; zero being the ice/water interface), secBof8-10 cm), sectiorC
(approx.1660 cm), sectio® (approx. 63110 cm) and sectioB (appra. 110 to the top
of the core).The same section from each core was then pooled togethake into
acount for environmental variabilitgnd added to filtered sea waf{@00 ml for every 1
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cm of sea icg This minimises cell lysis which isthe breakdown of a cell, due to

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

ensures thalittle additionalorganic matteis added Ice cores wh filtered sea water

werethen left to melt in the dk at the room temperature of the ves& h). The

sealed container was swirled to make sure the mixturehwasg@eousanda sub

sample(10071 3900 mL)was filtered under vacuum onto a glass fibiter (GF/F; 0.7

e m)flash frozen at80°C andthenstored at20°C until further analysis (Fig.3).
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Figure 2.2.a) A map ofthe Canadian Arctic Archipelago region and GreenlaRésolute Bay s
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Table 2.1.Summary of theseaice core sampling in Resolute Bay during the Arctic ICE project 2011. Low, medium
and high snow oeerrepresented by L, M and H.

Averaged ice Number of
Horizon Snow depth | Average snow cover
Date Station ID Lat. (N) Long. (W) thickness of cores
(cm) categry of pooled cores (cm)
pooled cores (cm) pooled
27/04/11 All 7443.161 95°09.974 158.3 0-3 L 5.6 3
27/04/11 All 74°43.163 95°09.965 158.6 0-3 M 13 3
27/04/11 All 7443.162 95°09.953 161 0-3 H 23.6 4
01/05/11 Al2 74°43.161 95°09.919 155.6 0-3 L 7.6 3
01/05/11 Al2 74°43.159 95°09.938 No data provided 0-3 M 17 3
01/05/11 Al2 74°43.157 95°09.947 181.6 0-3 H 29.3 3
01/05/11 Al2 74°43.159 95°09.938 310 M 3
01/05/11 Al2 74°43.159 95°09.938 10-57 M 1
01/05/11 Al2 74°43.159 95°09.938 57-107 M 1
01/05/11 Al2 74°43.159 95°09.938 107-157 M 1
05/05/11 Al3 74°43.165 95°09.868 160 0-3 L 7.6 3
05/05/11 Al3 74°43.164 95°09.982 137.6 0-3 M 22 3
05/05/11 Al3 74°43.158 95°09.911 142 0-3 H 20.3 3
10/05/11 Al4 74°43.166 95°09.864 159.6 0-3 L 12 3
10/05/11 Al4 74°43.167 95°09.851 161.5 0-3 M 14 3
10/05/11 Al4 74°43.168 95°09.827 134.6 0-3 H 23.2 3
10/05/11 Al4 74°43.167 95°09.851 3-10 M 3
10/05/11 Al4 74°43.167 95°09.851 10-50 M 1
10/05/11 Al4 74043 167 95°09.851 50-110 M 1
10/05/11 Al4 74°43.167 95°09.851 110150 M 1
15/05/11 Al5 74°43.162 95°09.740 154.8 0-3 L 7.8 3
15/05/11 Al5 74°43.160 95°09.750 142 0-3 M 18.6 3
15/05/11 Al5 74°43.161 95°09.769 139.8 0-3 H 27 3
19/05/11 Al6 74°43.171 95°09.665 155.2 0-3 L 8 3
19/05/11 Al6 74°43.171 95°09.653 150.8 0-3 M 13.7 3
19/05/11 Al6 74°43.168 95°09.678 153.2 0-3 H 243 3
19/05/11 Al6 74°43.171 05°09.653 3-10 M 3
19/05/11 Al6 74°43.171 95°09.653 10-60 M 1
19/05/11 Al6 74°43.171 95°09.653 60-110 M 1
19/05/11 Al6 74°43.171 95°09.653 110164 M 1
23/05/11 Al7 74°43.144 95°09.699 154.8 0-3 L 8.5 3
23/05/11 Al7 74°43.150 95°09.659 152.6 0-3 M 12.2 3
27/05/11 Al8 74°43.138 95°09.655 156.2 0-3 L 8.5 3
27/05/11 Al8 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 Al8 74°43.136 95°09.631 310 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 Al8 74°43.136 95°09.631 110150 M 1
31/05/11 Al9 74°43. 099 95°09.601 148.3 0-3 L 10.5 3
31/05/11 Al9 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
04/06/11 Al10 74°43.087 95°09 526 150.3 0-3 L 7.6
04/06/11 Al10 74°43.084 095°09.591 136 0-3 M 13.6
04/06/11 Al10 74°43.079 95°09.648 148.3 0-3 H 18.6
04/06/11 AI10 74°43.084 05°09.591 3-10 M

04/06/11 Al10 74°43.084 95°09.591 10-60 M

04/06/11 Al10 74°43.084 95°09.591 60-110 M

04/06/11 Al10 74°43.084 05°09.591 110140 M

08/06/11 Alll 74°43.081 95°09.498 154.8 0-3 L 7.2
08/06/11 Alll 74°43.071 95°09.508 148 0-3 M 16
08/06/11 Alll 74°43.072 05°09.491 154.5 0-3 H 39.6
12/06/11 Al12 74°43.075 05°09.446 146.3 0-3 L No data provided
12/06/11 Al12 74°43.074 05°09.467 145.5 0-3 H 9.3
16/06/11 Al13 74°43.063 05°09.495 154 0-3 H 3
20/06/11 All4 74°43.042 05°09. 564 143 0-3 H 2.2
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CHAPTER THREE

3.0METHODOLOGY

3.1 Introduction

This chapter describes the experimental procedures undertaken in thitosseggprate

the biomarkers of interest (HBIs including.4Pfatty acidsand chlorophylia) from the
filtered seaice core samples to enable analysis. Sampée provided by calagues at

the University of Manitoba, Canadand werecollected during the Arctic ICE 2011
project. Samples werflash frozen (-80°C), stored {20°C) and freeze ded before
delivery to PlymouthUniversity UK). Each filtered sea ice sample was analystter

as a wholejn half or in quartersin orderto testthe reprodudbility of the data and
analyticalprocedurs. Figure 3.1 represents the portioning method of filtered samples.
Replicates of the mass of analyte per mL of sea ice were calculatzdchiating the

means of the concentrations in each half/quarter)

GF/IF GF/F

Figure 3.1. Schematic of filter portioning for samples collected on the Arctic ICE project 204dd 2 represent
portioning in two halvesvhilst 2aand2b represent portioning iquarterqFilter size 47mm)

3.2 Extraction and purification of lipid fractions
Whole or part filters were placed in clear glass 7 mL vials and ihternal standards
were added prior to extractiaf lipids for laterquantification(Table 3.1) Thesewere

9-octyl-8-heptadeceng(lSa) and 7-hexylnonadecanglSb) to quantify HBIs and
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nonadecanoic aciflSc) to quantify fatty acidsThesestandardsvere selected as they
best represent the specific analytes in their structure and chemical belzndare not
normally present in sea icéor exampldSa andISb both have a mekular structure
with 25 carbon atoms which behasgemiladly to | and the other HBIs duringhe

extractionand purificationprocesgBelt et al., 2012Brown et al., 2011

Samples were then saponifiedith a sufficient amount of methanolic potassium
hydroxide(5% KOH; MeOH, HO; 80/20 v/v) to cover thefilter (ca. 23 mL), capped,
vortexed (10 sec), sonicated (5 mar)d heated at 8@ for 60 min.Non-saponifiable
lipids (NSLs) were extractedinto clean vials withhexare using the following methad

1 mL of hexane was added, the vial was cappedexed (10 sec) and centrifuge®D(
sec at 2500 rpjrandthentransferred into an additional clean vi@his extraction was
repeated twice moreSolutions containing potassium hydroxidere thenprotonated
with concentrated HCI (inL), capped, vortexed (10 sem)d saponifiable lipids (SLs)
including free fatty acidsvere extracted into hexaif@ x 1 mL asbefore).NSLs were
purified by open column silica chromatography (99:1 ,SiQSLs). Apolar lipids
including HBIs were collected into clean vials with hexane (5 column volumes),
followed by the more polar compounds wiichloromethane/methanol (50:50 v,
column vdumes) Figure 3.2 shows a schematic of the extraction and purification

procedures undertaken.

3.3Derivatisation

Saponifiable plar lipids including free fatty acids wemnvertedinto trimethyilsilyl
derivatives (TMS), to reduce polarityand improve peak shape durirapalysis by
GCMS. After the derivéising agent, is(trimethylsilyDtrifluoroacetamide (BSTFA)

was added (50L), samples wereapped and heated 2°C for 20 min.
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3.4 Gas chromatography-mass spectrometry (GQMS)

All samples were diluted with hexane (Rpalar extracts) or dichloromethane (polar
extracts)to an appropriate concentratigd.001 mg mL') for analysis by GC/MS.
Analysiswas carried out using an Agilent 7890A gas chromatdg(&L), coupled to

an Agilent 5975 mass selective detector, fitted with an Agitébus (30 m x 0.25

mm x 0.25um) column with autespitlessinjection (306C) and helium carrier gas (1
mL min® constant flow). Detectable compounds were determined by both total ion
current (TIC;m/z50-500 Daltong and selective ion monitoring (StM0.3 +0.7m/z of
interesj modes. TIC allowed the retention times and mass spectra of selected
compounds to be elidated while SIM was usedlor compound quantification due to

its higher selectivity and sensitivity.Analysis byGC involved a ramped temperature
profile from 40300°C at 16C min™, with a 10 minute isothermal at 3 Data
analysis and collection was achieved with Agilent Chemstation softwamsion

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

Add internal standards

Add enough 5% KOH; MeOH, #; 80/20 vl/v, to cover filte{ca. 23 mL). Cap, vortex (10 sec) and
sonicate % min)

Add 1 mL of hexangcap, vortex (10 sec) and centrifu@® sec at 2500 rpm)

Extract hexane layer with glass pipette into new wgajive the NSLs

Repeat steps 4 and\ite more

Add 1 mL of concHCI to the vial containing the filter and KOH solutjarap and vortex (10 sec)

Add 1 mL of hexane, cap, vortex (10 sec) and centrif@@eséc at 2500 rpm)

Extracttop hexane layer with glass pipette into new vial to give the SLs

Repeat steps 7 andBice more.

TransferNSL mixture to column, elute with hexane (5 column volumes) and collect hexane soluble NSLs
in new vial

Elute DCM/MeOH soluble NSLs with DCM/MeOH (50:50 v/v; 5 column volumeg) new vial

Dry all extracts under N25°C)
Derivitise SLs (BSTFA, 5QuL; 70°C; 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
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3.5Quantification of HBIs

Quantification of HBIsand internal standare@xtracted from the filtered sea isamples
werefirst achieved bydentification ofindividual isomersand internal standardisom
theirmass spectra from the TIC chromatogr@on exampleFig. 3.3) andmanual
integration of the SIM chromagjrans. Theintegrated peak arsaf the molecular ion
(M™) signal for eactdBI (1: m/z350.311 : m/z348.3l1l : m/z346.3(Fig. 3.4)) and the
respective internal standafrdm the SIM chromatogramgerethenusedto calculate
the concentration of eacdomer according tequation3.1 The detection limifor
quantification of 1Bs using the GGMS system described 19 ng mL™* (S/N > 3)(Belt
et al., 2012)It is presumed that this value is the same for the @ih&iyte GC/MS

detection limits.

Equation 3.1 0& Wawe Q

There are many factors to consider when quantifying analytes using GC/MS, some of
these includedetector sensitivity towards each anatelinternal standar@RF), mass
of theinternal standard addgilis), volume of sea ice analys€dice), proportion of

sea ice filtered for analys{¥'tot/Vfilt) and the proportion dflter analysedw .

Equaton 3.1 allows for quantification ofall HBI analytesin this study Pa/Pis denotes

the ratio between théntegrated peak area of the SIM"MIBI ion (Fig. 3.4)andthe
integrated peak area of the SIM' NMternal standaribn, ISa (m/z350.3 or ISb (m/z

99) depending on the analytéhis ratio is then multiplied by the corresponding GC/MS
response factoiRF) to take accoundf the detector sensitivity towards each anaiyd

the internal standard. To convert this number into a mass unit, it is multiplied by the
mass of the internal standard add#tisf. Equation 3.1 gives the abundance of the
analyte in nass per unit volume of sea icheteforeVice denotes for the voluenof sea

ice analysedTo take into account for the proportion of the sea ice filtetteslyalue is
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multiplied by the inversed proportion of ice filter@dtot (sea ice volume and filtered
sea water volumedver the volume filteredVfilt). Finally, to &ke into account the
proportion of the filter analysed (either a quarter, half or whole), the volume filtered is

multiplied by®(0.25, 0.5 or 1).
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Figure 3.3. Background subtraed mass speetrand structure of (M* = m/z350.3), internal standardSa (M* =
m/z350.3 andISb (M = m/z352).
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Figure 3.4 An example of prtial SIM extracted chromatagmsof thehexane solubl&ISL extract of filtered sea ice
samplesHBIs; | (m/z350.3) Il (m/z348.3)and Ill (m/z346.3)are shown along witlthe integration technique
shown by dotted lines.

3.6 Quantification of fatty acid trimethylsilyl esters

Quantification of derivased fatty acids extracted from filtered seasaenplesvasfirst
achieved byidentification ofindividual isomersand internal standarilom their mass
spectra from the TIC chromatogras(Fig. 3.5) with comparison othe previousorder
of elution of individual analytegBrown, 201} and manual integration of the TMS
fragment ion in/z117) in SIM mode These peak area values were incorporatéa in
equation 3.1 a®a, along with individualRF values for each analyte (TablelBto

accurately calculatedividual fatty acidconcentratios.
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3.7 Quantification of chlorophyll a

Colleagues at the University of Manitoba meltadd filteredsea ice sulsamples
(sectionA; 0-3 cm) for the determination of chlorophyl Concentrations (mg 1)
were calculated using equation@lolm-Hansen et al., 1965after measuring
fluorecence with a Turner Designs-DO5R fluorometer afte24 h extraction in 90%

acetone at approximatelyG in the darkParsons et al., 1984

Table 3.1.All analyteswith relative response ¢#ors,SIM m/z ions used for quantificaticand relative amounts of
each usedResponse factors were calculated from calibnaturves produced by colleagues at Plymouth University.
| was isolated from mass extraction of marine sedimérandIll were isolated from diatom laboratory cultures.
Fatty acid response factors were also calculated by calibration curves, howevpurfchased standards

Concentrations and amount of standard
SIM Response factoRF) added to sea ice samples
Lipid ) and standard used tq P
m/zion uantify
q SectionA (0-3 cm) SectionsB-E
| 1P2s 350.3 5.0
ISa 10 pL; 10 pg mt* 20 uL; 0.1 pg mt*
HBIs I Czs;z(s/s)and Q5;2(5/17) 348.3 11.3
1 Cas:a(720) E 346.3 10.0 ISb 10 pL; 10 pg mc* 20 uL; 0.1 pg m*
FI Cis 117 12
Fll Cie:1r7 117 0.9
Fatty acids | FlII Cis 117 13 ISc 10 pL; 4 mgmLC* | 20 uL; 0.04 mg mE
FIV Cig:17 117 05
FV Cis 117 1.0
ISa S-octyh8- 350.3
heptadecene
Internal
standards I1Sb 7-hexylnonadecane 99
ISc Clg 117
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CHAPTER FOUR

4.0 RESULTS

4.1 Introduction

This chapter describeemporalconcentration®f, and correlations betweeh,(I1P2s)

and other lipidsn sea icecollectedfrom Resolute Bayver the pring periodbetween

April 27" and June8"™ 2011. Vertical lipid concentration profilesrom sea ice cores
collected from the same sampling site and time peniecalso described his chapter

also describethe investigation into the effect snow cover has on overall accumulation
of the lipids present in the sea ice. Findings from this study in Resolute Bathen
compared to previous temporal and vertical findings from sea ice cores collected in the

Amundsen Gulfn 2008

4.2 Temporal distributions of lipids in sea iceover the spring period

Concentrations of and other lipids were established by GC/MS analysis ofAhe
section (lower €8 cm) of sea ice coresllected in Resolute Bay fromnid-April to
early June 2011. Figure 4.1 showthe analytical outcomes of the GC/MS analysis
procedure. The TIC chromatogna show retention times for the individuahalytes

whilst the SIM chromatograms show signals used for quantification.

These example chromatograms ficen sea ice samples collected on thé' ®Tay with
low snow cover (8.5cm). Theseresulted in the follomg concentrations of each
analyte;l (IP2s) 2.4 ng mLY, Il (Cosaseyand Gsaenny 7.6 ng mE, Il (Cas:azr20)8 0.33
ng mLY, FI (Cys) 1.3 ug mLY, FIl (Cie1 7) 1.8 ug mLY, FIll (Cie) 1.9 pg mL?, FIV

(Cis:1 7) 0.044pg mL* andFV (Cpg) 0.082pug mL™.
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Figure 4.1.Partial TIC and SIM chromatograms af hexane soluble NSL antg) SL from filtered sea ice sample
Al8 (27" May 2011)filter half 1 with low snow cover.

Analysis of the sea iceampleswith medium snow cover (12.2 cin22 cm)allowed
temporal concentrations of the analytesbe quantifiedSamples with medium snow
depth were chosen for the temporal analysis to be comparable to the vertical samples
Concentrations oHBIs (I (IP2s), Il (combined diene€ss.iss)yand Gs:oei7) andlll
(Cas:30120 £) Were investigated in th& section of the sea ice samples over the temporal
sampling period27" April to the 8" June 2011)The mean concentration bfover the
sampling period ranged from 0.23 ng o 4.5 ng mL* andpeaked on th@7" May

(Fig. 4.2) The mean concentratiaf Il ranged from 1.5 ng mt.to 14 ng mL*, which
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peakedearlieron the 2% May, whilst the mean concentration bf ranged fom 0.28
ng mL* to 3.4 ng mL* andpeaked on the foMay. Determination of average relative
contributions of individual HBI isomers to the totéBls over thesampling period (Fig.
4.2), revealedll to be the most abundantpntributing ca. 706 of the total HBI
concentration in thé& section ofthe sea ice sampsewhereas contributed ca20% and

[l ca. 10%.

Concentrations of fatty acid§l( (Ci4), Fll (Ci6:1v7), FlIl (Cyg), FIV (Cig:1v7) andFV

(C1g)) were also investigated in thfe section of the sea ice samples over the temporal
sampling periodFigure 4.3 shows the mean concentrations of the fatty acids between
the replicate filter sample halves. The mean concentratiéih cdnged from 0.0211g
mL?to 1.9ug mL*, which peaked on the 3May. Mean concentrations &1l peaked

on the 8th June and ranged from 0.0054ig mL* to 3.1 pg mLY. Flll mean
concentrations ranged from 0.088 mL™* to 3.4ug mL* but peaked slightly later on

the 8" June, whereas mean concentration&laf peaked on the 31May and ranged
from 0.00039ug mL™ to 0.047pg mL™. Lastly, FV mean concentrations ranged from
0.0033pg mL* to 0.098ug mL* and peaked on thé"4une. Determination of average
relative contributions of individual fatty acids to the total fatty acid abundance over the
temporal sampling period (Fig. 4.4), reveakdd to be the most abundant, contributing
ca. 50% of the total fatty acid concentoatiin theA section of the sea ice sampl€s.
andFIl contributed ca. 22% and 26% respectively, whilst andFV only contributed

ca. 2% collectivelyFIl andFlll appear to have opposite trendshirir contributiors to

the total fatty acids as accumtiben of FIl increases andrlll decreases over the
sampling periodAs FI, FIl andFlll are known to be from a diatom origin, it can be
stated that ca. 98% of the total fatty acids analysed inAtlsection of the sea ice

samples over the temporal samplpegiod, were produced by diatomaceous algae.
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Concentrations o€hlorophyll a were also investigated in th# section of the sea ice
samples over the temporal sampling pefied. 4.5) Two replicate ,asurements and
guantification of chlorophyla were carried out by other scientists at the University of
Manitoba.Mean chlorophyll a concentrations ranged from 3.9 rifger34 mg n¥ and

peaked on the fomay.

The reproducibility of this temporal data, for all measured analigesriable(Table

4.1.) The mass of analyte measured on each half oG#& was between Gand 1.6

times greater tharthe corresponding halVacuum filtration onto a GF/F des not
guarantee a homogeneously spread filtrate. However when portionifijettse every

effort was made twisually equally dividethe amounts of filtrate on each half. The
variability of the reproducibility may be due toaccurate portioningf 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 valile replicate concentrations.

Table 4.1 Calculated mass ¢1BIs and fatty aciden each half of the filtefior medium snow samplesser the
temporalsampling period.

Analyte | 1l 1l Fl Fll Flll FIV FV

Mass of
analyte in eacl
half of the

filter (pg)

27/04/11 0.035 | 0.045) 0.27 | 0.26 0.01 0.01 68| 78 56 | 58 22 24 § 017 | 024 § 0.82| 0.88

01/05/11 0.047 | 0.045f 0.28 | 0.274 0.024 | 0.021 § 9.4 | 9.2 82 | 7.8 23 22 § 0.16 | 0.16 j§ 0.43 | 0.43

05/05/11 0.033 | 0.033) 0.13 | 0.15 0.007 001 47|45 25| 3.7 12 12 § 0.06 | 0.094Q 0.26 | 0.28

10/05/11 0.050 | 0.053 0.31 | 0.29 0.004 0.01 63| 724 80 | 83 18 20 § 0.15| 0.16 g 0.98 | 1.09

15/05/11 0.044 | 0.06 0.18 | 0.20 0 0 89| 12 24 31 40 52 § 044 | 059 1.7 2.2
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19/05/11 0.023 | 0.039 0.15 | 0.21 g 0.0097 | 0.0071g 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 12 2.4 2.4
27/05/11 0.095 | 0.13 § 0.303 | 0.36 g 0.013 | 0.019 g 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 29 | 3.04
04/06/11 0.15 0.17 115 | 144 0.013 | 0.016 § 73 | 69 § 110 | 103 § 113 | 108 2.4 2.4 35 3.3
08/06/11 0.071 | 0.086 0.68 | 0.78 0 0 59 | 48 97 72 § 115 | 84 1.4 14 2.0 2.0
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Figure 4.2 Temporalmeanconcentrationg+1 s.d. n = 2pf HBIs a) I, b) Il , ¢) lll andd) relative contributions of
HBI isomers to the total HBIgbserved in thé section of sea icwith medium snow coveduring the Arctic ICE
project.
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Figure 4.5 Temporal mean concentration$ chlorophylla (£1 s.d.n = 2)observed in thé section of sea iceith
medium snow coveduring the Arctic ICE project.

4.3Vertical distributions of lipids in sea i@ over the spring period

Concentrations of HBIs includinig fatty acidsand chlorophylla were also investigated
throughout sea ice cores on five dates over the sampling period of the Arctic ICE
project in 2011. These cores were collected on the following dates, with the same or
similar amount of snow covdrepresented as medium snow covas)the previous

temporal distributions; $iMay, 13" May, 19" May, 27" May and 4' June Figure 4.6
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shows the distribution between these dates over the sampling p&siqoleviously
describedin Chapter Wo, the sea ice&ores were sectioned infive; section A (0-3
cm), B (3-10 cm),C (approx. 1660 cm),D (approx. 66110 cm) ande (approx. 110 to

the top of the coreExact lengths bsectiondor eachcore are provided imable 2.1
Start of temporal sampling End of temporal sampling

L

27-Apr  01-May 05-May 09-May 13-May 17-May 21-May 25May 29%May 02-Jun 06-Jun 10-Jun
Date 2011

Figure 4.6. Distribution of full sea ice coresith medium snow coverollected for vertical lipid distribution analysis
over the samplingeriod 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 dhApel2ahd ends on

the 8" June.

GC/MS analysis of sectiodesea ice cores enabled observations of vertical lipid
concentrations over the spring sampling period to be maAtleconcentrations in
sections above 3 cm from the ice/water interfd&&ed, D andE) were calculated from
analysing the filtered samples assingle sampland notdivided into two as were the
filters for thetemporalstudy, so mean concentrations could not be calculated in the
same wayData of HBI concentrations are represented for only four out of the five cores
sampled due to a procedusator. Concentrations of were consistently highest the

A sectionof the five sea ice corgthese reached 4.5 ng fh(27" May). Concentrations

of I in the A sectionalways contributed at least 86% of the tdtah the core.The
concentration ofi then decreased rapidly above 3 cm from the ice/water interface.
Highest| concentrations in th® section reached 0.20 ng ML19" May), which
contributed amost 136 of the totall in the core. Concentrations bin the C section

only reached 0.02 ng miL(19" May) and less than @03 ng mL* in both section®
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andE (bothreached orthe 4" June) SectionsC, D andE consistently contributeds a

whole at most 19%f the totall in the core.

Similarly, concentrations df were consistently highest the A section thesereached
13 ng mL* (27" May) and always contributed at le@&1% of the totalll in the core.
Concentrations ofl also decreased rapidly above 3 cm from the ice/water interface.
Highest concentrationsof Il in section B reached 0.63 ng mi (19" May) and
contributed atmost5.4% of the totalll in the core. Concentrations f in sectionC
only reached 0.1 ng mtand less than 0.005 ng mlin both section® and E (all
reached on the ¥9May). SectionsC, D andE did not consistently contribute the
total Il in the core as concentrationslbfin some of the sections were either too low to
be detected ol was not presentll was only detected in sectioAsandB of the sea
ice coresand not in any other sections above 10 cm from the ice/water inte@ate (
and E). Concentrations ofil reached 3.4 ng mt(19" May) in theA section which
always contributed at least 68% of the tdlialin the coreHighest concentrations di

in sectionB reached 0.46 ng mt(10" May) however varied in contribution to the total
lIl in the core(0% - 32%) For all HBIs, the contribution from sectioAsandB (the
lower 0-10 cm) to the total of each was at least 99% for all cores anabigedes 4.7

to 49 show vertical concentrations of I, 1ll and relative contributionsof each

section to the total in the core.
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Figure 4.7. Vertical concentrations od) | andb) Il in samples collected on the Arctic ICE projedth medium
snow coverConcentrations in sectiosandE are not representesd they contributed less tha%h bf the total.
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Concentrationsf fatty acids El, FIl, Flll , FIV andFV) throughout sea ice coregere
also investigatedver thesampling perioqFig.4.10 to Fig. 4.18 Fatty acids were more
evenlydistributed through the coreat the start of samplinghan the HBIs. The upper
sedions (B, C, D and E) that were slightlyaway from the ice/water interface,
contributed higheproportionsto the total fatty acislin the core All fatty acids were
present in all sections of the full sea ice cométh the exceptiorof sectionC of the
sample taken on thé'May. Peak concentrations &1 in sectionA reached 1.6ig mL

N exa May) andranged in contributiorof the totalFl in the corefrom 60% to 93%
(Fig. 4.10) Concentrations ofl in section B decreased rapidly andontribued
between 4% an®9%, and peak concentrations reached 048 mL* (19" May).
SectionC contributedbetween 0% anf.4%and peak concentrations reached 0.097
mL? (19" May). Highestconcentrations ofl in sectionsD andE decreasegainto
0.012ug mL? (1% May) and 0.013ug mL* (1% May) respectively. Both section® and

E, always contributethetween 0.2% anti3% to the totalFl in the core.

Highest concentrations ofll in section A reached 2.5ug mL* (27" May) and
contributedbetween52% and 90%of the total(Fig. 4.10) Concentrations in sectidh
reached.53ug mL* (19" May) and contributedbetween 7% an88% of the totalF Il

in the core. SectioilC contributed between 0% artl3% of the totalFIl and peak
concentrations reached 0.fig mL* (19" May). Highest concentrations &l in both
sectionsD andE were less than 0.01g mL?* (4" June and tMay respectively) These

sections contributed, as a wholepaist25% of the totaFIl in the core.

Concentrations oflll in section A reached 2.81g mL! (27" May) and always
contributedbetween36% and 71%of the total (Fig. 4.11)The Flll concentration in
sectionB reachedL.3 pg mL* (4" June)andcontributed between 16% aB8% of the
total FIll in the core. Sectio® contributedbetween 0% an80% of the totalFIll as

peak concentrations reached i@ mL* (19" May). Concentrations in sectior3 and
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E reached 0.1Qug mL* (27" May) and 0.18ug mL* (19" May) respectively and

contributedat most24% and22% of the totaFIll in the core.

Concentrations oFIV (Fig. 4.11)andFV (Fig. 4.12)throughout the sea ice samples
were considerably less than the other fatty acids. Concentratiddl¥ oh sectionA
reached 3.4 x I®pg mL* (27" May) and contributd between9.7% and 46%of the
total FIV in the core. Concentratiom$ FIV in sectionsB andC reached 1.% 10° g
mL* (10" May) and 3.8« 10 pg mL* (19" May) respectively and contributed st
30% and53% to the totalFIV. PeakFIV concentrations in sectiori3 and E reached
0.43 x 10% pg mL*and 0.34x 102 pg mL* (both peak dates on the* May)
respectivelySectionD andE contributed atmost41% and32% of the totalFIV in the
core. Concentrations dfV in sectionA reached ® x 102 ug mL* (4™ June) and
contributedbetweer6.6%and 59%of the totalFV in the core. Concentrations BY in
sectionsB and C reached 6.2 x Ipg mL* (27" May) and 0.21ug mL* (19" May)
respectivelyand contributed anost 246 and52% to the totaFV in the core. PeakV
concentrations in sectior® andE reached 9.1 x I®ug mL* and 8.9 x 18 pg mL*
(both peak dates on the"™ilMay). These sections contributednapst36% and33% to
the totalFV in the core.Figure 4.12 showselative contributions of the total diatom
fatty acids from each section of the sea ice cores over the sampling pégioe. 4.13

demonstratethe increase in contribution from secti@rover the sampling period
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Figure 4.11 Vertical concentrations dd) FIIl andb) FIV in sea ice samples collected on the Arctic ICE project
with medium snow cover.

47



C,gconcentration in section
A (102 pug mLY)

C, D andE (102ug mL?)

‘ C,g concentration in sectiori3,

b)

12 -

——A
10 -
8_
6_
4_
2_
04 T T T 1
25 -
—e—B
20{ —®C
—a—D
15 - —E
10 -
5_

0 T T T 1
01-May 10-May 19-May 28-May 06-Jun
Date 2011

100 1 ——A
3 907 ——B
o -
g 80 c
g 70 -
KL —a—D
g 60 -
gs0 T ©
©
5—5 40 T
2 30 -
o
° 20 -

10 +

0 - . e — ; .
01-May 10-May 19-May 28-May 06-Jun
Date 2011
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19th May 4th June

mA mB,C,DandE

Figure 4.13. Relativecontributionsfrom sectionA and other®f the diatonfatty acids(FI, FIl andFlIl ) to the total
in sea ice core samples collectdthe Arctic ICE project with medium snow cover.

Concentrations of chlorophydl were also investigated throughout the sea icescover
the sampling periodFig. 4.14). Two replicatemeasurements and quantification of
chlorophyll a were carried out by other scientists at the University of Manitoba
Chlorophylla showed similatrends to the other analytese majority ofaccumulation
occurredin the A section of the sea ice cores. gHest concentrations of chlorophgll

in the A section reached 34 mg 110" May) and always contributed at least 89% of
the total chlorophylh in the coreConcentrations in sectiofisandC reached 0.36 mg
m? (10" May) and 0.88 mg i (4™ June) respectively and contributednapst 1.7%
and 5.4% of the total chlorophylh in the core. Maximum concentrations of chlorophyll
a in sectionsD andE reached 0.42 mg fand 0.34 mg i (both peak dates on th&' 4

June) and contributed atost2.6% and2.1% of thetotal.

Total fatty acid concentrations were also consistently highek @&500) than those of
total HBIs Vertical distributions of HBIs, diatom fatty acid&I( FIl and FlIl ) and

chlorophyll a are summarised in Table24.
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Chlorophylla concentration in
sectionA (mg m?)

Chlorophylla concentration in
sectionsB, C, D andE (mg m?)

Figure 4.14 a) Mean \ertical concentrations afhlorophylla (+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 distributionsof a) I, b) Il ¢) Il , d) total HBIs, €) diatom fatty acidsandf) chlorophylla in sea
ice cores collected on the Arctic ICE project with medium snow céw@gnotes analyte abundance under limits of
detection or unavailability of data. Ice core sectians denoted byhe following; A (0-3 cm), B (3-10 cm),C

e
0.0 = . . .
01-May 10-May 19-May 28-May
Date 2011

(approx. 1660 cm),D (approx. 66110 cm),E (approx. 110 to the top of the core).

06-Jun

a) I concentration (ng mk) and percentage of total in the ice core
Ice core section 1% May 10" May 19" May 27" May
E 1.1x 10° 0.68 x 10° 1.1x10 1.8x10°
0.26% 0.02% 0.04% 0.04%
b R 0.88 x 10° 1.2x10° 0.96 x 10°
0.02% 0.04% 0.02%
c 0.11 x 10° 0.12x 10° 2.2x10° 0.47 x 10°
0.25% 0.03% 0.71% 0.10%
B 0.009 0.069 0.20 0.054
2.09% 1.85% 6.39% 1.19%
A 0.42 3.7 2.9 4.5
97.4% 98.08% 92.82% 98.65%
b) Il concentration (ng mt) and percentage of total in the ice core

Ice core section

"May |

10" May

19" May

27" May
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*

0.45 x 10

0.04%
b . 0.30 x 10° 0.33 x 10F .
0.03% 0.03%
c . 0.40 x 10° 0.107 0.028
0.04% 0.92% 0.21%
B 22 x10° 0.26 0.63 0.21
0.9% 2.54% 5.44% 1.59%
A 24 10 11 13
99.1% 97.39% 93.57% 98.20%
c) Il concentration (ng mt) and percentage of total in the ice core
Ice core section 15 May 10" May 19" May 27" May
E * * * *
D * * * *
C * * * *
B . 0.46 0.5x 10° 0.1x10°
31.69% 0.15% 0.08%
A 0.29 1.0 34 15
100% 68.31% 99.85% 99.92%
d) Total HBI concentrationl (1l andlll ) (ng mL?) and percentage of total in the ic
core
Ice core section 1°' May 10" May 19" May 27" May
E 1.1x10° 0.68 x 10° 5.7 x 10° 1.8 x 10°
0.03% <0.01% 0.0%% 0.01%
b . 35x10° 45x10° 0.96 x 10°
0.02% 0.02% 0.01%
c 0.11x10° 0.52 x 10° 0.12 3.2x10°
0.04% 0.03% 0.71% 0.17%
B 0.031 0.79 0.84 0.26
0.98% 5.11% 4.61% 1.37%
A 3.09 15 17 19
98.95% 94.83% 94.62% 98.44%
o Total diatom fatty acidRl, FIl andFIIl ) concentration (ug mt) and percentage of
total in the ice core
'Scs C‘Egne 1 May 10" May 19" May 27" May 4" June
E 0.109 0.098 0.19 0.065 0.057
19.19% 4.23% 2.75% 0.75% 0.79%
D 0.12 0.109 0.10 0.11 0.054
21.34% 4.72% 1.42% 1.3% 0.75%
C * 0.27 1.39 0.49 0.202
11.67% 19.81% 5.72% 2.81%
B 0.097 0.73 1.5 1.2 15
16.99% 31.46% 20.86% 13.95% 20.92%
A 0.24 1.1 3.9 6.8 54
42.48% 47.92% 55.16% 78.28% 74.73%
f) Chlorophylla concentration (mg if) and percentage of total in the ice core
ISC:C%%E? 15 May 10" May 19" May 27" May 4™ June
E 0.013 0.031 0.082 0.098 0.34
0.14% 0.09% 0.35% 0.4%% 2.12%
D 0.11 0.25 0.31 0.18 0.42
1.20% 0.69% 1.30% 0.88% 2.59%
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0.28 0.44 0.84 0.51 0.88
3.12% 1.25% 3.57% 2.51% 5.44%
0.12 0.36 0.25 0.34 0.21
1.33% 1.01% 1.08% 1.66% 1.30%
8.6 34 22 19 14
94.21% 96.96% 93.70% 94.46% 88.5%%

4.4 Effect of snow cover onlipid production

As diatoms are photosynthetic organisntisey rely on natural light fogrowth 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 prop@i1 with low, medium

and high snow covefranging from 2.2cm to 39.6cm). These allowedhe effect(if

any) of snow depth, and therefore light availabilibn productionof | and other lipids

to beinvestigatedTemporal filtered sea ice samples with low and medium snow cover
were portioned into two halvegjving two replicates to calculate meamghilst the
majority of high snow sampk were portioned into thre¢Fig. 3.1) Filters were
portioned to create replicate samples to testréproducibility of theexperimental

procedureHigh snow samples on th&'4nd 13" of June were only portioned into two

Figure 4.5 showsmeanconcentrations of in the A section of sea ice cores collected
over the sampling period with low, medium and high snow cd¥ean concentrations

of | in sea ice collected with low snow cover ranged from 0.25 ng ml3.7 ng mL,
which peaked on the 3IMay. Medium snow coveprovided mear concentrations
ranging from 0.23 ng mtto 4.5 ng mc* which peaked on the #May. | was absent

or under the limits of detection in samples with high snow cover collected on'the 27
April and 1% May, however reached 4.7 ng fhbn the27" May. Mean concentrations

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

ng mL?! to 27 ng mL* and peaked on the"4June(Fig. 4.16). Medium snow cover
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provided mearl concentrations ranging fromQng mL* to 14 ng mL* which peaked

on the 2% May. Il was absent or under the limits of detection in samples with high
snow cover on the ﬁ‘YApriI and T'May, however reached 23 ng mi27" May). IlI

was absent annder the limits of detection in samplesleoted with low snow cover on
15" and 2% of May and the 8 of June. However mean concentrationslbfwith low
snow cover did reach 0.48 ng mhi1s May) (Fig. 4.17. Medium snow cover provided
mean concentrations tf ranging from 0.12 ng nit.to 3.4 ng mL*, which peaked on

the 19" May. Il was absent or under the limits of detection in samples collected with
high snow cover on the 27April and the1™ May. However peak concentrations ltf

in sea ice with high snow cover reached 4.4 ng'mi the 4 June.

The potential effect of snow cover on the production of diatom fatty §€ids418),

and chlorophylla (Fig. 419) werealso investigated. Mean concentrations of combined
fatty acids known to be from a diatom orighl (FIl andFlIl ) reached 8.31g mL* in
the A section of sea ice cores collected on theBJune with low snow coveMedium
snow cover provided a peak mean concentration gii@.®L* (31% May), whilst mean
concentrations in thA section of sea ice with high snow cover reachedu@.9nL*
(27" May). Mean concentrations of chlorophyl collected with low snow cover
reached 21 mg M (15" May), 34 mg nt (10" May) with medium snow cover and 35

mg m? (4" June) with high snow ser.
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Figure 4.15. Temporalmeanconcentrationg+1 s.d. n = 2r 3) of | observed in thé section of sea ice during the
Arctic ICE projectwith a) low, b) medium anct) high snow coverAbsenceof adata point on the 3May for high
snowdue tono samplébeingprovided.

54



Low

N N w w
ol o (¢} o (3]
1 1 1 1 J

a)

concentration (ng mt)

Mean Gs.55/62Nd Gs.o(6/17)

Medium

O
~

Mean Gs.55/62Nd Gs.o(6/17)
e e
® o N &~ O

concentration (ng mt)

o N O
1

N N w
o (6] o
I I )

concentration (ng mkb)
[E=Y
ol

o
Mean Ges.55/62Nd Gs.o(6/17)

10 -

5 .

O "‘ T T T T T T
27-Apr 04-May  11-May  18-May  25-May 01-Jun 08-Jun

Date 2011
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Arctic ICE projectwith a) low, b) medium andt) high snow coverAbsence of a data point on thd2glay for high
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Figure 4.17. Temporalmeanconcentration$+1 s.d. n = 2r 3) of Il | observed in thé section of sea ice during the
Arctic ICE projectwith a) low, b) medium anct) high snow coverAbsence of a data point on theé@8lay for high
snow due to no sample being provided.
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CHAPTER FIVE

5.0DISCUSSION

5.1 Introduction

Results presented in the previoubapter have established temporal and vertical
distributions ofl and other lipid biomarkers throughout sea ice collected over the spring
period in Resolute Bagluring 2011 The effects of snowaver onproduction oflipids

over the temporal sampling period have also been investigated.

5.2 Temporal distributions of lipids in sea iceand correlations between them

The firstand secona@ims of this study vereto investigate concentration changesnd
relationships betweehand other lipid biomarkers in Arctic sea ice from Resolute Bay
over the spring bloom from late April to early June 20He spring sea ice algaloom
in the Resolute Passaged the Canadian Arctic Archipelago, are wellwloented as a
variety of studies have been carried out over the April to June p@&e&dmann et al.,
1991 Brown et al., 2011Laurion etal., 1995. Blooms in primary production in the
marine environment, phgplankic and sea ickased, are typicallydentified by
increaseatoncentrations of chlorophyél, phaosynthetic cell abundances, nehts and
algalspecific lipids(Brown et al., 2011Codispoti et al., 1991 egendre, 1990Mundy
et al.,, 2009 Reuss and Poulsen, 200Ré6zanska et al.,, 2009 In this study,
concentrations of different algal biomarkers includindatty acids and chlorophyd
were measureffom the 27" April to the 8" June(Fig. 4.2 to 4.5)The specific sea ice
diatom biomarket contributed on averagea.20% of the total HB$ over the sampling
period, whilstll andlll contributedon averagea. 70% and 10% respectivelyl. was
consistently the most abundant thgbout the sampling period. Accumulatioh |l in

the sea icever the first week of sampling (27April to the 58" May) remained under
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1.0 ng mL* until production rapidly increased on the™May to 3.7 ng mL. This
upward trend iraccumulatiorover thefive day period (8 May to the 18 May) is also
observed in chlorophykh concentrationsand could belue toincreases in natural light
penetrating the iceThe downward solar flux in Resolute Bay on tieahid 18" May
increased from 44880 W ni* to 480512 W m? (Fig. 5.1). This further supports the
association betweehand photosynthetic diatom productidhcan also be noted that
the average solar flux Resolute Bay increased froh®0 W ni* to 237.5 W rif over
the sampling period leading up to the summerise melt (data providey Physical

Sciences Division, Earth System Research Laboratory

878
a1z

448

O«

384

Figure 5.1. Downward solar flux over part of the Canadian Arctic Archipelaga) 5" May 2011 and) 10" May
2011, Resol ut e Bngge previded byePdysitalySciénces Division, Earth System Research Laboratory,
NOAA, Boulder, Colorado, from their Web sitetdtp://www.esrl.noaa.gov/psd/

Along with local changes in solar radiatiathanges in the accumulation of lipids may
be attributed to afrregularunderside of the sea ice and thereflmeal variation in
algae abundancd&rembs et al., 2002 As there is difficulty in collecting samples in
an extreme environment, especially with sea ice bopakmminent (27" June)
(Campbell et al., 20)1all ice cores were collected in approximaté®.17 niles’ (0.27
km?) area, this possibly leading to variations in algae bisnwa®r a reasonably large
area. Statistical determination of the extent of correlation between temporal

concentration changes ofand chlorophylla (r = 081, n = 10; P< 0.05) show the
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