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ABSTRACT

Cryoconite granules arehydrous microaggregase principally composed of
microorganisms, organic matter and mineral partjdieat resideupon glacier surfaces
Whilst recent research has highlighted the diverse microbial community within cryoconite
granules and their role as biogeochemical reactors, little is known about their
microstructure, the célinineral interaction within them, or their aggregation mecimasis
Knowledge of theseis crucial for the understanding of autotrophic organic matter
production and cycling, the entrainment of particulate matter and its consafjaéfatt on
glacier melt, and the life cycle of cryoconite granules and its impacproglacial soil

development.

These studiesind that cryoconite granules are heterogeneous, demonstrating spatially
variable microorganism and organic matter contents, containing significant quantities of
filamentous cyanobacteria anexhibitng a fine groudmass of claysized particles
enmeshed within various extracellular polymeric substances (EPS). The importance of
photoautotrophy, EPS production and cativiged EPBmineral interactionsas
bi ol ogi cal 6 fdemmonstratedr hefcyarolacteariail@ment and carbohydrate
contents of cryoconite material explé883% of the measured variability in aggregate size

and stability upon Longyearbreen gl acier.

factorsoé reveal s p at iesslEPSpaoduct®mr avident towards the a
snowline and increased pigment production evident in stable, -gtagrer locationsA
variety of mineral particlesanco-aggregate with ERfroducing cyanobacteria, with ionic
strength, temperature and growth phaléaffecting efficiency. Spectroscopic studies reveal
evidence for chiefly polymebased modes of attachment withayanobacterigEPS
mineral aggregatesyith complex EPS able to overcome surface charge and inteitact

mineral surfaces a variety of vays.

This thesis presents the first detailed studycofoconite granule microstructure and
aggregation, finding that photoautotrophy and EPS production are vital to the development
of stable aggregateproviding a matrix that attracts aeoliparticulates, stabilises granules

and promotes biogeochemical interaction and the development of microenviranments
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CHAPTER ONE: THESIS SUMMARY

1.1 Introduction

1.1.1Supraglacial ecosystems

Recent studies have revealigt glaciers support kigh biodiversity considering the
extreme environments in which th&yrm. As noted in a recerciencepaper, there is

6no pl ace t ooParcya2D0d)Watdr inathe Hiquid phase, be it within
interstitial spaces between ice crystals or as pools on the ice surface, sustains life, whilst
environmental pressuresgonote endemismITwo key glacial ecosystems dominate
(Fig. 1) The subglacial ecosystem can be characterised by aerobic and/or anaerobic
heterotrophy, with a prevalence of viral activity edtin some ecosystems (Laybourn
Parry & Pearce 2007). The supragih@cosystem (Fg 1 & 2) is relatively complex,

often containing various autotrophic and heterotrophic microorganisms, as well as
eukaryotic micrefauna.In addition, an englacial ecosystem is present. This system can
be characterised by low metabolates, given the more extreme temperature, light and
pressure regimes experienced, with chemoautotrophy likely dominating actinig (P
2007, Hodson et al. 2008).

Enriched
supraglacial

Glacial Ecosystems Lowllorr\ic slnlanglh praglac

supraglacial
waters
hv
Particulate input
Growth

by avalanching or
aeolian activity NO, Doc
z Growth
Heterotrophic
Micronutrients
Trace elements Polysaccharides

3-
2 ';\ EPS production PO, DoN
activity

Micronu trients NH,* Dpor
3 )
; wSnow P0‘3'1 NO,- i

Autotrophic L
ity

Sunlight Chemoautotrophy

Dissolved gases
S~ Exposed ice surface

(summer)

Proglacial zone -
till, moraines, meltwater channels,
and proglacial lakes

a) Early-summer photo-
autotrophic bloom
b) Supraglacial cryoconite,
particularly within holes
c) Increased channelised flow,
with surface and stream
cryoconite

Water

Basal ice go.ganic matter

Figure 1: A conceptual model of a glacial ecosystem, detailing the principal supraglacial
habitats, supraglacial biogeochemical interactions, and subglacial biogeochemical
interactions.



Upper ablation zone

&,

b) Ablation zone

Figure 2: The supraglacial ecosystein a pictorial representation of a typical Arctic
supraglacial ecosystem, in this case Longyearbreen glacier, det#iengrincipal ecological
zones and their characteristic biogeochemical features.
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Within the supraglacial ecosystem, several importaabitats can bedentified,
including the snowack and ice surface shallow pools and cryoconite holes,
supraglacial strems and features such as moraines and kaiMeshimura et al. 1997,
Battin et al. 2001, Takeuchi et al. 2@05tibal et al. 2006, Hodson et al. 2008, Anesio
et al. 2009 Larose et al. 2010)These habitats show genuine seasonality, with winter
temperature restricting energy flows and nutrient cycling, and summermodumg
an ablating ecosystem with liquid watenputs into the system, chieflyealian
particulate matter and precipitation (i.e. the melting snowpack), provide microbiological
inocula andnutrients, as well as lowering the albedo and modifying the surface heat
budget (Takeuchi et al. 2000, Hodson et al. 20@&)thermore, glacier surface
conditions, in particular the presence adnseathering crugi(lrvine-Fynn et al. 2011),
promote nutient sequestration and transport biota between habithider these
conditions, fruitful periods of microbial activity can be sustained (Anesio et al. 2009).
Bacterial abundance and primary production are considered to be principally limited by
both tempeature and the supply of bevailable phosphorus (Mindl et al. 2007), with
both allochthonous and autochthonous carbon considered important for microbial
activity in low carbon glacial environments (Hopkins et al. 2006)f the
aforementioned supraglacia@nvironments, cryoconite holes are considered to be
microcosms gfand hotspots forbiogeochemical cycling (Hodson et al. 2005, 2008,
Anesio et al. 2009)As such, they can be considered to be important habitats within the

supraglacial ecosystem.

1.1.2Cryoconite

Cryoconite granules can be described as being aqueous microaggregat&ég0antl

in size and approximately 50% water, consisting largely of mineral grains, organic

matter and microorganisms. Organic matter can range from microbial carbeisytrat

black carbon, with biological content equally diverse and including photoautotrophic
filamentous cyanobacteria, heterotrophic bacteria, snow algae and fungi; as such,
cryoconite granules can be considerldked het e
dust 6, and these granules are typically fou
small melt poolsi cryoconite holes (Hodson et al. 2010, Irvifgnn et al. 2010).

Anesio et al. (2009) state that betweeni QL% of glacier surfaces are typibal

covered by cryoconite. Regarding the formation and growth of cryoconite holes,

sediments on the ice surface absorb greater solar radiation than the surrounding ice,
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warming up and melting the underlying ice, forming generally cylindrical holes.
Radiative and convective heating, as well as heat from biological processes, can then
further enlarge tbse holes (Gerdel & Drouet 1960, Gribbon 1979, Mcintyre 1984,
Wharton et al. 1985), both vertically and laterally, in order to maintain thermal
equilibrium (Codx et al. 2010).

A schematic representation of a cryoconite hole is presented in Figure 1, and indicates
the complex interaction between microorganisms, abiotic particulate matter and solution
chemistry. Furthermore, Fgure 2 shows images of cryoconitganules in various
supraglacial settingsupon a terperate Svalbard valley glacidér Longyearbreen
Microbiological studies have identified that bacteria within crydeorsediment
comprise chieflyProteobacteria, Cytophagales, Verrucomicrobia, Acidob@etand
Cyanobacteria(Christneret al. 2003, Edwards et al. 2Q1Dperational Taxonomic
Unit (OTU) classification reveals that cryoconite holes are generally colonised from
terrestrial and freshwater ecosystems (Segawal&uehi 2010, Edwards et al. 201
Indeed cryoconite food webs show marked similarities to those of glacial lakes.
Considering cyanobacteria, the genera Riformidium, Nostoc, Leptolyngbyand
Oscillatorialesdominate (Porazinska et al. 2004, Stibal le2@06, Namsaraev et al.
2010). When considered with nanoflagellates, particularly snow algae, and diatoms,
these photosynthetic biota dominate the supraglacial ecosystem, includingnite/oc
sediment. @&ven the prevalence of photoautotrophic biota, rates of photosynthesis are
significant (e.g. S&wstim et al. 2002, Stibal et al. 2088Anesio et al. 2009glthough
the contribution of autochthonous versus allochthonous carbon to the cryoconite
ecosystem is still hotly debated, and in fact likely varies both spatially and seasonally.
Reent evidence suggests that significant autotrophy is generally restricted to grains of
< 2 mm in diameter, with |phaohsm?d'pravied s appr
most efficient in promoting photosynthesis (Telling et28l12. Consummate with it
autotrophy is the production of extracellular polymeric substances (EPS). These
polymers, dominated by polysaccharides, can condition surfaces and promote adhesion,
allowing bacteria to overcome substratum effects or medium characteristics (e.g. pH
and hydrophobicity) when necessary, and attach to nutritive surfaces (Donlan 2002,
Pereira et al. 2009 hus, it is likely that photoautotrophy plays a significant role in
organic carbon production angromotesthe development of cryoconite granules

through @gregation of adhering primary mineral pelgs, cells and organic matter
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Studies of biogeochemical cycling have focused upon the key macronutrients of
carbon, nitrogen and phosphorus. Given the net autotrophy in smaller granules,
potertial for allochthaous inputand suggested long residence times for cryoconite
granules on glacier surfaces (Hodson et al. 2010, Telling €X0&D), it is perhaps
unsurprising that total organic carbon figures for cryoconite sediment are significant
(Takeuchi 2002, Stibakt al. 2008). Microbially derived products dominate this
organic carbonwith some allochthonous input fromwer order plants (Xu et al. 20110
Nitrogenase activity has been recorded upon Arctic glaciers (Telling et al. 2011) and,
when combined witltmospheric inputs from snowmelt and rain (Hodson et al. 2005),
provides the cryoconite ecosystem with a labile source of nitrogen throughout the melt
season. Phosphorus can be said to be largely sediment bound, with potentially bio
available phosphorus img found to be in excess of that needed for primary production,
again pointing to allochthonous input (Hodson et al. 2004, Stibal et albR0D&e
availability of key macronutrients, abiotic particulate matter and a biodiverse suite of
microorganisms amunts for the prevalence of cryoconite in the Arctic, whilst localised

physicachemical conditions lead to the heterogeneity exhibited.

1.1.3 Cryoconite microstructure and the role of cell mineral interaction in
cryoconite aggregation

A limited foray inb cryoconite microstructure has revealed that photoautotrophic
microorganismsgenerally dominate the surface layer of the aggregate, that some
cryoconite aggregates exhibit laminatiorend thatpredominantlysilicate grains sit
within a primarily carbosrich matrix (Takeuchi et al. 20B1 Stibal et al. 2008
Hodson et al. 2010As such, similarities exist with cyanobacterial mats, wtibbw
mineratrich layers, cyanobacteriich layers, bieaccumulation and bialteration at
depth, and a tendency for anyobacteria to orient themselves parallel to the surface
when near to it (de los Rios et al. 200Further, t is now clear that cryoconite
aggregates contain comparatively high cellular abundances of both photoautotrophic
and heterotrophic bacteria (Stilet al. 2008, 2012 Anesio et al. 2009, Hodson et al.
2010).This being said, the part that ¢eflineral interaction plays in the formation of
cryoconite granules is uncertaiim. a similar environment, Kapitulginova et al. (2008)
proved that cyanobactéa readily colonise biotite surfaces, whilst the ability of
cyanobacteria to form ligainthetal complexes, principally via carboxyl, phosphoryl

and amine functional groups, has been shown previously (Pheteslix2002, Yee et al.
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2004). These ligantimetd attachment processesn bind cells and EPS taineral

metaloxide surfaces.

Analogous areas of research, namehto photosynthetic biofiims and soil
microaggregates, can provide compkntary information orthe microstructure of and
celli mineral interactionwithin cryoconite aggregates, given the sparseness of direct
researchA bi ofi Il m can be defined as a O6si mpl e
cells, associated with an interface and enclosed in a polymer matrix, and containing
varying quantities of norc e |l | ul ar ma& e® 0 Ao @ DHn@E ROBY
Research into biofilms highlights the importance of EPS as a structural matrix (&echo
al. 2005 Neu et al. 2010 EPS shows considerable spatial and temporal heterogeneity
within biofilms and microbial aggregatesith a weltdeveloped biofilm showing ERS
rich and cellrich areas, noiiological inclusions and spatial chemical differences
(Decho & Kawaguchi 1999, Kawaguchi & Decho 2002, Sheng et al., Z0®&n et al.
20079). A large proportion of microbes in natural systerqpeoduce meaningful
guantities of EPS and, as such, HR&diated ceilmineral interaction may be
significant within cryoconiteSoil microaggregates, like cryoconite, exhibit stability:
the ability to resist disption by hydrodynamic activity (e.g. Six et al. 1998, Puget et al.
1999).Their structure is determined by the interactions between mineral pamiets,
(oxy)(hydr)oxide precipitatesorganic matter and microorganisms. Organic matter
coatings on mineftaurfaces generally contain greater quantitiesfobially derived
carbon, indicating that orgafmineral interactions in soil aggregates and the adsorption
of organic molecules onto mineral surfaces are highly important (Lehmann et al. 2007,
KogelKnabner et al. 2008)Reactive sorption sites on mineral surfaces are dense and
thus generallpromotemultiple surface attachments (Kaiser & Guggenberger 2@33).
such, microbially controlledorganemineral interaction is likely to be of importance

within cryoconite granules.

1.1.4Scope and motivations for research

Whilst the geochemical intricacies of cryoconite have been studied in relation to
supraglacial nutrient fluxes (e.g. Hodson et al. 2008; Stibal et al.ag088d the
microbiology of cryoconite &s been studied in various envircems (e.g. Margesin et
al. 2002,Christner et al. 20Q3Cameron et al. 20)1studies of ceillmineral interaction
at the microscale have been decidedly spasalluded to abové&urther, whilst there

has been researc¢hto the microstructure of cryoconite, this has been limited to such
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things as minerdogical evaluation via electron microscopy, and studying
microorganism content by epifluorescence microscopgtailed microstructural
analysis of cryoconite has the potential to highlight crucial sefieral and organo
mineral interacbns, identify microenvironmentand provide information concerning

spatial differences in granule structure.

Recent research &dound the microbial food web present within cryocortiéwards
et al. 2011,Cameron et al201] to be complex and variable, considering the
environment in which it is found, and to show considerable -giterier variation.
Laboratory research by thethor, as well as researbly others (Takeuchi et al. 2081
Anesio et al. 2009%1odson et al2010, has indicated that filamentous microorganisms
are often prevalent within cryoconite and show adherence to, and cementation of,
inorganic particulate mattesuggesting that these microorganisms may play a crucial
role in the formation of cryoconite. However, a detailed study of the aggregation
mechanisms of cryoconite has not yet been achieved, and its formation certainly
requires further thought, with bmgical and chemical processieely playing a key
role in entraining and retaining particulate matter that would otherwise be removed by
melt. As mentioned by Hodson et &0(0, the mass evolution of cryoconite is poorly
understood, and this evolutios likely to be strongly linked tohe carbon balancef
individual granulesFurther, given the net ablation of many Svalbard gla¢Maoholdt
et al. 2010)the aggregation and evolution of cryoconite aggregates and their impact on
soil development in eently deglaciated forefield areas need to be given attention. The
rate of transfer of cryoconite debris into the glacial forefield and its impact on soil

development is, at present, an unknown parameter.

When compared with studies of soil microaggregatiesre is a lack of detailed
understanding of glacial sediments in general, particularly the biotic component and
particularly supraglacial sediments. Arctic cryoconite displays a spherical form,
markedly different to other microbtaich sediments in coldenvironments, which
generally display a laminar mat or biofilm form. The reason for this spherical form is, as
yet, unclear. In addition, whilst it is clear that conditions for growth (sunlight, liquid
surface water angeoliandeposition) are relativeliavourable it is unclear exactly how
cryoconite develops and why its composition varies. Furtherraomebustion activities
have provided strong input of black carbon into the Arctic throughout the past century

whilst mining activities have providedsirong input ofsedimentaryelemental carbon
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to Svalbard glaciersFprsstromet al. 2009, Aamaas et al. 2011 is clear that the
albedo of these particulates is low, and that they aggregate together on the ice,
enhancing melt. However, the part thatytipday in cryoconite aggregate formation is
also unclearFinally, the spatial distribution dfiochemical parameters important for
aggregate formatioms understudiedRecentmolecular investigations have revealed
distinct biogeography between regions glatiers (Edwards et al. 2011, Cameron et al.
2017, and recent biogeochemical investigations have improved our knowledge of the
spatial distribution of chlorophyll and carbohydrates on the Greédne sheet (Stibal

et al. 2012 but quantitative data oocerning the spatial relationships between
biochemical parameters arabth cryoconite aggregate sizend stability arestill

lacking.

1.1.5Literature review

Key literature is reviewed within the above introduction, whilst further literature
reviews are gesented at the beginning of each individual results chapter. In addition, a
detailed literature review, outlining the physiaaid structural aspects, biologyd
ecosystem biogeochemistry of cryoconite, and reviewing two other areas broadly
analogous taryoconite ecosystenis the biogeochemistry of biofilms and microbial
mats, and the biogeochemistry of soil and organic matter within microaggrégates
appended as Appendix

1.2 Aims and objectives

1.2.1Research hypothesis
A central research hypothesis was constructed, based upon recent research and
preliminary investigations by the author

060Cryoconite aggregate formati on i s a bi c
phototrophic and filamentous microorganisms provide the matrix @&dédvelopment
of a spherical aggregate, trapping both abiotic particulates and heterotraptaoa as
they photosynthests grow and produce extracellular polymeric substances (EPS); as
the aggregate develops, environmental niches develop within idindeato a
heterogeneous microstructure with areas of humificatiomeathering and

mi neralisationo
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1.2.2Aims and objectives

The work presented here was undertaken in order to develop a suite of methods to
characterise the microstructurand biogeochemistryof cryoconite, combining
laboratorybased research and thpatialfield study of biogeochemicglarametersto
enableinsightsto be gainedandto provide a locus for a simple laboratory experiment

into the aggregation and developrme cryoconite granuledo fulfil this aim and the
aforementioned central research hypothesisge main research objectivegere

constructed

(a) To quantify the heterogeneity of the cryoconite granule, with the aid of bulk,
surficial and crossectioral analyticaland microscopyechniques.

(b) To investigate the spatiaariability in biochemical parameters omepresentative
glacier and relate these to physical parameters associated with the cryoconite aggregates

present.

(c) To assess the role ohgoing microbial activity, and associated EPS production, in

aggregate formation inraodel laboratorgystem.

1.2.3Experimental design

The overarching experimental design has been concerned with testing analytical
methods with which to analyse cryoconitaggregate microstructure and
biogeochemistry, allowing a conceptual model for their formation to be developed
Subsequently, thisonceptual model acted as a driving force fmld research
concerning the spatial variability of biocherai parameterdrinally, the above ledo
further laboratory experiments designed to provide insights into cryoconite aggregate

formation, thus testing the conceptual model.

Objective (a)Prior to assessing aggregdormation experimentally, it véanecessary
to gain asubstantial understanding of the microstructure (biological, physical and
chemical), and variation in microstructure, of Arctic cryoconite. Characterisation of the
microstructure, composition and heterogeneity of the cryoconite gramslachieved
through avariety of microscopic and spectroscopic means in the laboratory, and through
the study of biological activity and nutrient fluxes in the field. A variety of cryoconite
aggregates from several locations in Svalbard and GreemaredstudiedFrom thee

data, a conceptual model of cryoconite granule formation was developed.
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Objective (b):Spatial mapping of biochemical parametimked to photoautotrophic
EPS production and, as sucyggestions made in the conceptual model vbased
upon field samplig and measurements on Longyearbreen glaCilearacterisation of
biochemical parameters was achieved using spectroscopic methods in the laboratory.
These were related to physical characteristics of Longyearbreen cryoconite aggregates,

as determined by labatory nethods and fiekbased imagery.

Objective (c):Known species of cyanobacteriateractedin laboratory incubations
with selected mineral particlest a range of pH and ionic strength values, utilising
information from thecompletedmicrostructuralstudies in the experimental design.
Microscopic and spectroscopic methods were utilisechdoitor aggregate formation
ard study the biochemical signaturesf co-aggregated cyanobacteria and mineral
particles Data obtained were used to provide insight® iaryoconite aggregation

formation.

1.2.4Thesis structure

This thesiscomprises thiextended summaryive distinct pieces of research work, a
concluding chapter and appendic€hapter 1 this summary, introduces the research,
outlines research objeet@s and overviews key literature and methods. Chapters 2 to 6
describe in detail the research undertaken, with each chapter represertil§
contained piece of research written as a manuscript forrpeiewed publication.
Results chapters 2, 3 andaddress objective (a), whilsthapters 5 and @ddress
objectives (b) and (c) respectivelghapter 7 concludes the thesis, synthesising the
knowledge, drawing conclusions and recommending further resdarel.casesthe
author of this thesis conductetie research work and prepared the manuscript,
includingall figures thereinNamed ceauthorsprovided supervisorgnd advisory roles
with respect tananuscript content and structure during preparation for submidgsien.
thesis author is the sole author of this extended sumamaiyhe concluding chapter
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1.3 Methods

All of Chapters P6 are based upon data acquired during both field sampling and
subsequent laboratory experimeritse general methodological approdas employed
various types of microscopy and spectroscopy as analytical tddilsroscopy
techniquesncludedboth optical and electron microscopy, with the use of confocal laser
scanning microscopy (CLSM)xombined with specific functional stainsbeing
paticularly significant. Spectroscopytechniquesincluded U\Vis spectroscopy and
Fourier transform infrared spectroscopy (FTIBpecific methodological approaches
are outlined indetail in Chapters 6. This Methods section outlines the location of

field sites and introduces key analytical techniques used in this thesis.

1.3.1Location of field sites

The Svalbard archipelago is a collection of islands lying between 84° N and 109

35° E, of which the largest is Spitsbergen. Greenland lies due weSvabbard,
centered at 72° N and 40° W. Both land masses have an Arctic climate with some
maritime influence at the coast, and both are heavily glaciated (c. 60% and c. 80%
respectively). The geology of Svalbard is dominated by Tertiary to Carboniferoals co
measures strata, along with Devonian sandstomels bsement strata comprising
granites and gabbros (Hjelle 1993, Dallmann 199%e geology of Greenland is
dominated by the crystalline lithologies of the Precambrian shigieisses and
granites,with Proterozoic to Tertiary sandstones and igneous intrugomading a
significant contribution to the geology in placésefriksen et al. 2009utline maps
detailing the locations from which cryodtehas been sampled are showirigure 3,

whilst the images in igure 2 highlight the supraglacial setting of Longyearbreen, the
principal study site for fieldwork Within Svalbard, fourglaciers were sampled:
Vestfonna in western Nordaustlandet, Midtre Lovénbreen in the Kongsfjord region of
western Sp#bergen, andldegondabreen andongyearbreen in the Isfjordegion of
western Spitsbergen; thatter glacier was also used as file&d study site focChapter 5

Within Greenland, two glaciers were sampl&donprins Christian Land in northeast
Greenlandand Kangdussuag in southwest Greenland.
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SVALBARD
100 miles

Figure 3: Location maps ofa) Svalbard and (b) Greenland, detailing sampling locations; AG
= Aldegondabreen, KG = Kangerlussuaq, KPCL = Kronprins Christirand, LYR =
LongyearbreenML = Midtre LovénbreerandVF = Vestfonna

Samplingof all glaciersoccurredduring the summer ablation seas@ulk samples
were taken from individual cryoconite holes sjpresterilised turkey bastethat had
been rinsed out three teéw with supraglacial melt watand gently placed into sterile
polypropylene bottles or 50 mL centrifuge tubes. Smaller samples were taken using pre
sterilised spatulaand placed into sterile 2.0 mL cryovials or 1.5 mL microcentrifuge
tubes.Samples were stored frozen and transferegadty by air to the laboratory in
Sheffield, wherein theyere kept frozen until being defrosted for microscagiclbr

spectroscopic analyses.

1.3.2Confocal laser scanning microscopy

CLSM can be thought of as more advanced version odnventional epifluorescence
microscopy. In epifluorescence microscopight of a specific wavelength, as
determined by a filter cube, excites fluorophores in the sample, which subsequently
emit light at a longer wavelength, which can then be detectddiranged. Te
condenser is also the objective and a dichromatic beam splitter igausetectively

focus light and improve the signrt-noise ratio Bratbak 1985Herman 1997, Li et al.

2004) CLSM follows a similar principle, except that two pinholesdpres eliminate
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out-of-focus light and a laser is used as the light sokce. s uc h, CLSM wuses

sectioningo, w h i ¢ hresaldtidnonvages throughtthe sampld, withn  h i

some depth selectivityPawley 2005 Limitations of depth peneation have been
addressed more recently with the advent of-ploton laser scanning microscopy,
which uses a pulsed laser to excttee sample usingwo IR photons ahalf of the
normal energyrequired resulting in greater depth penetration and reswiufNeu &
Lawrence 2005).

Being noninvasive and thredimensional, CLSM is well suited to biological
imaging. When utilised with a combination of fluorescent probes, the structure and
composition of complex biological samples can be elucidated (e.g.ehawret al.
2003, Chen et al. 2007 Neu et al. 2010)Chapter 2employed a combinato o-6- 4 0
diamidinc2-phenylindole (DAPI) (to stain DNA within michkial cells), AlexaFluor
488 woncanavalin A (to stain polysaccharides) and autofluorescence (to image
photosynthetic microorganisms), staining @@ thick sections of individual cryoconite
granules, before imaging these on a Zeiss LSM 510 META microscope, using both
confocal and twephoton capabilities. Chapter 4 used DAPI staining and
autofluorescenceén the imaging of ultrtnin sections of cryoconite granujewhilst
Chapter 6used autofluorescenceand transmission differentialnterference contrast
(TDIC) modesto image laboratorgultured aggregates throughout their incubation

period

1.3.3Electron microscopy

Electron microscopes use a series of electromagnetic lenses and apertures to focus an
electron beam onto or through a sample. Transmmsaiectron ncroscopy (TEM) is a
stationary or fixed beam method, wherafigctrons pass thugh and interacwith an

ultrathin sample,producing an image that is subsequently magnified and recorded.
Bright field imaging utilises the differential absorptionedéctrons by thick or electren

dense meerials versus thin or electrgpoor materials to create an ingagcanning
electron microscopy (SEM),iss the name suggests, a scanning beam method, whereby

a narrow electron beam is scanned, in a raster pattern, across the sample surface, whilst
the detector, e.g. a secondary electron detector, detects electtomsngefrom the

sample surface and builds up a higsolution image of the surface, which appears

threedimensional due to the deptfi-field available (Amelinckx et al. 2008)
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When imaging biological material usingeetron microscopy, the principahdlenges
are that the fragility and poor electron density of the sample often lead to both beam
damage and a lack of visualisation; as such, sample preparation is vital. If using SEM or
TEM, the use of a heavy metstlain and an embedding resinhighly favoured (e.qg.
Leppard et al. 1996, de los Rios et al. 2004, Wrede et al. .2BA8yonmental SEM
(ESEM), conversely, can allow direct visualisation of elecfyoar hydrated biological
samples (Muscariello et al. 2008)though resolution and the imaging EPS may still
be problematic (Priester et al. 200Dhapter 4uses a ruthenium red heavy metal
staining protocol (Priester et al. 2007) and either ESEM imaging or, following
embedding in a hydrophilic embedding resin and cutting on anmnltietome, TEM

imaging to study cryoconite microstructure.

1.3.4UV-Vis microplate spectroscopy

UV-Vis spectroscopy simply uses eithesspecific wavelength of light oa spectral

range within the UWisible region, controlled using a monochromator. This incident
light passes through the generally liquid sample, often dissolved in a solvent (e.g. water
or ethanol), and the ratio of transmitted lightsus incident light allows the user to note
absorbance at particular wavelengths, characteristic of certain spekesy (& al.

2007). This technique is particularly useful for organic and biological macromolecules.
Quantitative concentrations of an absorbing analyte can be determined, when conditions
are met, by the Bedrambert law. This lawuses an extinction coeffent value (or
calibration curve data) and a known pathlength value to relate absorbance to
concentration. More recently, microplate readers have been developed that encompass
UV-Vis spectrometers, as well as fluorescence spectrometers. This advancesnent ha
allowed the rapid measurement of biochemical concentrations in a large number of

samples.

Chapter 5 utilises (a) the phendlsulphuric acid method for the colorimetric
determination of carbohydrate content, scaled down to microplate format (Duldis et
1951, Masukoet al. 2005); (b) a 100% methanol extraction and microjitateat
absorbance analysis (Warren 2008); and (c) a mechanical and chemical extraction of
phycobiliproteins, followed by a microplatermat fluorescence analysisThis
combinaton of analyses allows both photosynthetic and cyanobacterial pigments, as

well as labile carbohydrates (a proxy for free EPS) todtermined rapidlyn a large
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number of samplesThis, in turn, enables the rapid geospatial determination and

mapping of tlkese sample analyeacross the glacier surface.

1.3.5FTIR spectroscopy

Infrared (IR) spectroscopy utilises IR radiatiaf, which specific frequenciesan be
absorbed by molecular species, with the exception of some homonuclear species (e.g.
0,), causinghem to undergo a net change in dipole momentproducea consequent
vibration (Skoog et al. 2007)Theseabsorptionsproducingeither stretching or bending
(although several types of both exist) vibrations, can then be detattsgdecific
wavenumbersand can provide characteristic determinations for certain molecular
speciesThe midIR range, c. 400100 cni, is particularly useful for elucidating the
structure of organic and biochemical speciesurier transformis a data processing
techniquethat when applied to IR spectrosogmllows a whole sample spectrumbe
easily and rapidly measured, with less noise and greater reproducibilify. usesa
moving mirror to focus IR light through an interferometer and then, in transmittance
mode, throughhe sample, producing an interferogram. After application of the Fourier

transform, a spectrum can be obtained from this interfero(samth 1996)

Chapters 2, 3 and @portthe use of FTIR for a range of applications, from bulk soil
mineralogical analyses to spatial chemical mapping of biochemical signdttiiBsis
a useful technique for bulk soil analysascluding organic matter analyseas it
requiresa small sample alume and can identify both crystalline and amorphous
materials (Ji et al. 2009 hapters 2 and 8pply FTIR spectroscopy to bulk powder
samples,based upon a KBr pellet sample preparatiand record the characteristic
absorbance peakgnabling mineralgical and geochemical conclusions to be drawn
Briefly, the KBr pellettechniquemixesa small amount of powdered samplgh KBr
powder and pressesiiitto an optically transparerdisc (Coleman 1998 When a spatial
analysis is advantageous, FTIR micresposcopy can ba highly usefultool. This
technique differs in that a focal plane array (FPA) detector altapisl, pixetby-pixel
spectra to be taken across a set armeaged at magnification through a microscope
objective lensThis enableshemicalmaps & spectral peaks to be produced atidws
the spatial discrimination of biochemical signatures and microorganisGigpter 6
utilises this method to analyse a suite of laboratadyured cyanobacterial

microaggregates, allowirte scrutiny of varations inbiochemistry.
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1.3.6Incubation design

Intimate within the incubation design was the needntnitor the cyanobacterial
population insitu in the reactgr without disturbing aggregate growth, as well as to
monitor aggregate sizas the cyanobadte interacted with mineral particle€LSM
allowedthe above monitoring, as litas good depth penetration, a narrow focal plane,
the ability to stimulate and detect autofluorescerarel a TDIC mode. As sucthe
overall aggregate would appear as a grey mass, which could be appropriately sized
using area or feret diameter measuremermsd the autofluorescence could be
monitoredconcurrertly. Solé et al. (2007, 2009jtilised CLSM and image analysis to
monitor cyanobacteria within phototrophic mats; their analytical techniques provided
the inspiration for the ones outlined abofeom this starting point, incubation design
was driven by the desire to use CLSM to monitor aggregaiitanting to avoid sub
samplirg errors this led to a design whereby the wadgoping objective of the CLSM
could be lowered into the incubation chamber for imaging purposes, before being
withdrawn and the incubation -eealed.Therefore, a design using a series of -non
treated 12well microplates was settled up@ig. 4), as it alloweda reasonable volume
of liquid (3 mL) to be used and could be lidded and sealed with parafilm when not being

imaged, maintaining gaseous exeda and thus an aerobic system.

Figure 4: Multiwell plate incubations and brightield imagery of cyanobacteiiaineral
aggregates.

Furthermorepeing thin and transparent, effective TDIC imaging could be achieved.
The multiwell nature also enabled a suite of mineral particles, ionic strengths and pH
values to b tested at the same tint@éhapter 6utilised these incubation chambers to

study the ceaggregation of cyanobacteria and mineral particles.
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CHAPTER TWO : THE MICROSTRUCTURE A ND

BIOGEOCHEMISTRY OF ARCTIC CRYOCONITE GRA NULES

Published as: Langford, H., A. Hodon, S. Banwart & C. Bgggild, 2010. The
microstructure and biogeochemistry of Arctic cryoconite granéesals of Glaciology
51 (56), 8794.

2.1 Abstract

A cryoconite granule is a biologically active aggregation of microorganisms, mineral
particles andrganic matter found upon glacier surfaces, often within shallow pools or
cryoconite holes. Observations of the microstructure of a range of cryoconite granules
from locations in Svalbard and Greenland reveal their structure and composition.
Whereas bulk malyses show that the mineralogy and geochemistry of these granules are
broadly similar, analyses of their microstructure, using optical, epifluorescence and
confocal microscopy, indicate differences in the location and quantity of photosynthetic
microorganisms, heterotrophic bacteria and organic matter. Using these findings, a
hypothesis on the aggregation of cryoconite is presented, centered updrerailti

aggregation by bioflocculation and filamentous binding.

2.2 Introduction

Recent studies have raled a fascinating range of glacier ice ecosystems, with high
biodiversity considering the extreme environments in which they form (Hodson et al.

2008). The microbial food web is both complex and variable, comprising a variety of
autotrophc and heterotrdpc microorganisms, fungi and eukaryotic microfauna
(Margesin et al. 2002, Hodson et al, 2008) .
organicrich debris found suprg | aci al | y, particularly withi
depressions within the ic&he existence of these holes has been known since the 19th
Century (vonDrygalski 1897, but only recently have advancements in analytical

techniques allowed us to begin to understand the communities of microorganisms living
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within them and the interacin between these and inputs into the ecosystem, such as

sunlight and inorganic nutrients.

Biogeochemical interactions upon the surface of the glacier play a key role in
entraining and retaining aeolian particulate matter upon glaciers, thereby enhancing
melt. However, the specific process by which cryoconite aggregates form and sustain
themselves has received little research attention. Hodson et al. (2010) suggest that both
processes are likely to be strongly linked to carbon balance. Further, giventthe ne
ablation of many Svalbard glaciers, the aggregation and evolution of cryoconite
aggregates and their impact on soil development in recently deglaciated forefield areas
need to be given attention. For example, Sigler and Zeyer (2002) find that forefield
successional gradients contain a diverse microbial assemblage, increasing in both
biomass and activity with age, yet they note that it is still unclear as to the source(s) of

this community and the importance of specific pioneer bacteria.

Although the impakc of cryoconite has been studied in relation to supraglacial
biogeochenistry (e.g. Hodson et al. 2008fibal et al. 2008, and the microbiology of
cryoconite is now well characterised in various envirents (e.g. Margesin et al. 2002,
Christner et al. @03), specific studies on the microstructure and biogeochemistry of
cryoconite are few (Takeuchi et al. 2001a,b). As noted by Dittrich and Luttge (2008),
there is increasing evidence that microorganisms obtain competitive advantage through
using their redive cell surfaces as interfaces to actively control wstdid
interactions. Microscopic imaging is becoming an increasingly important tool for
investigating hydrated, biologically active structures, due to it beingim@asive,
threedimensional and hang the ability to cover many spatial scales (Neu et al. 2010).

In recent years, a range of microscopic imaging methods have been employed, with
confocal laser scanning microscopy (CLSM) leading the way. By using specific
fluorescent probes, the structummmposition and microhabitats of biological samples
have now beemvestigated (Chen et al. 20MNeu et al. 2010). For example, CLSM

has quantified the spatial distribution and structural form of extracellular polymeric
substances (EPS): gHike subgances vital for the formation of aggregates and
composed of microbial polysaccharides, proteins, nucleic acids and polymeric lipophilic
compounds (e.g. Lawrence et al., 2003). In order to hypothesise on the aggregation and
development of cryoconite, it iecessary to gain a comprehensive understanding of its

microstructure and the variation of this microstructure across differing biogeochemical
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environments. A novel combination of microscopic and spectroscopic techniques are
therefore used below to bettenderstand the microstructure and biogeochemistry of
cryoconite granules from three glaciers in Svalbard: Vestfonna (VF) in western
Nordaustlandet, Midtre Lovénbreen (ML) in the Kongsfijord region of western
Spitsbergen, and Longyearbreen (LY) in the Isfjoegion of western Spitsbergen; and
two areas upon the Greenland Ice Sheet: Kronprins Christian Land (KP) in northeast
Greenland, and Kangerlussuaq (KG) in southwest Greenlamsl.hypothesisedhat
microstructural evaluation of cryoconite granuled walveal them to be heterogeneous

biotic aggregates.

2.3 Methodology

All cryoconite was sampled in the field using sterile implements and sterile containers,

and was transferred frozen and stored at [
microstrud¢ural analyses to be undertaken, a range of-gbation techniques were

developed and are outlined below. These-Haation techniques reduced problems
associated with the attenuation of light intensity (Barranguet et al. 2004). This cross
sectional apmrach, combined with bulk and surface analyses, therefore enabled the
structure and composition of cryoconite granules to be studied in great detail. The

met hodol ogi cal appmbaehalagi dael sgprnd,tge ndloel
performed principdl y upon dr i ed bologica caodn biachemical a n d 0

a n a | erferséd principally on defrosted, hydrated cryoconite.
2.3.1Mineralogical and geochemical analyses

Ten cryoconite granules were dried at low temperature (35°C), infiltrated with an
Araldite resin under vacuum, ground and polished until a thin section of approximately
30 pm in thickness was produced. These thin sections were analysed using a brightfield,
cros$ polarizing microscope with SLR camera attachment. To complement the
mineralogcal characterisation undertaken upon thin sections, bulk mineralogical
investigations using powder-My diffraction (XRD) and KBirpellet Fourier transform
infrared (FTIR) spectroscopy were employed. Powder XRD was performed on a
Siemens D500 powder diftiometer (Cesource), with 150 mg of finely powdered
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cryoconite, at angles between 5° and 70°, at 1°/min and with a step size of 0.02. KBr
FTIR was performed on a Perkitimer Spectrum One, with 3 mg of finely ground
cryoconite and 150 mg of KBr granulelsH0 ratio), pressed into a disc under 10N force

in a die press; 100 scans were sequentially recorded and averaged. The absorbance of
KBr was accounted for by running blanks consisting of solely KBr powder.

Granule size, constituent particle size and ockgamatter analyses were also
undertaken on dried cryoconite subsamples. Granule size analyses were performed in
order to assess the morphology of the whole cryoconite granules and its variability. An
0i maging chamber & was c ocelsphanaitape thad hathhbeenc ut t i r
layered upon a glass slide. Five hundred milligrams of cryoconite granules from each
location were deposited into the well and imaged using a dissecting microscope with
CCD camera attachment (brightfield reflected light amdnagnification). The raw
images were subsequently adjusted for brightness and contrast and, using I&hagePro
the o6aread function was wused to calcul ate
touching granules were manually separated. The average diamhe&ach granule was

calculated using the formula (length + width)/2.

Particle size analyses of constituent particles followed disaggregation by boiling the
aggregates in a 30 % hydrogen peroxide solution for one hour and until effervescence
ceased. Angsis was then undertaken in triplicate (following standard operating

protocols) on a Horiba LA950 laser diffraction particle sizer.

Bulk organic matter content and composition was determined usingwssep
thermogravimetric analysis, based upon the patof Kristensen (1990). Five hundred
milligrams of each sample was heated in a muffle furnace at 105°C, 200°C, 350°C and
520°C, for 4 hours at each temperature, allowed to cool within a desiccator and
weighed. This procedure enables the calculationtaf twganic carbon (TOC) contents,
as well as the differentiation of therirabile (200 350°C) and thernietable organic
matter (350520°C)(Cuypers et al. 2002).

2.3.2Microbiological and biochemical analyses

Fully hydrated cryoconite granules were drappeto a small amount of ultdaigh

quality (UHQ) water and immediately frozen using liquid nitrogen. These blocks of
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cryoconite and amorphous i1ice were then sec
thickness of 60 Om, and dierpsoopd stide.dSections a Sup
were allowed to dry for one hour at room temperature and were then stained with

various fluorescent biological stains.

The development of a multiple fluorescent staining protocol to stain thin sections of
cryoconite material andimage using CLSM requires the consideration of
autofluorescence, particularly from photosynthetic microorganisms, which can directly
interfere with the fluorochromes used (Neu et al. 2002). Consequently, gthreged
approach was e mgdmaincsbghenylindoie (D4PI)4dcdstain éellular
material, AlexaFluor 488 (concanavalin A conjugate) to stain the polysaccharides
within EPS, and autofluorescent emission to visualise photosynthetic microorganisms.
This approach was developed based upenprotocols of Chen et al. (2CG0B & Neu
et al. (2004). The autofluorescence of photosynthetic microorganisms was excited at
543nm and detected between 650 and @00 Each thirsection was therefore covered
with 100 pL of DAPI stain (12.5pg/mL final concentration) and incubated for 5
minutes in the dark. This stain solution was then removed by pipette and the thin
section was washed with a }0Q drop of UHQ water, three times for-rBinute
durations. Following this, a 160L drop of AlexaFluor 488 (aacanavalin A conjugate)
fluorescent dye was added (at 18§ mL final concentration), incubated for 20 minutes
in the dark and then washed as described above. Each thin section was subsequently
imaged on a Zeiss LSM 510 META microscope with{plmton caphilities.

To characterise the bulk microbial biomass of cryoconite debris, a small amount (10
mg) of thawed cryoconite was-seispended in 1mL of UHQ water, buffered with
phosphate buffered saline (PBS), and incubated with DAPI stain as described above,
filtered onto a 0.2am black polycarbonate filter paper and mounted onto a glass slide.
These slides were analysed and imaged under fluorescent light using a Zeiss Axioplan 2
epifluorescence microscope with a DAPI filter cube. Autofluorescence of both
photoynthesising microorganisms and certain inorganic particulates was detected using
the FITC broad filter. Due to the attachment of biota to mineral surfaceseetian
technigue was employed, whereby 15 random fields of view were imagedah @5

intervds and cell counts undertaken on these images.
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2.4 Results
2.4.1Geological and geochemical

Figure 5illustrates some of the typical spectral profiles obtained using powder XRD
and KBFFTIR. XRD analyses indicate a prevalence of silicate minerals and their
weathering products (Cullity 197&uffell and Wiltshire 2004). The strongest peaks
correspond welto the International Centre for Diffraction Data (ICDD) file-2645,
indicating an abundance of quartz. Cryoconite from KP shows the simplest diffraction
pattern, indicative of a mineralogy dominated by quartz, with contributions from
orthoclase and plagclase feldspar. Cryoconite from VF and ML show similar
diffraction patterns, with data suggesting a dominance by quartz, with significant
contributions by mica, kaolinitéype clays, and orthoclase feldspar. Silicates and
dolomite dominate the diffractiopattern from LY, as outlined by Hodson et al. (2010).
Cryoconite from KG shows the most complex signal, suggesting a broader mineralogy
with a greater dominance by plagioclase feldspar, and contributions from calcareous
minerals and apatite. FTIR spectcamplement the XRD data, in that the peak
assignments indicate a prevalence of quartz and weathered silicates. The peaks at
~3,430 cit and ~1640 ctican be attributed to o6freebd
labelled groups of peaks can be attributedadleviis: (i) stretching of inner hydroxyl
groups between tetrahedral and octahedral sheets of phyllosilicates (e.g. kaolinite, illite
and smectite), (ii) aliphatic <€l stretching indicative of organic acids and lipids, (iii)
calcite and dolomite peaks at 430 cm' and ~1450 cil respectively, (iv) SiO
stretching vibrations of phyllosilicates, (v) vibrations that can be largely attributed to
quartz, and (vi) $iOi metal bending bands (Madejova 2003adejova et al. 2009)f

the phyllosilicate vibrations arstudied in more detall, it is clear that all cryoconite
samples show a peak at ~102634 cnt, indicative of biotite, illite and kaolinite
(Matteson and Herron 1993). Most cryoconite samples also show a shoulder dt ~1016
1000 cnt, indicative of muscové and orthoclase feldspar, with KG cryoconite
showing a pronounced peak at 1004 ¢nindicative of glauconite (Matteson and
Herron 1993).
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Figure 5 Mean combined powder XRD profile, an example to illustrate interpretation, showing
the dominance afilicate minerals and their weathering products. Typical ¥BiR profiles
for each of the cryoconite samples; features of interegi) @re discussed in the text.

Optical microscopy of geological thsections revealed that mineral particles were
typicdly <100 pum in diameter and showed evidence of weathering and organic
coatings. The organmineral groundmass showed evidence of zoning and clustering,
and varying degrees of humification. In agreement with the XRD and FTIR data, it was
also found that theéhree principal mineralogies were quartz, orthoclase feldspar and

micas, with calcite, clays, trace minerals and organic matter making up a varying
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proportion of the remaining solid material. Forample, KP cryoconite in Figure 6
shows an abundance ofagtz, low quantities of mica and feldspar, and small regions of
organic material (i), some organic coatings on particles and a rich organic layer around
one edgdii). ML cryoconite in Figure &hows a heterogeneous distribution of quartz,
orthoclase feldpar and mica, with a higher and more variable quantity of sizgd
particles, with larger quantities and regions of organic matter (iii), as well as a dark,
organic layer near to the edge of the granule (ii).

W,

e
W d v

Figure 6 Low magnification (28) brightfield imagery of, from left, ML cryoconite granule and
KP cryoconite granule. Zoning of mineral grains and organic matter is evident, with
translucent greeiyellow organic matter clustering near the granule edge (i), and opaque
neai black organic matter edent both as a layer around/near the granule edge (ii) and
clustering within the centre of an organiech granule (iii); scale bar = 10Qum.

Differences in granule composition were evident between granules from the same
sampling location, especially frorKP, where thin sections revealed a continuum
between aggregations of minerals with i&@nsparent organic matter between the
mineral particles, and rarer aggregations of minerals surrounded by pagqune green
to black organic matter. The opacity andotw of organic matter within the granule
may well be directly influenced by the age of the aggregate, though other factors such
as the accumulation of microbial pigments or colloidal black carbon particles may also

be significant.
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Cryoconite particle sizanalyses found silt to be the dominant particle size (following
Gale and Hoare, 1991) at four out of the five sampling locations. Cryoconite from KG
and VF were found to have the highest clay contents (<3 pm), cryoconite from ML
showed the highest sandntent (>63 um), and cryoconite from KP and VF showed the
highest silt contents (83 um). The median and mean particle sizes varied from 64.754
and 80.492 unfsy = 0.128mm) at ML, to 16.315 and 28.830 ufsy = 0.604nm) at
VF, respectively. It must beoted, however, that the majority of particle size data was

norrnormal in form.

When comparing the aggregate size distribution, cryoconite from KG and KP showed
the smallest mean aggregate sizes (~400 pm), whilst ML and LY showed mean
aggregate sizes of 88 um, and cryoconite from VF showed the highest mean
aggregate size (~600 um). A more comprehensive study of aggregate size upon LY
using field based imagery (Hodson et al. 2010) found a considerably larger aggregate
size (median 6.74 mm), perhaps indiegt that in situ, hydrated aggregates are

significantly larger in size.

Triplicate thermogravimetric analyses found that organic matter content (as a
percentage of dry weight) varied from 1.3%0.166%)for cryoconite from KG, to
6.07%(x 0.118%)for VF. Cryoconite from KP, LY and ML exhibited TOC values of
1.48%(x 0.166%) 2.76%(x 0.224%)and 3.27%* 0.171%)respectively. These values
are in agreement with TOC values determined for cryoconite from other Svalbard
glaciers (e.g. Stibal et al. 2088 The R, values (Kristensen 1990) for Arctic cryoconite,

a ratio of mass loss between 200 and 350°C and mass loss between 350 and 520°C,
were all < 0.5, indicating that the majority of organic matter present within these
aggregates is thermiabile, i.e. dommated bycarbohydrates (Kristensen 19%&lewert

2004).

2.4.2Biological and biochemical

Total counts of DARktained cryoconite indicated between ~ 139%0° cells/mg for
KG cryoconite and 1.05 10* cells/mg for VF cryoconite. Cryoconite from KP shalve
a similar total count to VF (9.07 10° cells/mg), with LY and ML cryoconite showing
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2.18 3 10° and 2.573 10° cells/mg respectively. The majority of DABfained
microorganisms were found to be either coccoid in shape or filamentous, with some rod
and a few vibrio also present. Autofluorescence imagery indicated the presence of
variable quantities and types ofgibsynthetic microorganisms. Microscopic analysis
has identified, based upon the classification system of Rippka et al. (1979), a dominance
of filamentous cyanobacteria, particularly thindegptolyngbyasp. (diameter 0.72

pm), and thickePhormidiumsp, Lyngbyasp, andOscillatoriasp. (diameter 411 pm).
Unicellular cyanobacteria, likel§ynechococcusp. or Gloeocapsasp, various algae

and diatoms have also been identified.

Low magqification CLSM images (Figure ard) indicated the heterogeneous
distribution of photoautotrophs within cryoconite. KG cryoconite (image not shown)
contained a relatively low microbial content. KP cryoconite showed a dominance of
heterotrophic bacteria and infrequent clusters of unicellular photoautotrBhse(
7a), wheres ML and LY cryoconite (Figureb/and c respectively) showed a greater
prevalence of photoautotrophs and clusters of heterotrophiaibaeted VF cryoconite
(Figure ®d) aggregates showed the highest prevalence of photosynthetic
microorganisms, as wellsaa prevalence of heterotrophic bactenN&hilst it is
appreciated that chemoautotrophic bacteria and archaea may also be present, the
differentiation of photoautotrophs and heterotrophs using autofluorescence and nuclear
staining has been the traditiorgbproach when studying phototrophic biofilms (e.g.
Neu et al. 2004). ML and LY aggregates supported a greater number of thicker
filaments Phormidiumsp. and Oscillatoria sp), whereas VF aggregates seemed to
principally contain a far denser network of rther filaments I(eptolyngbyasp.).
Unicellular photosynthetic microorganisms were rarely seen to dominate, and were
often found associated with clusters of filamentous microorganisms. Largerisingle
celled phototrophs, likely green algae, were fospdradically throughout the granule,

either singly or a small colonies.
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Figure 7 CLSM images showing i(d) variation in photoautotrophic microorganism (red;
autofluorescence), heterotrophic microorganism (blue; DAPI), and polysaccharide contents
(green AlexaFluor 488) of cryoconite aggregates [e = outer edge of aggregate]; (e)
differentiation of photosynthetic pigments using their fluorescent emissions; (f and Q)
epifluorescent images detailing a heterotropbh and an autotrophic filamentich granule
respectively; scale bars = 5im.

35



As evidenced in figure (d), aggregates enriched with filamentous cyanobacteria
tended to exhibit a denser network of filaments at or just below the surface, in this case
extending for ~5070 um into the granule and priing structural support for the
aggregate. Aggregates impoverished in filamentous cyatere as evidenced in
Figure {a), showed disruption when cut with a microtome blade, indicative of a more
fragile aggregate structure. Within cryoconite aggregdfiement orientation was
generally random and encapsulated mineral particles. Aggregates with a dense network
near to the surface showed a slightly greater tendency for filaments to orient parallel to
the surface of the granule, perhaps to maximise uhiace aea exposed to sunlight.
Figure (ai d) also illustrates that polysaccharides could be found covering the surfaces
of mineral particles, with greater concentrations of polysaccharides nearly always
associated with clusters of photoautotrophs. Fumtbee, high concentrations of
polysaccharides were most evident at or near the swfawrgoconite granules (Figure
7d). Those aggregates showing a relatively homogeneous distribution of
polysaccharides throughout, such as those from LY (Figckeshoved a finer fabric,

suggestive of strong clagrganic matter interactions.

Figure {e) indicates two separate autofluorescent emissions captured using short pass
filters covering the wavelength ranges of 6500 nm (pink) and 5950 nm (yellow),
in this cae for a biofilm mechanically removed from the surface of a cryoconite granule
from ML. It can be seen that the stronger fluorescent emissions (coloured pink)
emanated from the unicellular microorganisms. In fact emission spectra for these
unicellularmico or gani sms, taken from | ambda stack
filter, showed a fluorescence peak at ~678 nm, which can be correlated with chlorophyll
a content (Barranguet et al. 2004). The slightly weaker fluorescent emissions (coloured
yellow) emanated from the filamentous microorganisms, with emission spectra
indicating a fluorescence peak at ~645 nm, which can be correlated with phycocyanin, a
cyanobacterial phycobiliprotein.

Both CLSM and epifluorescente based analyses of heterotrophic baet
confirmed their heterogeneous occurrence throughout cryoconite aggregates. The low
magnification CLSM images in figure 3 indicate that they tend to cluster in greatest
numbers in areas often associated with photoautotrophic activity and the prelsence o
organic matter. In cryoconite from KP, greater concentrations of heterotrophic bacteria

were found at the edge of the granukearly visualised in figure(#). This is in direct
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contrast to the filamentich surface layer dominating in cryaute from VF (Figure

79) for example.

2.5Discussion
2.5.1Microstructure and biogeochemistry of Arctic cryoconite

In summary, optical microscopy, XRD and KBTIR analyses found that Arctic
cryoconite granules are dominated by phyllosilicate, tectosilicategaadz minerals,
showing a dominance of small particle sizes (< 100 um) and a varying but significant
quantity of organic groundmass, characterised by varying degrees of pigmentation
and/or humification. Mineral coatings are also prevalent, with constitoeneral
particles showing both organic and metal oxide/hydroxide coatings. These findings are
in agreement with other biogeochemical and structural investigations of cryoconite from
the Arctic and elsewhere in the world (Hodson et al. 2010, Stibal 220G, Takeuchi

et al. 2001a,b). Clear differences in the mineralogy and geochemical aggregate structure
can be seen both when comparing cryoconite from different glaciers and when
comparing cryoconite from one sampling location upon a single glaciey siraictural
heterogeneity allows for the existence of microenvironments exhibiting different
physicochemical and structural characteristics (Ranjard and Richaume 2001); indeed
Carson et al. (2009) find that mineral heterogeneity directly contributes tepttial
variation in bacterial communities. Firtextured sediment can be seen to promote
microbial abundance, in accord with Stibal et al. (2006). In addition, the data indicate a
relationship between mean organic matter content and mean aggregatmaste,
clearly seen when comparing cryoconite granules from VF and KP. This relationship
can also be seen in soil microaggregates, whereby the interaction of microbial biomass
within the soil, governed by variations in the microbiology and soil properties
(particularly texture, clay mineralogy, pdstze distribution and aggregate dynamics),
can culminate in the protection of microbially produced organic matter through
aggregation (Six et al. 2006). Arctic cryoconite has been shown by thermogravimetry to
be dominated by thermolabile carbohydrates, suggesting that microbial EPS contributes
significantly to the stabilisation of these aggregates, both through its own cohesive

properties and by moderating the surface chemistry of nearby substrates, promoting
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cation exchange and interaction with fine clay and colloid fractions (Ké&gebner et
al. 2008).

Fluorescence microscopy techniques indicated that cryoconite granules are rich in
microorganisms, with total counts comparing favourably with recent literattibal( 8t
al. 200&). CLSM images illustrated a heterogeneous distribution throughout the
granule and evidence of clustering and association with organic matter. In agreement
with Hodson et al. (2010) and Takeuchi et al. (2001a,b), the majority of aggredate
organiecrich cryoconite, such as upon VF, showed a network of filamentous
cyanobacteria on or near to the surface. Cyanobacterial filaments showed a broad range
of morphotypes, as evidenced in other glacial environments (de los Rios et al. 2004).
This network did not appear to show a dominant orientation, but does entangle mineral
particles and support clusters of unicellular photoautotrophs, heterotrophic bacteria, and
a prevalence of organic matter within its surround. Not all cryoconite can beéosaid
conform to the above description, however, as cryoconite from KP in particular shows a
greater concentration of filamentous and unicellular heterotrophic bacteria, dominating
the near surface of the granule, and a sporadic distribution of photoausotchpefly
unicellular cyanobacteria and algae. In contrast to aggregates from VF, which show
little change in size upon light agitation, aggregates from KP disaggregate into smaller,
microaggregates (or flocs). These are generally composed of a clubtterdtrophic
bacteria surrounding an aggregation of organic matter, with some small mineral
particles entrained and occasionally a single cyanobacterial filament. Indeed these
mi croaggregates show a similarity iho Omar.i
microbia, organic matter and trace metals (Simon et al. 2002). Furthermore, fluorescent
images of cryoconite aggregates indicate that, in general, there is a positive relationship
between the number of photoautotrophic microorganisms and aggregatéhsizes
likely to be due to filamentous binding and the presence of cyanobacterial EPS. It has
been shown that cyanobacterial filaments actively form ligaathl complexes (Yee et
al. 2004) and, as such, can interact and readily bind with clays andcongatter. A
long summer without disruption by snowfall has been identified as a key factor in the

proliferation of cyanobacteria and algae on the glacier surface (Yoshimura et al. 1997).

EPS plays an important role in the microstructure of aggregates dther
environments, since it can assist tedlll attachment by forming bridging complexes,

alter the surface charge of dispersed cells or filaments, allowing coagulation, and also
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provide protection from abiotic stress and predation (Adav et al. 20hdpiGcand

Ahring 1994). Further, the trapping of particulate matter and adsorption of nutrients by
EPS in aquatic environments enables functional advantages, such as assisting in the
formation of sedimentable aggregates and providing diverse microenvimtsrice
nutrient uptake (Leppard et al. 1995). Zulpa de Caire et al. (1997) found that aggregate
size and stability both increase when either EPS or cyanobacteria are inoculated into
soil, with solely EPS showing only a shiddrm aggregating influence, apposed to
cyanobacteria, which show a lotgym influence. It has been proposed (de Winder et

al. 1999) that the exopolymer sheaths of cyanobacteria are, to an extent, recalcitrant to
mineralisation, and as such their cohesive binding effect upon sedicaenbe
maintained Consequently, it may be said that microbial composition can fundamentally
affect the microstructure and composition of cryoconite granules. A continuum is
evident, between cryoconite aggregates that are dark, dense structures comailed
large number of cyanobacterial filaments, and cryoconite aggregates that are lighter,
gelatinous structures compiled of smaller, microaggregates showing greater dominance
by heterotrophic microorganisms. Whilst one ienémber is more akin to microbial

mats and soil microaggregates, the other is more akin to sludge flocs and marine snow.

2.5.2Implications for cryoconite aggregate formation

The data reported above, as well as current knowledge within the literature, allow a
hypothesis for cryoconiteaggregation to be developed. Given the prevalence of
photosynthetic microorganisms within cryoconite, it is clear that they are actively

involved in the aggregation of cryoconite granules. As such, it is proposed that:

1) Photosynthetic blooms in neawrface suspension (witnessed at sites across
Svalbard; A. Hodson, personal communication) result in raggregations of
EPS and both filamentous and unicellular photoautotrophs in wet snow and slush.
Here aeolian colloidal particulates also aggregate througsigd chemical
interaction, such as hydrophobic interaction of black carbon and perikinetic and
orthokinetic flocculation (Folkersma et al. 1999), whilst interactions between
planktonic bacteria and clegized particles result in biofilm development

(Zavazin and Alekseeva 2009). These are all potential precursory steps that could
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take place wupon gl acier s, with the O6str
percolating through snow physically promoting interaction.

2) EPSrich microaggregates will grow furér by acting as sticky sieves that trap
suspended or settling particulates in transit across the glacier. EPS provides an
extensive surface area for binding, with total concentrations of electrostatic
binding sites being over 2tigher than for cell suatces (Liu and Fang 2002), as
well as containing both hydrophobic and hydrophilic polymers (Jorand et al.
1998) and having the ability to partial
(Tsuneda et al. 2003).

3) Increasing aggregation leads to a greater settlibdgjtya and, due to dark
particulate matter within these micggregates, differential melt into the ice
(Wharton et al. 1985). As with other baggregates, it is likely that filamentous
binding then takes over as the dominant influence upon aggregattudrand
development. Given the CLSM observations discussed above, it is considered that
certain aggregates and locations do not support a proliferation of cyanobacterial
filaments. These aggregates, as in KG for example, are therefore weakly bound
with sporadic cyanobacterial filaments, meaning that they can be disrupted by
increases in shear strength. In aggregates and locations where the biogeochemistry
is conducive to cyanobacterial proliferation, such as in VF, filaments do indeed
proliferate, mechdnally and chemically binding the aggregate substrate.
Cyanobacteria, being slow growing, should positively influence the density and
stability of bid aggregates (de Kreuk and Loosdrecht 2004).

4) The fate of cryoconite aggregates after the above growthsstagmost likely
dominated by stochastic transport events that result from glacier ablation during
the summer. On gentle sloping ice surfaces the persistence of cryoconite for
several years appears possible (Hodson et al 2010), whilst those aggregates that
combine to form cryoconite holes in close proximity to migrating supraglacial
streams are at greater risk of transfer from the system (Takeuchi et al 2000).

2.6 Conclusions

It is clear that the cryoconite granule is a complex, heterogeneous entity ghoosad

similarities in structure and composition across the Arctic region, yet showing
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variability even between granules within the same cryoconite hole. The dominance of
filamentous microorganisms within the strongest granules, particularly cyanohacteria
point towards the pivotal role these bacteria play in the stable aggregation of
supraglacial sediments. However, the roles of other photosynthetic microorganisms and
heterotrophic bacteria are clearly elevated in some granules. When combined with the
fadt that polysaccharides were present in all granules studied, this suggests that EPS
also has an important role to play in the aggregation of cryoconite. The tight clustering
of organic matter, phototrophs and heterotrophs in many granules suggests a
relationship between autotrophy and heterotrophy within cryoconite, with implications
for carbon cycling within aggregates. Furthermore, it is clear that various geochemical
factors can support aggregation, in particular the availability of weathered minatals an
colloidal particles. A theory of cryoconite aggregate formation has been hypothesised,
centered upon multilevel aggregation, with bioflocculation and filamentous bulking the
two key steps. Knowledge of the roles of photosynthetic microorganisms anchEPS i
aggregation is still, however, in its infancy, and it is thought vital to further this research

in order to better understand supraglacial ecosystems.
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CHAPTER THREE : USING FTIR SPECTROSCOPY TO
CHARACTERISE THE SOI L MINERALOGY AND
GEOCHEMISTRY OF CRYOC ONITE FROM

ALDEGONDABREEN GLACIE R, SVALBARD

Published as:Langford, H., A. Hodson & S. Banwart, 2011. Using FTIR spectroscopy
to characterise the soil mineralogy and geochemistry of cryoconite from
Aldegondabreen glacier, SvalbaApplied Geochemistry26(S1), S206S209

http://dx.doi.org/10.1016/j.apgeochem.2011.03.105

3.1 Abstract

Mineralogical and geochemical diversity in cryoconite granules from Aldegondabreen
glacier was investigateasing FTIR spectroscopy. Results suggest that the technique is
an effective tool for investigating mineralogy and identifying spatial differences in

geochemistry, based upon characteristic spectral signatures.

3.2Introduction

Cryoconite granules are baaically active aggregations of microorganisms, mineral
particles and organic matter that occur on glaciers, either within shallow melt on the
glacier surface or within deeper meltpools, termed cryoconite holes. Recent research has
focused primarily on nuient cycling (e.g. Stibal et al. 208® Xu et al. 2010) at
various scalesand microstructural charactemiton (e.g. Takeuchi et al. 2081
Langford et al.2010 of granular biogeochemistry. Although cryoconite is organo
sedimentary, unlike researchonsoil structure and composition, spectroscopy has not
been widely employed within the field. FTIR spectroscopy provides the opportunity to
identify crystalline, poorly crystalline and amorphous materials based upon
characteristic absorbance peaks (Jalet2009). In addition, when combined with an

extraction protocol, it can also provide useful information on the composition and origin
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of organic matter (Giovanela et al. 2010). This study applies FTIR spectroscopy to the

study of cryoconite granules saleg from 12 locations (AG12) across
Aldegondabreen glacier, Grgnfjten, Svalbard, Norway (Figurg.8t is our hypothesis

that there will be spatial variability in the geochemical composition of cryoconite across

the glacier surfaceAll FTIR analyses wre performed on a Perkifl mer & Spectr u
Oned spectrometer, usi ng mgoespactdbscoppgdde et t e
KBr, and recording 100 scans at 4 tnesolution.

Aldegondabreen

Figure 8 Location map of Aldegondabreen glacier, showing sampling points 125 (a) =
bird cliffs.

3.3Results and discussion

FTIR spectra of bulk cryoconite samplesnig subsamples) are characteristic of a soil
dominated by clays (Madejova 2003) and show variabilggwieen sampling points.
Figure qa) details the principalbsorbance peaks of two characteristic and different
FTIR spectra (AGl & AG2), and their classifications. Briefly, spectra show peaks

associated with quartz, feldspar, mica, a range of clays, and organic matter.
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- (1870-1880): Si-O stretching vibrations of silicate minerals

0 stretching vibrations of organic matter

-(1620-1630): C=C and C

-{1436): characteristic calcite peak

- (1164): characteristic of

-{1385): C-H bending vibrations of organic matter

amorphous silica

- (900-1100): characteristic
.. Al-OH bending and Si-O stretaching
[ vibrations of weathered sheet
'\ silicates, principally illite
| and kaolinite

-(882): characteristic dolomite peak
~ (778, 797): characteristic quartz doublet peak
- (694): 8i-O perpendicular vibration of silicate minerals

-(729): characteristic dolomite peak

- (470): $i-0-8i vibration of

sheet silicates

- (525): Fe/Al-O-Si deformation characteristic
of sheet silicates, e.g. feldspars & micas

Figure 9a): Characteristic FTIR spectrtom Aldegondabreen cryoconite (grey = AG1, black
= AG2), with notable peaks identified. Peak identification is based upon Farmer (1974) and
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Madejova (2003).
PCA Score and Loading Plot

*] 525
3 20219 o
3 1878
© 24 .1630
I 2526, 916
X 1084,
4 1033 ®
N 1625
E -

2,3,4,5,6

g 1009,
2 o — 7 1030
g 729, o TN T~ —— 1081
© 882, 2520 - 12
= - e o
Lo Lo [ 470, 694,
3 1620, ©2627 .
g 1816 778, 797,
£ 1870 T \ 1164, 1385,

2. . 2927, \9 3429, 3621

T T T T T T T
4 3 2 . 0 1 2 3

Figure 9b): Principal Component Analysis (PCA) score and loading plot for peak presence
(binary). The larger bold values are wavenumbers of peaks in the spectra, the smaller values

Principal Component 1, e.v. = 69.192%

are sample numbers.v. = explained variance

In order to assess the change in mineralogy between the different sampling locations,

principal component analysis (PCApw/undertaken in Minitab 1BCA (Jolliffe 1986
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is an orthogonal transformation of data into a set of principal components that attempt
to account for as much of the variability in the dataset as possible; each principal
component consists of a score wecand a loading vectoResults of the PCA of the
binary (presence/absence of peaks) RFFdata are presented in Figuréb® This
combined 6scor e 6 ofapnirgipal 6cbnopaneritsnly and B, | whith
cumulatively explain 82.386% of the variance ie thatajdentifies that the majority of
samples share some common peaks, clustered to the bajtdrof the plot, such as the
characteristioquartz doublet peak at 778 thand 797 crit. However, sample AG1

(and to an extent sample AG9) shows a signitigadifferent spectrum charactesis by

a number of dissimilar peaks. The principal peaks contributing to this difference are
those at 729 cift and 882 crfi i dolomite, one at 1436 ¢ calcite, and one at 1816
cm''i a wavenumber suggestive of a carbonyl functional group, likely associated with
organic matter. Smaller differences, appearing more centrally on the plot, can account
for some of the minor variability between the samples. For example, the peaks at 2921
cm'', 2927 cmt (aliphatic hydrocarbons) and between 1620 ad630 cnm’
(carboxylate groups), show minor changes in wavenumber, possibly indicative of
compositional differences in organic matter. Kaiser et al. (1997) note that a shift in the
carboxylate pdato a lower wavenumber occurs due to increased interaction between
organic matter and Fe & Al inorganic compounds. As well as peak presence, peak
intensity was also analysed. Samples from locations near to the edge of the glacier show
proportionately highr peaks i n the mail2006ns.i660i8a0at e o
cm?® and 450550 cni', indicating that they contain proportionally greater
concentrations of clays. Sample AG1 shows a particularly strong peak at 1084 cm
evidence of higher concentrat®of crystalline quartz than elsewhere upon the glacier.
These data suggest that the cryoconite mineralogy at the edge of Aldegondabreen has a
different composition, signifying differing source rocks. It is considered likely that the
centre of the glacieis principally fed by Aeolian input, whilst the sides of the glacier
receive characteristically greater quantities of avalafetiedebris. Regular rockfall

from thecliffs at location (a) (Figure)8vas witnessed whilst sampling.

Regarding soil organic ntar content, initial evaluation of total organic carbon
content revealed some spatial variation, varying from 1.98%.165%) (AG9) to
3.58% (x 0.357%)of dry weight (AG4). To further assess the organic matter content

and composition, the humic substameeithin each cryoconite sample were extracted
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using NaOH, following the protocol of Giovanela et al. (2010). Triplicate UV/Vis
spectra of each extract were taken to confirm the presence of humic substances: spectra
showed a characteristic featureless slojing from low absorbance at 700 nm to a
peak in absorbance between 260 and 280 nm. FTIR spectra of the humic acid (HA)
extract from each cryoconite sample were taken (lmg HA subsamples). Spectra show
some small peaks associated with silicates andonatbs, and a range of peaks
commonly associated with organic mati@&rnumber of peaks between 2800 @00

cm'* are indicative of aliphatic iH stretching vibrationsyhilst small peaks between

1500 andl650 cm* are indicative of aromatic C=C stretchinibrations (Bustin & Guo

1999). Other identifiable peaks, such as at 1384 ¢@i H bending), and at both 1095

cm'* and 1163 cit (Ci Oi H bending and 0O stretching respectively), are suggestive

of less humified material, such as fatty acids and polysaicks (Kalbitz et al. 1999).

The general organic matter signature revealed in the spectra correlates with the findings
of Xu et al. (2010), who studied cryoconite organic matter from the Canadian Rocky
Mountains using molecular methods. Artz et al. (2088)e that with increasing
humification, you get a decline in polysaccharide peaks at c. 3400acnh 1040 crit,

and an increase in aliphatic structures at c. 2926 and 2850 crit.
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Figure 1Q Selected peaks from characteristic FTIR spectra of humgid extracts from
Aldegondabreen cryoconite (grey = AG1, dotted = AG8, black = AG11).
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Spatial variability in organic matter compii@n is clearly visible (Fig. 10 with
cryoconite at AG1, for example, showing two relatively sméphatic O H peaks
between 2850 an8000 cm' and a minimal peak at 1040 EmCryoconite from AG8
shows a threpeak arrangement between 2850 8000 cm' and a minimal peak at
1040 cm?. Finally, cryoconite from AG11 shows a fepeak arangement betwee
2850 and3000 cm’ and a broad peak centred at 1040 'crithese data suggest that
cryoconite near to the centre of Aldegondabreen is dominated by carbofchate
organic matter and associated, largely aliphatic, humification products, whereas
cryoconie near to the glacier edge tends to contain both a lesser quantity and less

diverse composition of organic matter.

3.4 Conclusions

FTIR spectroscopy has proven to be an effective tool for elucidating spatial variations in
cryoconite mineralogy. When coinled with an organic matter extraction, smaller
peaks previously masked by stronger mineral absorbance can be seen and,
consequently, used to study spatial variation in organic matter composition. Results
indicate that cryoconite across the ablation zorie AlWlegondabreen varies in
mineralogy and geochemistry, with centrdlbgated cryoconite showing a greater
concentration of aliphaticand carbohydraterich organic matter, and iemarginal

cryoconite showing a less biogenic signature, with a greatersitiy in mineralogy.
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CHAPTER FOUR: USING ELECTRON AND OPTICAL
MICROSCOPY TO STUDY SOIL MICROAGGREGATE
STRUCTURE IN CRYOCONITE FROM ALPINE AND ARCTIC

LOCATIONS

Prepared for submission to Arctic, Antarctic and Alpine Reseaktemgford, H., S.
Banwart & A. Hodson, 2012. Using electron and optical microscopy to saily

microaggregate structure in cryoconite from Alpine and Arctic locations.

4.1 Abstract

The supraglacial environment has traditionally been viewed as extreme. However,
within this environment exists a diverse microbial community, particularly withen th
microbial reservoirs and biogeochemical reactors that are cryoconite granules:
microaggregates of microbial cells, organic matter and mineral particles. A combination

of electron and optical microscopy allowed us to visualise these aggregates atta hither
unparalleled spatial resolution. Cryoconite granules showed a dense structure, with a
fine groundmass of clagized particles and extracellular polymeric substances (EPS), a
surface layer dominated by filamentous cyanobacteria, along with significe®it EP
enmeshing. Various EPS types were identified, as well as significaritnttRSal
interaction in the form of 6clay hutchesé
presence and importance of EPS, both capsular and free, in shaping these aggregates,
contolling granule hydraulics and biogeochemical interaction, and providing protection
from freezing and UV exposure. Furthermore, they suggest that autochthonous organic
matter production, in the form of EPS, is prevalent within supraglacial ecosystems.

4.2 Introduction

Within polar and alpine settings, recent research has revealed a fascinating range of
supraglacial, englacial and subglacial microbial communities (Hodson et al. 2004,
Priscu & Christner 2004, Price 2007). These communities exhibit a higlolbiaktr
diversity, with spatial and seasonal changes in the microbial community evident. Within
the supraglacial environment, several environmental niches exist, from the snowpack
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(Amato et al. 2007, Larose et al. 2010) through to supraglacial stream$ (&aéi.

2001). Perhaps the best studied of these communities is the cryoconite ecosystem (e.g.
Takeuchi et al. 2004 Christner et al. 2003, Stibal et al. 2608lodson et al. 2010,
Edwards et al. 2011). Cryoconite granules are complex, heterogeneoagaaggrof
microorganisms, mineral particles and amorphous organic matter; they are found on
supraglacial surfaces in cold regions, especially the Arctic and lower latitude alpine
environments. It is becoming increasingly apparent that cryoconite shargs man
similarities with a number of other baggregates, including microbial mats,
stromatolites, marine snow and natural biofilms.

Cryoconite granules can be thought of as being both microbial reservoirs and
biogeochemical reactors. Investigations have fggkeéd the diverse microbial
community present (Sawstrom et al. 2002, Christner et al. 2003, Edwards et al. 2011),
as well as the importance of cryoconite granules to carbon, nitrogen, phosphorus and
sulphur cycling (Stibal et al. 2009, Anesio et al. 20&[&eson et al. 2011, Telling et al.
2011). The prevalence of photoautotrophic microorganisms promotes the production of
extracellular polymeric substances (EPS), allowing these aggregates to preferentially
bind mineral and organic particulates, promota&dji mineral interaction, growth and
the development of microenvironments (Langford et al. 2010). Limited research,
however, has attempted to probe the ultrastructure of cryoconite granules in order to
better understand their formation, development arelimobiogeochemical cycling.

Whilst optical microscopy has proven to be a highly effective tool in studying the
photoautotrophic and heterotrophic microbial populations within cryoconite (Takeuchi
et al. 200b, Stibal et al. 2006, Langford et al. 2010)niations to the optical
resolution make it difficult to study the detailed ultrastructure of cryoconite granules,
particularly such things as cithineral interaction and the nanomesized polymer
fibrils of EPS. When studying biaggregates, many reselers have turned to electron
microscopy in order to gain new information regarding such ultrastructural details as
stratification, porosity and c&EPS mineral interaction (Heissenberger et al. 1996,
Sabater et al. 2000, Donlan 2002, Dupraz et al. 20@hsterBrown & Webster 2007,
Roldan & Hernandez Mariné 2009).

With biological material being electreguoor, its imaging using electron microscopy is
challenging. When preparing sample material for conventional scanning electron
microscopy (SEM), extensive sample manipulation is involved, from fixation and
dehydrationthrough to embedding and/or coating (Little et al. 1991). This sample
manipulation is harsh and can both interfere with the sample matrix and cause such
issues as cellular collapse. Modern variations of sample preparation techniques and
modifications to onventional SEM have attempted to address these issues.
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Environmental scanning electron microscopy (ESEM) uses prelasiiag apertures

to allow lowvacuum operation (Muscariello et al. 2005) and water vapour as the
chamber gas, which has good amplityiefficiency and thermodynamic properties
(Fletcher et al. 1997), thus allowing direct observation of uncoated, eklguioon
hydrated specimens. However, ESEM still presents some challenges, with the presence
of a condensed water layer, as well as santfileshape and uniformity, affecting
contrast, resolution and visualisation (Mestres et al. 2003, Muscariello et al. 2005).
Furthermore, without a cationic heavy metal stain, such as ruthenium red, high
resolution imaging of EPS can still be problemé®dester et al. 2007). Cryand low
temperature (L) SEM have also proven popular for imaging biological structure, as
sample preservation is again better than for conventional SEM, with good density site
reactivity correlation observed (Beveridge 2Q06jor submicron ultrastructure,
transmission electron microscopy (TEM) provides better resolution and, with
Oinordinate attention to sample handling
EPS with a diameter of < 10 nm can be visualised. Ades in sample preparation,

such as higipressure freeze substitution, kiemperature resin embedding and focused

ion beam milling, have improved the preservation of cellular material and, as such, its
imaging using both SEM and TEM has improved.

Correldive microscopy is receiving increasing research attention within the biological
sciences. A combination of various optical and electron microscopy techniques
undertaken on the same sample, correlative microscopy allows functional cellular and
molecular stining to be combined with higtesolution electron microscopy in order to
provide greater insights into the structure and function of biological materials, such as
biofilms and biological aggregates. Working with microbial mats, de los Rios et al.
(2004) used a combination of optical and electron microscopy to image their vertical
stratification, identify characteristic cyanobacteria within these strata, study the porosity
of the sample, and look at bawcumulation and bialteration products within the a
such as silica and carbonates. Wrede et al. (2008) performed correlative microscopy on
the same sample, using a mutirpose hydrophilic embedding resin to cut an ultrathin
section for TEM and a serthin section for confocal laser scanning microscopy
(CLSM). They noted that good antigenic preservation meant that samples could be
stained possection.

In order to develop the understanding of the microstructure of cryoconite initiated by
Langford et al. (2010), electron microscopy, in combination witiSI@, is used to
probe the ultrastructure of cryoconite aggregates from one glacier in alpine Austria and
three glaciers in Svalbard: Vestfonna in western Nordaustlandet, Midtre Lovénbreen in
the Kongsfjord region of western Spitsbergen, and Longyearbmettre ilsfjord region
of western Spitsbergen. In particular, this research addressesiioellal and EPS
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mineral interaction within cryoconite granules in an attempt to ascertain preferential
interactions for the development of stable aggregatesis hypothesised that
ultrastructural analyses of cryoconite will reveal that EPS is a key constituent of the
groundmass of cryoconite, acting as the principal adhesive force within the aggregate.

4.3 Methodological approach

Sampling was conducted in bulk fromndomly chosen individual cryoconite holes on
each glacier surfac@ll cryoconite samples were collected from their respective glacier
surfaces using prsterilised implements rinsed with supraglacial water, placed into
polyethylene centrifuge tubes, atpwith supraglacial water, and frozen for transit back

to the UK. In the laboratory, each sample was defrosted in a refridgerator before being
processed for microscopy as detailed below.

4.3.1 ESEM and lowvacuum scanning electron microscopy

Whole cryocorte granules and crysectioned granules were examined using ESEM

and lowvacuum scanning electron microscopy (BEM). Samples were prepared

according to Treatment 4 of Priester et al. (2007). Briefly, individual granules were pre

fixed with 0.075% ruthemim red, 2.5% glutaraldehyde and 50 mMykine for 30

minutes. Fixation was for 2 hours in 0.075% ruthenium red and 2.5% glutaraldehyde.

The granules were then washed three times in 0.1 M HEPES buffer arftkpadgor 2

hours in 2% osmium tetroxide, be#obeing washed again, as above, for 10 minutes.

Some granules were then sectioned to a thickness of 60 um using a cryostat, as
described in Langford et al. (2010). These granules and sections were then deposited

onto doublesided carbon tape and attachedh standard EM stub. Samples for ESEM

were I maged in secondary electron mode on
spot size of 3.0, at 1.4 Torr and at a working distance of 6.1 mm. Samples-&®ENMV

were imaged on an FE lachomoad usiNgparHeli® detdctar n | o w
at 10 kV, with a spot size of 3.5 and at a working distance of 5.2 mm.

4.3.2Correlative TEM and CLSM

Whole cryoconite granules were subjected to two different preparation techniques. For
the first technique, a suspension ofadl granules was drawn up into a copper capillary
tube and a modified version of the spiessurised rapid freezing (SPRF) method was
followed, as in Leunissen & Yi (2009). Briefly, the Leica copper capillary tube (0.35
mm internal diameter) was sealedbath ends using a pair of needlesed pliers and
plunged horizontally into liquid nitrogen for 30 seconds. Following this, the tubes were
cut in a shallow liquid nitrogen bath using f@m®oled capillary tube cutters and
transferred into cryovials, pr@oled toi 80°C (with dry ice) and containing the freeze
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substitution medium (96% acetone). The cryovials were freeze substitutadBdf@
freezer for 3 days, before being slowly warmed20°C and kept in a standard freezer
at1 20°C for 2 hours. Workingn ice, the capillary tube contents were emptied inte pre
cooled microcentrifuge tubes using gentle pipetting and an eyelash probe. Whilst
keeping the samples in an ice bath, they were then exchanged with ethanol as follows:
3:1, 2:1, 1:1, 1:2 and 1:3 doed ethanol for 30 minutes each; and two changes of 96%
ethanol for 1 hour. Resin infiltration with Unicryl resin then proceeded as follows: 2:1
and 1:2 ethanotesin for 30 minutes each; and overnight in pure resin. The next day,
following a final resinchange for 2 hours, the samples were polymerised at low
temperature1(20°C) with UV light for 3 days. Finally, the polymerised blocks were cut
on aReichertJung Ultracut Eultra-microtome, to 50 nm for TEM and 500 nm for
optical microscopy, and transfedréo copper grids and glass microscope slides. All
manipulation was done using a pair of sterilised and appropriately cooled tweezers.

For the second technique, a suspension (10 pL) of small granules was set in a small
amount of 2% lowtemperature gellingigar (30 pL) at 37°C, as in Stradalova et al.
(2008). These gel blocks were picked up using a pair of sterile tweezers and plunged
into liquid nitrogen for 30 seconds. They were then placed intecquked freeze
substitution medium, as above, and proogésehe same way as for the above samples.
Ultrathin sections were pasbntrasted with aqueous uranyl acetate and analysed on an
FEl TecnaE G? Spirit TEM, at 512 kV.

Directly after each ultrathin section was cut, -gr thin section was cut from the
sane sample block. These sections were not-postrasted, but instead were stained
using the fluorescent nuclear stain DAPI and the fluorescent carbohydrate stain
AlexaFluor 488 concanavakif, following the protocol detailed by Langford et al.
(2010). Cosequently, they were analysed on a Zeiss LSM 510 META confocal
microscope at 630magnification, using a mufphoton tunable laser to excite DAPI, a
488 nm Ar laser to excite the AlexaFluor dye, and both a 532 nm and a 633 nm He/Ne
laser to excite photaiphic autofluorescence. Images were recorded at 102d24
pi xel s. For bi ovol ume calcul ations, I ma g €
autofluorescent channel was thresholded using an above and below threshold and, using
the resulting binary image, @855 e m pol ygon was moved manual
on each image, recording the percentage area covered with red pixels, denoting
autofluorescence. These results were averaged to obtain mean biovolume data from the
surface of cryoconite aggregates inwards

4.3.3Self-pressurised rapid freezing

Whilst this technique has been shown to work with dense cellular suspensions
(Leunissen & Yi 2009), both sample heterogeneity and size affected its reproducibility
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when applied to cryoconite aggregates. Ultimatehguifficient cryoconite aggregate
material could be taken up and effectively rapidly frozen to enable the TEM study of
celli organd mineral interaction. As such, the data presented below relate to specimens
obtained using the second TEM preparation techni§tradalova et al. 2008).

4 .4 Results and Discussion

Whole cryoconite granules showed a dense aggregate structure {Big. with
evidence for the caggregation of smaller microaggregates and the adhesion of larger
mineral particles to the aggregatefage. These larger mineral particles were loosely
held to the aggregate surface (Figblwhen compared with the smooth, E&&ered
particulate matter below them and in other areas of the granule surface 1&ig. 1
Whilst ESEM (Fig. 1laic) provided exellent detail of the hydrated granule
ultrastructure, including clear imagery of hydrated EPS enmeshing the granule surface,
the resolution of cellular features at higher magnifications proved problematic. This
may have been due to the density and covecdghe EPS at the surface. Given the
heterogeneity of the substrate, EPS development is likely to hinder the visualisation of
structural details and biogenic components, as it acts to smooth the surface (Priester et
al. 2007). As noted by Joubert and &ll(2008), this is a particular problem when
attempting to visualise smaller bacteria, as an accumulation of EPS can turn a sandy
biofilm into an undulating film. Conversely, working with a drier sample andSEM

with Helix detection, greater resolutionnda contrast was achievable at higher
magnifications, enabling various biogenic components to be visualised (Eiig).1
Figures 11d and 1le, cryoconite from Longyearbreen, highlight a surface biofilm
consisting principally of flamentous microorganismber size (c. 0.71 nm in width)

and association with copious EPS suggest that these are filamentous cyanobacteria.
Furthermore, lambdacanning CLSM of the thin section pictured in Figure 12 (data not
shown) and by Langford et al. (2010) indicate an dubogéscent peak at c. 64850 nm
associated with these filaments, representing the presence of cyanobacterial
phycocyaninThi s surface biofilm feature is akin
and Nehrkorn (1988) as being associated with attachmepitaoktonic bacteria to a
biofilm surface, albeit on a slightly larger scale. The EPS associated with these
cyanobacteria displays a striated, spelikge form (Fig. 11e; marked with a *). In this

way, it is similar to alginic acid structures as visualibgdAndrade et al. (2004). The
effect of the development of surface biofiims on cryoconite granules is unclear,
although they do function to protect sediment particles from erosion (e.g. Paterson
1997). Cyanobacterial and algal soil surface crusts in @heironments have been
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found to increase water repellency initially, before extensive EPS production decreased
this repellency, whilst increasing pecegging (Fischer et al. 2010).
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Figure 11: (a) Electron micrograph of a whole cryoconite granule, stee= 100 um; (b) &

(c) Details of particulate and ERP&ch portions of the granule surface, scale bar =5 pm; (d) &
(e) A surface biofilm on Longyearbreen cryoconite, scale bars = 20 um & 5 pm; (f) & (@)
Autotrophic communities present within Midtre Ldlveeen cryoconite, scale bars = 10 ym & 2
um; (h) & (i) Granule structure and c&lEPS mineral interaction within Vestfonna cryoconite,
scale bars =20 um & 5 um.

Figures 1f and 1lg, cryoconite from Midtre Lovenbreen, highlight a complex
community at thgranule surface. In Figurelfl a large filament (annotated with a *) is
visible, which, given its size (c. Bm in width and > 100mm in length), lack of
observable surface banding and debnsrusted surface, is most likely to be a fungal
hypha. In addion, several smaller, filamentous cyanobacteria (marked Wl>t)"l ae
also present. The fungal hypha has dmed to colloidal particles attached to its
surface and EPS can be seen to enmesh it within an engaeoal matrix. In Figure
119, a cluster bunicellular cyanobacteria (annotated with a *) and associated EPS are
visible. As is often the case, these unicellular cyanobacteria are present as a small
cluster and are associated with filamentous cyanobacteria (marked with a *). A biofilm
containingc. 0.3nm bacterial cells (annotated With+)ais also visible. Figureslh and

11i, cryoconite from Vestfonna, also highlight flamentous cyanobacteria (*), EPS (

and associated clusters of heterotrophic bactéxid ese images serve to highlight the
diverse microenvironments created by photoautotrophs on and within cryoconite
aggregates, where physicochemical variability can drive proliferation of a diverse range
of species (Decho 2000). Also highlighted is the structured association of
microorganisrs, an effective survival strategy in extreme environments (deitos d®

al. 2003, 2004).

Thin sections, analysed by CLSM, highlight the surface and -swace
microstructure (Fig.12a). Unfortunately, as is often the case when preparing
heterogeneousediment samples for microscopic analysis, the presence of larger
mineral particles within the granule core caused fracture and ejection of parts of each
thin section when cut on the microtome. However, as emphasised in the inset of Figure
12a (red = autoflorescence, blue = DARLained bacteria, green = polysaccharides),
the outermost portion of the cryoconite granule often exhibits a comparatively greater
concentration of biota (Takeuchi et al. 26p0Hodson et al. 2010, Langford et al. 2010),
particularly photoautotrophic microorganisms, and is useful in understanding haw cell
mineral interaction shapes these granules.
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Figure 12: (a) Binary image, poghreshold, of the autofluorescence within the outer layers of a
typical cryoconite granule, taken &80° magnification; inset = low magnification cryosection,
taken at 108 magnification, detailing the spatial distribution of photoautotrophs (red), DAPI
stained bacteria (blue) and EPS (green) within a typicgloconite granule. (b) Graph
indicating varance in average biovolume (%) with distance from granule edge (um) for the
outer surface layer in Figure 2&rror bars represent standard error values

Figure12a shows a binary image of the autofluorescent surface layer of a cryoconite
granule from an Alpine glacier. As has been noted previously (Stibal et al. 2006,
Langford et al. 2010, Segawa & Takeuchi 2010), this dense surface network, extending
t o c . deptb in plaves, contains principally filamentous cyanobacteria (generally
from the order Oscillatoriales) and some unicellular cyanobacteria (e.g. from the order
Chroococcales) and algal cells, as well as high polysaccharide concentrations due to the
preence of copious EPS. From this binary image, we can study the variability in
average biovolume (%) with distance from the granule surfacel#. It can be seen
that, in general, the biovolume increases towards the interior of this surface layer. This
is likely due to the production of excess EPS at the very outer surface in order to capture
mineral particles that would otherwise be swept away by water or wind (Golubic et al.
2000) and to protect the cells from UV exposure. Within this general traed, ieaks
in the biovolume can be seen to occur. This may indicate a laminar development of this
surface layer, showing similarities to the findings of Takeuchi et al. (2010), and may
either be the result of different cyanobacterial species occupyinglglidifferent
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photephysical and/or physieohemical niches, or be evidence for annual laminations.
It has been noted that radially spreading cyanobacteria can initiate domal sedimentary
structures with concentric internal textures (Golubic et al. 2000).

To enable highresolution imaging of ultrastructural details without the ubiquitous
presence of EPS and such analytical issues as edge effects affecting resolution, TEM
proved to be a useful tool. Ultrathin sections, analysed by TEM, again show a dense
organo-mineral structure (Figl3a). Between small mineral particles, fibrillar EPS can
be clearly visualised, binding these particles together (Bly). These fibrils are <10
nm in diameter and form a dense cloud that encapsulates and adheres to mineral gra
These fibrillar networks have been found in other natural aggregates, such as marine
snow (Leppard 1992, Heissenberger et al. 1996), and are highly likely to be acidic
polysaccharides, e.g. alginic acid (Lunsdorf et al. 2000, Andrade et al. 200d3rétes
indicates that these EPS fibrils connect predominantly via cationic bridging (Theng
1982, van Boekel 1992, Decho & Herndl 1995, Leppard et al. 1996, Sanin & Vesilind
1996). Also present within the ultrathin sections is a globular EPS (e.g. Toda et al
1987), which can be seen on the-ledind side of Figure$3c and13d. Also in Figure
13c (annotated with a *), and in greater detail in Figl8e, is a single bacterial cell in
contact with an elongate mineral grakigures 13e and 13f detail a phait@rophic
community within the outer layer of an Alpine cryoconite aggregate (Fig. 12a). Figure
13e shows a transverse section through a cluster of flamentous cyanobacteria, with
some empty sheaths evident (highlighted with+)a as well as the presenasf
nanometresized mineral particles, most likely clays and/or aluminium/iron
(oxy)hydroxides. At a higher degree of magnification, the capsular sheath, composed
principally of extracellular polysaccharides, is clearly visible (Fig. 13f). The hydrated,
amaphous EPS in this picture shows few gaps. Around the edges of thbduR&®
flocs, further detail of these nanomesieged mineral particles (annotated With<)a
indicates that they are almost a monolayer, surrounding the edge of a pore spéce. Clay
polysacharide interaction at the surface of microorganisms has been documented by a
number of authors (e.g. Kilbertus et al. 1979, Kilbertus 1980, Foster 1981, Chenu
1993), with L¢nsdorf et al. (2000) noting t
in a sal biofilm: phyllosilicate and iron oxide mineral particles forming a layer around
one or more bacterial cells, held in place by EPS.i@lalysaccharide interaction has
been found to increase water retention upon desiccation (Chenu 1993) and, as such, is
considered likely to be an important aspect of microbial protection against psychrophilic
freezéthaw conditions. In addition, given that many polar photoautotrophs are low
light adapted, consequential protection from potentially damaging levels of solar
insolation is an added advantage.
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Figure 13: (a) Dense organmineral microaggregate, scale bar = 10 um; (b) Ultrastructural
detail showing EPS binding clesized mineral particles, scale bar = 0.2 um; (c) & (d) Cell
EPS mineral interaction within cryocdte material, scale bar = 1 um; (e) & (f)
Photoautotrophic community within cryoconite material, detailing cyanobacteria and empty
sheath material, scale bars =2 uym & 1 pm.
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Whilst the particle size distribution is, on the whole, relatively random andidisal,
a greater number of small, claized particles are often seen to be associated directly
with flocs of photoautotrophic microorganisms, an observation often noted (e.g. Tiessen
& Stewart 1988). This both suggests their affinity for one anothevelisas suggesting
that photoautotrophic bloom activity could act as a sieve for Aeolian fines, whether
within a melting snowpack or within a glacial weathering crust. Even small amounts of
EPS can reduce hydraulic conductivity by several orders of magni@r et al. 2007).
The presence of filamentous microorganisms throughout the cryoconite granules
studied, principally cyanobacteria and often in flocs, reinforces their importance as
stabilisers of both the granule as a whole and its surface, simitagy by Paterson et
al. (2008) and Zheng et al. (2011). Interactions between the capsular sheath and abiotic
particulates appear to be particularly important. In similar environments, nearly half of
all bacteria were found to exhibit a capsular sheattetatgan their cell diameter, with
this capsular EPS mediating associations between microorganisms and abiotic
particulates (Heissenberger et al. 1996). Combined with the ubiquitous presence of both
globular and fibrillar EPS varieties, these polysaccharidglycoproteins and
lipopolysaccharides act as anchors for mineral particles and organic matter. Paterson et
al. (2008) find that light deprivation significantly encourages EPS production in
cyanobacteriaich sediments. As such, albetgmuced melt of groconite debris,
forming cryoconite holes on the glacier surface, as well as accumulation of abiotic
particulates on the surface of microbial capsules, may induce further production of EPS.

Cyanobacteria are known to actively participate in the produaifosedimentary
structures via growth, movement and behavioural response (Golubic et al. 2000). In the
case of cryoconite granules, orgammeral interactions within a matrix of flamentous
cyanobacteria were shown, via electron microscopy, to bind patgécmatter and
create a hydrated structure, less open and more sedimentary than similar microbial mats
(de los Ros et al. 2004). This matrix showed heterogeneity and the presence of copious
and varied EPS, within which diverse microenvironments are stegjeo exist, created
by physicochemical variability and autotrophic activity. The interaction between EPS
and mineral surfaces is well documented, as previously noted, and thus allows for a
conceptual diagram to be created for cryoconite (Hi4), basedupon electron
microscopy findings and scientific literature.
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Figure 14: Conceptual diagram of c€IEPS mineral interaction within cryoconite granules,
detailing cation polymer bridging between polysaccharide chains and mineral particles and the
develome nt of O6cl ay hutchesé; modi fied from Theng

The polysaccharides within EPS can be uncharged, positively charged or negatively
charged. As such, they can interact with mineral surfaces through both electrostatic
attraction and cation polymer bridging (Theng 1982). With the enthalpy change of
adsorption being typically low, and divalent cations being known to maintain polymer
tertiary structure and promote interaction, interaction between a large number of
functional groupsand the mineral surface allows whole segments of polymer to be
adsorbed (Theng 1982, Sanin & Vesilind 1996). Though weak individually, these
interactions are strong en masse, leading to resistance to desorption on dilution (Theng
1982). These interactiorse suggested to be of primary importance to the development
of cryoconite granules.

4 .5 Conclusions

Electron microscopy, particularly a combination of either ESEM ofSBM and TEM,

allows for good ultrastructural characterisation of cryoconite aggegétcare in
specimen preparation is taken. When combined with optical microscopy, this
complementary suite allows structure to be deduced and spatial relationships to be
studied. This study used the above techniques to provide the highest resolutiery imag

of cryoconite ultrastructure yet achieved. In doing so, we have shown that the capsular
EPS of photoautotrophs significantly attracts-subronsized particulate matter, and

have visualised the dense organmeral groundmass, dominated by polysaddmar

EPS, that has only recently been suggested to exist. Cryoconite can be seen to have a
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dense aggregate structure with significant EPS enmeshing and surface biofilms/layers
showing evidence for laminations. Various EPS types have been deduced wsitially,

celli EPS mineral interaction contributing to aggregate shape and controlling granule
hydraulics. Diverse microenvironments are Vvisible, with igeyysaccharide

i nteracti on, in a similar vein to 6clay hu
biogeochemistry of these aggregates.
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CHAPTER FIVE : GEOSPATIAL INVESTIGA TION OF
PHOTOSYNTHETIC PIGME NTS AND CARBOHYDRATE S
WITHIN CRYOCONITE ON L ONGYEARBREEN GLACIER ,

SVALBARD

Prepared for submission to Polar Biolagkangford, H., S. Banwart &. Hodson,
2012. Geospatial investigation of photosynthetic pigments and carbohydrates within

cryoconite on Longyearbreen glacier, Svalbard.

5.1 Abstract

A cryoconite granule is a spherical aggregation of biota and abiotic particles. Recently,
microstructural studies have revealed that photosynthetic microorganisms and
extracellular polymeric substances (EPS) are omnipresent within cryoconite and have
suggested their i mportance as biological
factors, ad their biological control over aggregate size and stability, across a typical
Arctic valley glacier surface, a suite of rapid, spectrophotometric, microplate methods
were utilised. Subsequent geospatial mapping of these data revealed distinct patterns.
Labile carbohydrates were found to increaseglgeier, suggestive of EPS production

for cryoprotection and nutrient assimilation. Conversely, pigment concentrations were
found to increase dowglacier, with the exception of a zone of hydraulic erosion,
suggestive of a general reduction in physical disturbance and of the-upilof
photosynthetic pigments and less labile cyanobacterial sheath material. Aggregate size
was found to increase towards the glacier edges, linked to the input of particulate matter
from the valley sides, and to broadly increase dglagier, in the same way as pigment
concentrations. Statistical analyses of transect data revealed that the photoautotrophic
count and carbohydratehlorophyll ratio of the cryoconite sampled could expB#%o

of the measured variation in aggregate size and stability. Considering solely aggregate
size, the number and length of photoautrophic filaments could explain 92% of the
variation in this parameter. These findings demonstrate thelitwensional distbution

of key biological controls upon cryoconite aggregation for the first time, and highlight
the importance of filamentous cyanobacteria and EPS production to the development of
stable cryoconite granules.
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5.2 Introduction

Cryoconite granules are bagically active aggregations of microorganisms, mineral
particles and organic matter. Located on the surface of glaciers and ice sheets,
cryoconite material harbours a complex and variable microbial community (Margesin et
al. 2002, Hodson et al. 2008), soed largely from aeolian input (Pearce et al. 2009).
The physical and chemical characteristics of cryoconite material are also variable, both
between granules and between cryoconite holes, the-cylasdrical holes formed as

they preferentially melt it the ice (Fountain et al. 2008). Microstructural evaluation of
cryoconite granules from across the Arctic reveals this variability well, indicating that
the location and quantity of photosynthetic microorganisms, heterotrophic
microorganisms and labile gainic matter is highly variable between glaciers, resulting

in differing aggregate size and stability (Langford et al. 2010). Langford et al. (2010)
proposed a hypothesis for the formation of cryoconite granules, which highlighted the
importance of photosyhetic microorganisms and labile organic matter
(polysaccharides) in the development of stable cryoconite granules. Indeed, Takeuchi et
al. (2010) showed that environments rich in filamentous cyanobacteria promote the
development of highly stable, largeagules with visible quasinnual growth layers.

The study of the concentration and composition of both carbohydrate and pigment
concentrations within cryoconite has received limited research attention (e.g. Stibal et
al. 200&, 2010). However, within théelds of soil science and microbial ecology, the
guantity of related research has been far greater. Carbohydrates, along with other low
molecular weight organic molecules, play an important role in nutrient cycling (Fischer
et al. 2007) and are instrumahtin the formation and stabilisation of soil
microaggregates (Cheshire et al. 1979, Oades 1984, Puget et al. 1999). Indeed, it has
been shown that there is a strong correlation between labile carbohydrates and
aggregate stability in agricultural soils ¢@iall 1994; Puget et al. 1999). In certain
sediments, a significant proportion of carbohydrates are microisallyced
extracellular polymeric substances (EPS). EPS is a labile and absorptive matrix, the
production and composition of which depends upam nitrient status and growth
phase of the biota involved (Decho 1990, Decho & Lopez 1993). Cyanobacterial EPS
has been found to be particularly complex (De Phillipis & Vincenzini 1998, Pereira et
al. 2009). In low nutrient environments, EPS production panhaps surprisingly, be
stimulated (Myklestad & Haug 1972), particularly in phototrophic microorganisms
(OrtegaCalvo & Stal 1994). Furthermore, EPS has been found to actively promote
flocculation and aggregation (B&r & Shilo 1988, Zulpa de Caire el. a997).
Considering these factors, it is important to identify glasigte variability in
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carbohydrate production, as carbohydrates may control the formation of aggregates
upon glaciers and ice sheets (e.g. Hodson et al. 2010, Stibal et al. 2010).

When carbohydrate contents and pigment contents (as a proxy for the number of
photosynthetic microorganisms presentjesast in substantial amounts, they are found
to significantly increase the threshold of shear stress required for sediment erosion by
flowing water (Underwood & Paterson 1993, Sutherland et al. 1998a). Pigment
contents, principally chlorophylla, have long been utlised as biomarkers for
phototrophic activity in soils and sediments (e.g. Swain 1985, Downing & Rath 1988).
Pigment analyses havedn performed in a variety of ways, using: HPLC (Barranguet
et al. 1997), Raman spectroscopy (Edwards et al. 2004), fluorescence spectroscopy
(Gregor & Marsalek 2005) and spectrophotometry (Pinckney et al. 1994). The
usefulness of chlorophyla comes fromits prevalence amongst photosynthetic
microorganisms, from algae and diatoms to cyanobacteria. Whilst chlor@pisyla
good general biomarker, the importance of additional biomarkers, in order to measure
the abundance and distribution of particular phatotrophs, should not be
underestimated (Stewart & Farmer 1984). Photosynthetic microorganisms have been
found to be present in a range of glacial locations, with cyanobacteria in particular
producing a suite of photosynthetic pigments, for both proteetia lightharvesting,
some of which have maotility within the cell (Vincent 2007). Those motile pigments are
termed phycobiliproteins (Wildman & Bowen 1974) a group of watesoluble
pigments chiefly comprising phycoerythrin, phycocyanin and allophycwecya he
usefulness of pigment biomarker analyses within glacial studies has been highlighted
recently (Stibal et al. 2010; Morato et al. 2011), although research often fails to consider
phycobiliproteins as biomarkers.

Recent research into the biogeoch&nyi of cryoconite has focused on the
concentration and composition of organic carboribébtet al. 2010, Xu et al. 2010
and the concentration of chlorophy#l (Foreman et al. 2007). Phycobiliprotein
concentrations have been undardied, with only Sattler et al. (2010) exploring this
avenue, utilising lasenduced fluorescence imagery (LIFE) to study cyanobacterial
autofluorescence within ice core debris. Whthis research has highlighted the sparse
application of some techniques such as ion chromatography and nuclear magnetic
resonance (NMR) spectroscopy, research has focused on isolated samples or transects.
Given the lack of twalimensional coverage, tlié can be understood regarding the
supraglacial biogeography of these key environmental biomarkers. Furthermore, whilst
research has provided good estimates of photosynthesis within cryoconite (e.g.
Sawstrom et al. 2002, Anesio et al. 2009, Hodson @040, Telling et al. 2010), more
reliable values for nodegraded chlorophyll concentrations could enable
photosynthesis to be normalised for chlorophyll. This would allow us to gain a greater
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insight into the efficiency of photosynthesis. The objectivéh paper is therefore to
investigate the geospatial variations in key biochemical aggréwyameng factors
across an entire ablation zonk.is hypothesised thaspatial variability in these
aggregatdorming factors will be seen, drivingpnsequentariability in bothaggregate
size and stabilityThis research employs a spectrophotometric approach, usinwglb6
plates and performing a variety of assays, to allow rapid, ghatitr determination of
specific biochemical parametefis in this case caxdhydrate, chlorophylla and
phycobiliprotein concentrations.

5.3 Field site and methods

5.3.1 Field site

Fieldwork was undertaken on Longyearbreen ¢
210 E), in July 2010. The dnk aexceptdaradold al mos
surface layer that exists during summer (Etzelmduller et al. 2000), and has an active and
ablating ice surface comprising large amounts of cryoconite debris (Hodson et al. 2010;
Irvine-Fynn et al. 2010). It is set within a geologycoiatbearing shales, siltstones and
sandstones (Yde et al. 2008). A sample grid was devised, spanning broadly 2 km from

the snout of the glacier to the snow line, at time of sampling. The grid had a spacing of

100 m between points and was as regular asiles given surface topographical

constraints (Fig. 8). This grid was prgrogrammed into a GPS and followed, with

cryoconite debris being sampled from the nearest patch or hole to each point, in order to
maintain a regular sampling grid and negate bias.

Figure 15: Longyearbreen glacier showing samp
grid (circles) and centrdine transect location
(squares).

From each grid point, four samples of cryoconite were taken. Samples were collected
in 1.8mL cryovials, using prsterilised implements, kepbzen and transported back to
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the UK on ice, in a cool bag. Within each 1.8 mL cryovial, 0.2 mL of cryoconite
granules were collected. In addition, pictures of the cryoconite debris were taken at each
grid point, for subsequent granule size analysishénlaboratory, the frozen cryoconite
samples were defrosted and the following procedures conducted.

5.3.2 Carbohydrate extraction and analysis

The phendlsulphuric acid method for the colorimetric determination of carbohydrate
content (Dubois et al. 1951has proven to be a simple yet reliable method for
measuring the amount of neutral sugars present in a solution. Recently, this procedure
has been successfully scaled down to microplate format (Masuko et al. 2005).

In order to extract the carbohydratesnfr the cryoconite, a dilute hot acid extraction
was employed. To the cryovials containing 0.2 mL of cryoconite, 1.0 mL of 0.5M
sulphuric acid (HSO,) was added. These vials were then briefly vortexed to mix and
shaken at 400 rpm, in a water bath at 80%C,2f hours. Following this, the vials were
centrifuged at maximum speed for 10 minutes and 50 pL of supernatant was removed
from each vial and transferred into a well of av@@l microplate (NB: two microplates
were used for each set of assays). Followiregprotocol of Masuko et al. (2005), 150
pL of concentrated (18M) $$0, and 30 pL of 5% phenol (ag.) were added to each well
in quick succession. The microplate was then incubated on a shallow tray of quartz
sand, on a hot plate in a standard laboratory fume cupboard, at 90°C for 5 minutes,
before being cooled on an ice pdok 5 minutes. The base of the microplate was dried
and the absorbance measured at 490 nm on a Synergy 2 microplate reader. Triplicate
readings were taken. Average values were calculated for each sampling point. Blanks of
solely ultrahigh quality (UHQ) wé#er, and of UHQ water with phenol and sulphuric
acid, were run to determine the baseline for absorbance measurements.

5.3.3 Chlorophyll extraction and analysis

Spectrophotometric determination of chlorophyll concentrations, after extraction in a
common salent such as methanol, ethanol or acetone, is commonplace within the life
sciences. Several authors note the strengths of using methanol as an extractant, namely
the high extraction efficiency and shorter processing time (Hdédmsen & Riemann

1978; Sartoy & Grobbelaar 1984; Thompson et al. 1999). Most recently, Warren
(2008) provides a methodology for the rapid extraction of chlorophyll from ground
plant tissue using methanol, and subsequent analysis on a microplate reader.

To the cryovials containing 0.2L of cryoconite, 1.0 mL of methanol and 0.1 g of
0.5mm glass beatieating beads were added. The vials were then shaken in a bead
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beater for 1 minute, in order to disrupt the cellular component. Afterwards, the vials
were shaken on a vortex mixer (withyavial attachment) for a further 2 minutes.
Following this, the vials were centrifuged at maximum speed for 10 minutes and 200
uL of each supernatant removed to a well of av@ll microplate. Absorbance spectra
were measured, between 300 nm and 750 nmma dSynergy 2 microplate reader.
Triplicate readings were taken. Average values were calculated for each sampling point.
Blanks consisting solely of methanol were run to determine the baseline for absorbance
measurements.

5.3.4 Phycobiliprotein extractionand analysis

The general approach to phycobiliprotein extraction has been to disrupt the cellular
material (physically and/or chemically) and extract the phycobiliproteins into a buffered
agueous solution, such as a TriZBBTA solution or phosphate buff¢Gtewart &
Farmer 1984; Beer & Eshel 1985). Recently, Viskari and Colyer (2003) developed a
rapid method for extraction showing high efficiencies. This method was modified for
the present study so that it could be completed in microplate format.

Initially, the method of Viskari and Colyer (2003) was followed, modified principally
by replacing the nitrogen cavitation step with a beadting homogenisation step. The
0.3% asolectin and 3% CHAPS solution was prepared as in Viskari & Colyer (2003).
To each crgvial, 0.1 g of 0.8mm glass beatleating beads was added, along with 1
mL of asolectitCHAPS solution. The vials were vortexed and incubated, in the dark,
for 2 hours at 37°C. Following this, the vials were subjected to 1 minute of bead
beating, to disrupthe cells, and centrifuged for 30 minutes at maximum speed. From
each vial, 200 pL of supernatant was pipetted into a well of -aeéb microplate.
Absorbance spectra were measured, between 300 nm and 750 nm, on a Synergy 2
microplate reader. Triplicateeadings were taken. Fluorescence spectra were measured
on a Synergy 2 microplate reader using the 590/35 emission filter.

Extraction of the phycobiliproteins proved to be highly challenging and, using the
above method, no significant phycobiliprotein absmce or fluorescence peaks were
detected. A single small peak was detected at abs. 670 nm, which most likely correlates
with aqueous chlorophylf, a potential sideffect of using asolectin in the buffer
solution (Murata & Sato 1978). Furthermore, apmflescence microscopy found intact
cyanobacterial and algal cells within the cryoconite slurry, similar to Lawrenz et al.
(2011). The lack of efficient extraction may be down to a variety of reasons, although it
is considered that the complexity of the stnate, copious exopolysaccharides and low
cell numbers, when compared to a cultured sample, all play a part. Whilst nitrogen
cavitation was not an option open to us, two further disruption methods were trialled:
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lysozym@& EDTA extraction and freezéhaw exraction; combinations of these
techniques, as well as with bead beating, were also trialled. Similarly to Lawrenz et al.
(2011), it was found that the greatest cell disruption was achieved with a combination of
techniques and that an extraction time otw®6 hours was indeed necessary. As such,
each cryovial, containing 0.2 mL of cryoconite and 0.5 mL of phosphate buffer, was
subjected to three freegzbaw cycles in liquid nitrogen for 30 seconds and then on dry
ice for 15 minutes, followed by ice forsIminutes. Following this, 0.5 mL of & 2
lysozymé& EDTA solution was added to achieve a working concentration of 1 mg/mL
lysozyme and 50 mM N&DTA. The cryovials were then incubated at 37°C for 30
minutes, before being cooled to 4°C. Finally, the cryewagre homogenised in a bead
beater for 60 seconds, before being left to stand for 96 hours, with one change of
supernatant after 48 hours. Of the resultant 2 mL of supernatant, 200 puL of each sample
was added to a 9®ell microplate and fluorescence megsi on a Synergy 2
microplate reader using the 590/35 emission filter. Blanks of phosph#tred UHQ

water were also run, to provide a baseline for fluorescence measurements.

5.3.5 Image analysis to determine granule size

The analysis of fiekbasedimger y f or Longyearbreen was per
based upon the protocol of Irviikegnn et al. (2010). Each image was first scaled to
determine the pixel resolution. Consequently, images with sufficient contrast between

ice and cryocohaddé uweirreg 6arhralsdhwéeé/ bel ow t h
into binary areas. Average diameter was subsequently calculated. For images with low
contrast, manual assignment of area was conducted and again average diameter was
calculated. For each grid point, a minim of 50 granules were sized, and mean

average values were calculated for each grid point.

5.3.6 Mapping of biochemical parameters and granule size

For each parameter (carbohydrate, chloropaydind phycobiliprotein concentrations,

and granule size), meaverage values were taken. The mean standard error values of
these raw data, expressed as percentages of their range, were asi fohobahydrates

= 12.16%, chlorophylla = 16.77%, phycobiliproteins = 20.00%, and granule size =
4.04%. Concentration vaés for total carbohydrates and chlorophyll a were determined
using standard curves of concentration versus absorbance for two standards: mannose
and chlorophylla from spinach (Sigm&ldrich). Phycobiliproteins were mapped as
relative abundance (ratio).

Mean concentration data and mean granule size data were plotted as contour maps,
using ESRI ArcGIS. GPS eardinates for each grid point were converted from decimal

68



degrees to UTM cordinates and a base map image wasrgémenced using 20 GPS
data pointsand projected using the WGS84 Zone 33ootinate system and a spline
transformation. The sampling grid was uploaded as x,y point data. Each dataset was
uploaded as Xx,y,z point data and interpolated using the geostatistical wizard function.
Various interplation routines were investigated and multiquadratic was chosen, using
nine neighbours, as it produced the lowest root mean square (k%) The RMS

errors (and normalised RMS errorf)r each dataset were fdlows i carbohydrates =
0.057 (.7®%), chlorophyll a = 0.021(17.88%), phycobiliproteins = 0.01215.1%0),

and granule size = 154.8.724). The spatial data outputs from the geostatistical
wizard function were then transformed to raster layers and contour plots drawn using
the spatial analysbblset. Following this, the contour plot was limited to the extent of
the sampling grid by using the clip function based upon a manually drawn polygon.

5.3.7 Environmental predictors for granule size and stability

Using six of the grid points (marked wisigjuares on Fig.5), a centrdine transect was
devised. Average carbohydrate, chloroptrg/lland phycobiliprotein data were taken

from the above spatial mapping dataset and plotted alongside further biochemi¢al data
namely cryoconite organic matter comtegranule size and stability, and both the
number and characteristics of photoautotrophs within samples from these six data
points. In the laboratory, the organic matter content of the cryoconite debris was
measured, in triplicate, using a Shimadzu TdBajanic Carbon (TOC) analyser
following an overnight 0.1M NaOH extraction at a 1:5 sdlglid ratio. Aggregate

size and stability were measured photographically using image analysis. For each
sample, a 100ng subsample was imaged and average granwdendter was measured
using | mageldE, as detailed previously. Fol
vortexing for 30 seconds and-irmaged, with average granule diameter once again
measured. Considering the fraction > 250 um to be the stable macrastggragtion

(Tisdall & Oades 1982; Puget et al. 1999), the percentage of aggregates > 250 um after
agitation versus before agitation was calculated and used as a simple indicator of
aggregate stability. Photoautotroph total counts were performed on 100fmg
disaggregated cryoconite, at 40@agnification, on a Zeiss Axioplan 2 epifluorescence
microscope using autofluorescent emission and a Cy5 filter cube; images were recorded
with a colour CCD camera. The numbers of filamentous and unicellular
photoautotophs were counted separately across five fields of view, in triplicate, for
each of the six sampl es. I n addition, wi t h
length were made from the above images for each sample. From these data, average
filament lengh values for each sample could then be multiplied by the filamentous
photoautotroph count to obtain an estimate of filament length per gram of cryoconite.

69



Using this small dataset, multivariate linear regression models were run in SPSS v.
19, using granulesize and granule stability as dependent variables, and all
aforementioned biochemical parameters as predictors. Multivariate linear regression,
using a single dependent variable, was conducted in both stepwise and backwards
formats, usingP < 0.05 as theselector for the stepwise format. Multivariate linear
regression, using two dependent variables, was run as a full factorial model, with Type
[l sums of squares.

5.4 Results
5.4.1 Spatial mapping of biogeochemical parameters

Figure 16shows how mean carbohydrate concentrations varied across the ablation zone
of Longyearbreen. The general trend shows a greater concentration of carbohydrates up
glacier, near to the snow line (at the time of sampling). Up to 3.50 pg/mL of
monosaccharideatbohydrates were detected in this region closdsetsnow line.

| Carbohydrate content (ug/mL)

Bl o-os
I os-1
15
l 1s-2
-2
B 2s5-3
B :-35

Figure 18 Variation in carbohydrate concentratiormg/mL) across Longyearbreen glacier
ablation zone.
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Using a mean cryoconite density value of 1.49 g/mL (A.J. Hodson, unpublished data),
on a dry weight basishis value equates to approximately 5.215 pg/g. In addition, some

Ohot spotso

of

hi gh

carbohydrate

concentrat

northwestern edge of the glacier. Finally, a central region closest to the tgacienus
showed particularly low carbohydrate concentrations, with values dipping below 0.5

pg/mL.

The variability in mean chlorophykh concentrations across the glacier swefas
contourplotted in figure 17The general trend, clearer in this casdjdates that greater

concentrations of chlorophydl were present nearer to the glacier terminus. A maximum
chlorophylla concentration of 0.1825 pg/mL (0.273 ug/g) was found at the edge of the
glacier terminus. Again, there were slightly elevated comagohs along the glacier
edges, particularly the northwestern edge. Additionally, a greater level of localised
variability is visible on Figure 3 than was measured for mean catdbateycontent (Fig.

2). Figure 18shows the carbohydrat€hlorophyll ratio(CCR) as measured across the
glacier surface. This figure serves to highlight the significant excess of carbohydrates
up-glacier, when compared with the glacier terminus. At theglapier edge of the

ablation zone, at the time of sampling, up té #forecarbohydrates were present than

chlorophylla.

| Chlorophyll content (ug/mL)

B 0-0.075

I 0.075-0.09
[ 0.09-0.105
[ 0.105-0.12
I 0.12-0.135
B 0.135-0.15
I 0.15-0.165
I 0.165-0.1825

Figure 17 Variation in chlorophyll a concentration/j/mL) across Longyearbreen glacier

ablation zone.
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| carbohydrate:Chiorophyil ratio

Figure 18 Variation in the carbohydrate/chlorophyll ratio (%) across Longyearbreen glacier
ablationzone.
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Figure 19 Variation in phycobiliprotein concentration (relative abundance; fraction)
across Longyearbreen glacier ablation zone.
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Figure 19shows the variability in phycobiliproteins across the glacier surface, plotted

as relative abundance values. When compared with the other geospatial maps, a lower
localised variability is observable. The data show that, in general, concentrations were

elevated near to the glacier terminus, and in places along the glacier edges, in a similar
manner to mean chlorophglc oncentr ati ons.

Ther e

wer e

the top of the ablation zone, in contrast to findings with regard chlorophyligrélagest

phycobiliprotein concentrations measured were extracted from cryoconite sampled near

to the northeastern valley side, although this value seemed to be geospatially isolated.

The variability in granule size across the géacsurface is mapped inigare 20

Granule size shows perhaps the greatest variability between locations, varying between
<300 pm and c. 1.5 mm. Granule size can be seen to increase, in general, towards the

edges of the glacier and, to a smaller extent, towards the glacier terfaurthermore,

to a greater extent than the other three parameters mapped, a central zone of lower
values is visible. This relates to the lower average granule size that was present in that

region at the time of sampling, whereby the average granuledsizeot exceed 600

pm.

| Granule size (um)

B o - 400
[ 400 - 500
[ 500 - 600
[ 600 - 700
[ 700 - 800
I 800 - 900
I 900 - 1000
| [ 1000 - 1100
I 1100 - 1300

Figure 2Q Variation in cryoconite granule sizemfl) across Longyearbreen glacier ablation

Zone.
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5.4.2 Comparison of geospatial data

When comparing chlorophydl andgranule size (Figs. 17 & 20a very similar spatial
pattern isclear. Both maps show a general deglacier increase consummate with an

i ncrease towards the gl acier sides, as
respectively. Conversely, free carbohydraiatent and granule size (Figs. 16 & 2(d

not show sch a strong spatial relationship. In certain areas along the glacier sides,
higher carbohydrate concentrations can be related to larger granule sizes. However, the
opposite was the case near to the glacier terminus. The spatial pattern of
phycobiliproteinabundance shows some simiiatio granule size data (Figs. 19 &)20
towards the glacier edges, and overall in that phycobiliprotein abundance generally
increased towards the glacier termi nus.
dissimilar, particuldy towards the glacier terminus.

As demonstrated by the CCR (Fig.)1l&n inverse spatial relationship between
chlorophylla and cabohydrate concentration (Figs. 16 &)Ican be seen, in general, in
that comparative excesses of carbohydrates were fourglacier and comparative
excesses of chlorophyd were found dowsglacier. When the geospatial distributions
of both pigments are compared (Figs. 17 &),19 positive riationship can be seen.
However, the phycobiliprotein concentrations showed less spatial variability, with fewer
Ohot spot so, t ah @omcentratiors.o Firalfy,h sl with chlorophyh
concentrations, an inverse spatial relationship between phywobdins and
carbohydrates (Figd6 & 19 is evident, in general. However, towards the glacier sides,
this relationship becomes less clear.

5.4.3 Environmental influences over aggregate size and stability

Figure 21shows the principal biogeochemical d&tathe centrdine transect through

the grid area (ablation zone) of Longyearbreen glacier. This small dataset was intended
to provide both a summary of the glacier biogeochemistry and a dataset for multivariate
linear regression, in order to statistigalleduce the principal factor(s) affecting
cryoconite granule size and stability. Along the glacier transecteggtgr size and
stability (Fig.2a) wer e wel | correlated (PeBxrsonods
0.077). Near to both the glacier terminus (GT) and the snow line (SL), aggregate size
and stability were at their greatest, with a generally stable average aggregate size
evident otherwise. The organic matter contenthaf cryoconite granules (Fig. 21

shows a negative linear trend with distanceglgzier, falling from 176.50 mg/g to
127.85 mg/g. This is in complete contrastrmcarbohydrate content (Fig. @1 which
increases wglacier from 0.816 ug/g to 2.662 ug/g.
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Figure 21 Glacier centreline transect data, summarising biogeochemical data between glacier
terminus (GT) and snow line (SL), detailing variation in: (a) aggregate sipe golid line) and
stability (%; dashed line); (b) organic matter content (mg/g); (c) labile carbohydrate content
(my/g); (d) chlorophyll a concentratiorva/g); (e) phycobiliprotein (phycobilin) concentration
(my/g); (f) unicellular photoautotroph count (i@ells g%); (g) filamentous photoautotroph
count (16 cells g"); and (h) filament length (10w g*).

Chlorophyll a concentrations (Fig. 2i) were generally similar, with greater
variability and slightly greater concentrations towards the GT and at the SL. Averaged
phycobliprotein concentrations (Fig. 2] were relatively constant along the glacier
transect, wh coefficients of variation of c. 120% signifying some variability. As
such, these data serve only to illustrate the ubiquitous presence of cyanobacteria across
the glacier. The phototrophicontent of cryoconite (Figs. ih), when broken down
into uricellular and filamentous photoautotroph counts and filament length parameters,
varies considerably more than the phycobiliprotein concentrations. The fiausent
photoautotroph count (Fig. @1 shows some variability, with greater numbers present
near tothe GT, as well as greater numbers (but greater variability) near to the SL
(averaging c. 3.8 10° cells g%). Conversely, the unicelar photoautotroph count (Fig.
21f) is nearly the inverse of the filamentous codirtte flament length data (Fig. B
are, as expected, similar in trend to the filament count data. The main difference is that
the greatest mean filament length was found in cryoconite closest to the G¥ (D46
mn g%).

In order to explore the above patterns, multivariate linear ssgne analysis was
applied to the abovdescribed centréne transect data. Considering granule size as the
dependent variable, the only single parameter/combination of parameters that showed
statistically significant relationship$® (< 0.05; and therefer included in the model)
were (i) filament length and (ii) filament length combined with filament area. Filament
length was found to explain 89.5% of the variation in granule $ize @.004), whilst
filament length and area could explain 92.0% of the oredsvariation in granule size
(P = 0.022). Considering both granule size and granule stability as correlating
dependent variables, the greatest Ralue was found when (i) unicellular
photoautotroph countP(= 0.036), (ii) filamentous photoautotroph coyft= 0.007)
and (iii) carbohydratiechlorophyll ratio P = 0.028) remained in the model (the rest
being removed due to high and/orF values). These three parameters could explain
83.0% of the variation in granule size and stability.
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5.5 Discussion
5.51 Spatial mapping of biogeochemical parameters

As visualised in Figure l6average carbohydrate concentrations were found to
generally increase vgp| aci er , with some O6hotspotdé var.i
deposits and smaller granule sizes, net pynm@aoduction and the concentration of
labile carbohydrates have been found to be greater in the upper ablation zone of the
Greenland ice sheet (Cook et al. 2010, Stibal et al. 2010, Telling et al. 2012).
Furthermore, microbial EPS production has been showre advantageous to survival

in coldtemperature environments (Vincent 2007). When subjected to freezing,
polysaccharides can hold larger quantities of unfrozen water than smaller carbohydrates
(Biswas et al. 1975), and the hexose monosaccharigiesose, mannose and galactose

i have been found to be better at maintaining liquid water (Furuki 2000). Both
cyanobacterial EPS and cryoconite have been found to contain proportionally greater
concentrations of certain hexose monosaccharides, particuladgsglltand galactose
(Pereira et al. 2009, Stibal et al. 2010). With this in mind, it may be that a proliferation
of EPS occurs at the onset of freezing, as a cryoprotection mechanism. Recently thawed
cryoconite material, near to the snow line, would thus elpected to contain
proportionally more carbohydrates.

As mentioned above, carbohydrate concentration data did show localised variability
around the general trend, with concentrat.
early summer, supraglacial gbtrophic blooms, e.g. those of the red snow alga
Chlamydomonas nivaligan be readily withessed on both snow and superimposed ice
surfaces (Newton 1982, Mller et al. 1998, Stibal et al. 2006). As such, and given the
Opatchyd nat ur e aclivitypthisoactiwity is dikely to prefdrentially m
rai se carbohydrate concentrations in O0hots
Furthermore, in locations near to the glacier edge, and thus valley side, slightly higher
concentrations are evidenparticularly along the northwestern edge. This might
indicate allochthonous input of carbohydrates from the valley sides, or greater
allochthonous nutrient inputs and thus higher productivity. Finally, it is considered that
the input of larger mineralgpticles from moraine debris goes some way to explaining
the reduced carbohydrate concentrations measured in cryoconite near to the glacier
terminus. Indeed spatial studies using Fottri@nsform infrared (FTIR) spectroscopy
(Langford et al. 2011) providevidence for localised mineradnd clayrich cryoconite
near to the glacier terminus on Aldegondabreen, another Svalbard glacier.

With regard to chlorophylh concentrations, a broad dowfacierincrease is evident
in Figure 17 reaching a maximum valugf 0.1825 pg/mL (c. 0.27 pg/g). In similar
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polar environments, between c. 0.3 and c. 15 pg/g of chloroplndve been reported
(Stibal et al. 200& Stibal et al. 2010, Hodson et al. in review). In glacial river and polar
lacustrine and fjorcenvironments, between c. 0.2 and c. 65 g/L have been detected
(Owrid et al. 2000, Battin et al. 2001, Laybowrarry & Marshall 2003). Assuming a
cryoconite density of 1.49 g/mL, as discussed earlier (A.J. Hodson, unpublished data),
maximum chlorophyll cocentrations upon Longyearbreen glacier, at the time of
sampling, were approximately 0.2 g/L. As such, they are comparable with values from
alternative, agueous environments.

The downglacier increase in chlorophydlcan be attributed, in part, to a redantin
physical disturbance, a trend also seen in glacial streams (Battin et al. 2001). In
addition, exposure time since snowmelt likely plays a part. Towards the top of the
ablation zone, at the time of sampling, a thick layer of refrozen snowmelt
(superimposed ice) was present, which had been heavily weathered by solar radiation.
Distributed pore water flow, combined with the presence of cryoconite material in pores
within the superimposed ice, likely created increased hydraulic disturbance of
cryoconite sediment, with this lack of stability reducing the opportunity to
photosynthesise and perhaps even eroding smaller and weaker cryoconite aggregates.
Secondly, this wglacier superimposed ice environment, being only partially ablated,
contained biomass onrecently exposed to liquid water. Additionally, being a porous
and ablating weathering crust, this environment provides increased shading of the newly
ablated cryoconite material within and below it. As such, the level of biological activity
at the timeof sampling could well have been lower than for fully exposed, eglacier
cryoconite.

Towards the glacier terminus, larger interstitial flow paths created regions of the
glacier with reduced water flow (Irvifgynn et al. in press) and thus greater itgb
Indeed, the superimposed ice layer could be considered an ephemeral habitat, within
which the cyanobacterial strategy of slow growth is likely to be less successful (Vincent
2007). The main supraglacial stream in 2010 ran down the centre of Loogpgar
glacier, incising deeper in the lower 200 m. This region is concomitant with reduced
chlorophyll a content in Figure 1,7a fact that further supports the claim that stability
promotes photosynthesis. Other factors that must be considered are taployil
produced at low light levels can avoid phalegradation and persist (Carpenter et al.
1986), and that chlorophyll degrades more slowly at cold temperatures (Vincent &
HowardWilliams 1989). It may be, therefore, that, as cryoconite granulesdoeih
into the ice, shading, combined with the prevalent cold temperature, allows older
cryoconite granules to accumulate chlorophyll. Given these facts, it is expected that
stable cryoconite at the terminus of the glacier, the area that ablated firstsatitug

78



been exposed to solar radiation for the longest, should contain greater concentrations of
chlorophyill.

Regarding the excesses of carbohydrates presegiaojer, as revealed by the CCR,
this is likely to be both a cryoprotection mechanism andaltref phototrophic bloom
activity. As mentioned previously, phototrophic bloom activity has been documented on
glacier surfaces (e.g. Newton 1982); the authors have also observed this activity upon
Longyearbreen glacier. &drbhecmobehydratast
a mechanism for particulate nutrient scavenging following the onset of melt, in order to
obtain the necessary nutrients for photosynthesis, e.g. iron for the construction of
phycobiliprotein molecules. Nutrient scavengihgs been postulated as important
within glacial biological communities (e.g. Battin et al. 2001, Hodson et al. 2008), and
recently it has been determined that Arcti
for nutrient scavenging (Varin et al. 2010).

Conceerning phycobiliproteins, geospatial mapping determined a lower localised
variability, as well as elevated concentrations towards the glacier terminus and sides,
similar to data for chlorophykh. Taking phycobiliprotein concentration as a proxy for
cyanolacterial biomass, the lower localised variability suggests a relatively constant
cyanobacterial biomass, in agreement with the findings of Segawa and Takeuchi (2010).
Regarding the broad increase in phycobiliproteins towards the glacier edges, this again
suggests that stability promotes photosynthesis and growth, as well as suggesting the
potenti al for Ohot spotsé6é of cyanobacteri al
Midway through the ablation season one would expect, given the long doubling times of
cyanobacteria (potentially on the order afl8 days; Nadeau & Castenholz 2000),
elevated concentrations near the glacier terminus. Other-phgsical factors, such as
slope, may also have an effect upon both the influx of solar radiation and thigystébil
the surface. Radar surveys have revealed that the strata beneath Longyearbreen glacier
dip towards the glacier centli@e (Etzelmuller et al. 2000), and personal observations
noted that the margins of the glacier were slightly flatter. Therefatabde ice surface
is more likely to be present towards the glacier sides.

As noted in the Results section, Ohot spot
found upglacier, arguably to a greater degree than for chloroghyll These Ohot sp«
were notas strong as those towards the glacier terminus and are possibly due to random
variation associated with a tendency for cyanobacteria to cluster (Stibal et al. 2010).
Research into the variability of phycobiliproteins has found that a range of-photo
physcal and physicehemical factors can affect the quantity and quality of
phycobiliproteins, including intensity and energy distribution of incident radiation
(Glazer 1977, Korbee et al. 2005), position within the photic zone (Jgrgensen et al.
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1987), number of motile cyanobacteria (Kruschel & Castenholz 1998) and
macronutrient concentrations (Liotenberg et al. 1996). All of these factors could be
expected to contribute to spatial variability in phycobiliprotein concentrations.

Geospatial analyses of granuieesrevealed a high variability, with granule size, in
general, increasing towards the glacier edges. This potentially indicates a significant
source of avalanched and/or walb@rne debris from the valley sides. In addition, this is
also an indicator of tability, promoting organic matter production, teflineral
interaction and amalgamation (Takeuchi et al. 2010; Telling et al. 2012). The central
corridor of the ablation zone can be characterised by relatively smaller granule sizes,
indicative of hydrauti erosion by the flowpaths entering the principal supraglacial
stream.

5.5.2 Comparison of geospatial data

Geospatial data indicate significant similarities between elevated average chloeophyll
concentrations and larger mean aggregate sizes. Even wéfabistical analysis, this
similarity is evidence of a linkage between the two. A positive correlation between
chlorophyll a concentration and aggregate size has been found many times when
studying microaggregates in a variety of systems (e.g. Maxwek&nan 1994, Lunau

et al. 2006, Bowker et al. 2008). In addition, a positive correlation between chlorophyll
a content and soil aggregate stability has been shown in biological soil crust systems
(Belnap et al. 2008). Indeed, aggregate stability has bemwnsto positively correlate

with both chlorophylla content and observations of cyanobacterial sheaths in these soil
crust environments (Herrick et al. 2010).

In some contrast to the geospatial similarities between chloroploghcentrations
and granulesize, carbohydrate concentrations do not show such a strong positive
influence upon aggregate size. Although this is contrary to findings with regard
temperate soil microaggregates (e.g. Puget et al. 1999), this finding is not unexpected.
Firstly, net ecogstem productivity reduces with sediment thickness (Telling et al. 2012)
and, as granule size increases, heterotrophic consumption exceeds autotrophic accretion
of free carbohydrates (Stibal et al. 2010). Secondly, the carbohydrate extraction method
utilised was agentle dilute-acid hydrolysisdesigned to extract labile carbohydrates
from the sediment. The majority of cyanobacteria have capsular, bound carbohydrates
surrounding them as a sheath. As such, these findings suggest that bound carbohydrates,
as inferred by sediment chloroplhyand phycobiliproteins (Figs. 17 & })9exert a
greater control over granule size than free carbohydrates, in agreement with others
(Cook et al. 2010, Stibal et al. 2010).
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5.5.3 Environmental influences over aggregate sizsd stability

Biogeochemical data for the centiee transect indicated that whilst the organic matter
content of Longyearbreen cryoconite is greatest towards the terminus, and decreases up
glacier, the labile carbohydrate content is greatest near tenthe line and decreases
downtglacier. When considered together, these data are in contrast with the findings of
Stibal et al. (2010, 2012) in Greenland, who found that both TOC and carbohydrate
contents increased tglacier; however the scales at whichshelatasets were taken are
vastly different. Furthermore, relating this negative correlation between carbohydrate
content and organic matter content to granule size, it may be suggested that autotrophic
production of carbohydrates and the adhesion of lalh@mnous material uglacier give

way to clay organic matter interaction and the amalgamation of individual grains-down
glacier as controls upon granule size (Takeuchi et al. 2010, Telling et al. 2012). As
such, these organic carbon data may representggougranules rich in labile,
autochthonous carbohydrates ageing and becoming enriched in both: (i) allochthonous
organic matter from the valley sidewalls and (ii) more humified forms of carbon.

Considering the dowitransect variation in pigment concentoas, chlorophylla was
found to decrease wglacier, in general, save for a slight increase near to the snow line.
This upglacier decrease is likely due to a combination of factors, including stability and
persistencd discussed earlier. Phycobiliproteirshowed relatively constant average
values, with relatively large error bars, meaning that a significant trend could not be
determined. Direct counting of filamentous and unicellular photoautotrophs provided
further data to compare with granule size atadbiity data, in order to understand the
biological controls over aggregation. As mentioned in the Results, the photoautotrophic
content of Longyearbreen cryoconite varied considerably along the transect of study.
Anesio et al. (2010) found little evidemof a correlation between bacterial abundance
and bacterial production. This, combined with the fact that the quantity and quality of
phycobiliproteins have been shown to be highly variable (e.g. Korbee et al. 2005), and
the fact that cyanobacterial shesimay be preserved in the centre of aggregates, away
from solar radiation, goes some way to explaining this greater variability.

Along the glacier centrbne transect, filamentous photoautotroph counts, and the
measured length of filaments, showed inse=aat the glacier terminus and the snow
line, whilst unicellular photoautotroph counts showed an inverse trend. This may
suggest that proliferation of filaments restricts space within the aggregates, reducing
growth in unicellular photoautotrophs. It mayell also be that cryoconite age and
stability (as alluded to earlier) contribute to the higher average filament count and
length, particularly to the greater average filament length, which was found closest to
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the glacier terminus. When the photoautotrdpka are compared with granule size and
stability data, it is clear that they show similar trends. This suggests that the presence of
filamentous cyanobacteria has a significant control over the size and stability of
cryoconite granules, a suggestion tlvatranted statistical investigation.

Statistical analyses showed that the number of photoautotrophic filaments, and their
length, could explain 92.0% of the variation in cryoconite granule size along the
transect. Furthermore, when the number of uniaallybhotoautotrophs and the
carbohydratechlorophyll ratio were also considered, 83.0% of the variation in granule
size and stability could be accounted for. These results suggest that photoautotrophic
activity, along with the production of carbohydrate® @}, contributes significantly to
the variation in granule size and stability seen on Longyearbreen glacier. These results
agree with findings from terrestrial environments, where algal inoculation has been
shown to improve soil stability by reducing thantaging effect of erosion by water
(Falchini et al. 1996) and retaining silt and clay size fractions (Starks et al. 1981). There
is also agreement with findings from marine environments, where substantial research
into the stabilisation of sediments by pbautotrophs has been conducted (e.g. Yallop
et al. 1994, Sutherland et al. 1998a,b, Noffke et al. 2001, 2003, Tolhurst et al. 2002). As
covered in detail by Stibal et al. (2012), the interplay of various physical and chemical
factors, from altitude and@be to nitrogen and phosphorus limitation, all contribute to
the variability in microbial productivity, when considering microbial abundance and
activity as dependent variables. This study instead uses granule size and stability
together as dependent vdnlies, in an attempt to improve our current understanding of
cryoconite aggregate formation, finding good correlation between cyanobacterial
proliferation, associated EPS production, and granule size and stability, as suggested
previously by a number of éurs (e.g. Takeuchi et al. 201Hodson et al. 2010,
Langford et al. 2010). These findings have important implications for the distribution of
aeolian debris and its residence time upon the ice, both of which exert a crucial control
over albedo (Bgggild teal. 2010). Thus, photoautotrophy and the interaction of
microorganisms with atmospheric impurities clearly make a significant contribution
towards supraglacial melt.

5.6 Conclusions

The spatial variability in both pigment and carbohydrate concentramoss a glacier
ablation zone can be rapidly ascertained and quantitatively mapped using a combination
of spectrophotometric microplate methods and GIS techniques. Free carbohydrates were
found to increase uglacier, likely where newer, thinner deposatsd EPS production
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for cryoprotection and nutrient scavenging are prevalent. Chloroptoghcentrations

were highest near the glacier terminus, likely evidencing both a reduction in physical
disturbance and potentially its persistence within cryocauaeaules. Phycobiliproteins
showed relative homogeneity, with slight excesses near the glacier terminus, evidence
of both the ubiquitous presence of cyanobacteria and their controlling contribution
towards chlorophyll concentrations; difficulties expermhcin extraction prevent
further conclusions from being drawn. Granule size showed greatest variability, with a
general increase towards the edges of the glacier. In all cases, a zone of hydraulic
erosion was evident down some of the central tract of tiatian zone, whilst
allochthonous input and/or stability contribute to higher values of biogeochemical
parameters near the glacier edges.

Granule size and stability were well correlated along the cén&reransect, with
organic matter and carbohydratencentrations showing negative correlation, indicative
of a shift in organic matter composition and perhaps evidence of increasing age (i.e.
humification) downglacier. The numbers and lengths of filamentous photoautotrophs
correlate well with, and canattstically explain, variability in cryoconite aggregate size.
Combined with the carbohydréathlorophyll ratio, variability in both the aggregate size
and stability of cryoconite is explainable. Thus, these data emphasise the strong link
between filamentas cyanobacterial proliferation (and associated EPS production) and
the development of stable cryoconite macroaggregates, and highlight the importance of
both hydraulic erosion and humification to the variability in aggregate size and stability.
Furthermoe, they outline useful procedures for the rapid determination of biochemical
parameters on glacier surfaces. The application and development of these methods has
the potential to provide twdimensional temporal mapping of supraglacial
biochemistry and tdurther our understanding of cryoconite granule development.
When combined with other data, this could enable the albedo evolution of the glacier
surface, the cryoconite mass balance and the associated nutrient balance to be monitored
during a photic perit or ablation season.
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CHAPTER SIX: THE AGGREGATION OF C YANOBACTERIA
AND MINERAL PARTICLE S INSIGHTS INTO THE

DEVELOPMENT OF CRYOC ONITE GRANULES

Prepared for submission to Geobiologyangford, H., E. Wharfe, R. Goodacre, A.
Hodson & S. Banwart, 2012. The aggregation of cyanobacteria aratainparticles:

Insights into the development of cryoconite granules.

6.1 Abstract

Cryoconite granulesi supraglacial bioaggregates dominated by photoautotrophic
microorganismg are phylodiverse and biogeochemically active m@ngironments.

The devebpment of these granules is also fundamental to the entrainment of particulate
matter upon ice surfaces and consequently to aidaden melt. However, little is
known about the aggregation mechanisms operating upon glacier surfaces, driving
granule develpment. This study combines microscopy and spectroscopy to study the
co-aggregation of cyanobacteria and mineral particles, finding that a variety of mineral
powders are readily incorporated into bioaggregates. Various physicochemical
conditions, includingionic strength, temperature and growth phase, were shown to
affect both the success of attachment and the survival of the cyanobacteria. Fourier
transform infrared (FTIR) imaging suggested that capsular and free extracellular
polymeric substance (EPS) émactions with mineral particles dominated icalineral
attachment. Elemental carbon showed greater evidence for hydrophobic and cationic
protein interactions, whilst quartz showed greater evidence for polysaccharide and
carboxyl group interactions, suggjeg that a variety of attachment mechanisms can
exist. The above suggests that the aggregation of aeolian particulate matter on glacier
surfaces is strongly biologically mediated.

6.2 Introduction

Cryoconite granule$ quastspherical aggregations of ma@rganisms, organic matter
and particulate mineral matterare found on the surfaces of glaciers in many regions of
the world. Molecular sequencing and microscopic observation of the microbial
communities within these granules have highlighted their plnwdosity (Christner et

al. 2003, Stibal et al. 2006), whilst microstructural evaluation has suggested the
importance of phototrophs, particularly cyanobacteria, in the formation and
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development of cryoconite granules (Takeuchi et al. 2001b, Langford @0HD).
Aggregation of microorganisms and particulate matter retains material on the ice
surface that would otherwise be removed by melt, darkening the surface and enabling
further melt via the albedo feedback loop (Takeuchi et al. 2001a, Takeuchi 2002,
Hodson et al. 2008, 2010). The aggregation and development of a sedasedt
microbial ecosystem is also considered important in the seeding of the glacial forefield,
glacial carbon balance, and in the cycling of other key nutrients such as nitrogen and
phosphorus (Mindl et al. 2007, Stibal et al. 2008b, Anesio et al. 2009, Hodson et al.
2010). As such, research into the aggregation of photoautotrophic microorganisms and
mineral particles can be considered to be highly relevant in achieving a greater
undestanding of supraglacial ecosystems.

The attachment of microorganisms to abiotic surfaces has received a great deal of
recent research attention. Initially focusing on giawmsitive bacteria due to their
simpler cell wall structure, research now encompmasgeamnegative bacteria,
cyanobacteria and eukaryotic algae in a whole host of differing natural and
anthropogenic environments. Gallbstratum attachment is a net result of attractive and
repulsive forces (Geoghegan et al. 2008), with factors suchriageicharge, surface
site densities and hydrophobicity highly influential in attachment efficacy (Dittrich &
Sibler 2005, Andrews et al. 2010). When considering aggregates such as marine snow,
sludge flocs and cryoconite granules, bothicell interacton and the prevalence of
extracellular polymeric substances (EPS), to condition surfaces and promote adhesion,
are also very important (Sutherland 2001, Brehm et al. 2004, Eboigbodin et al. 2007).
Alongside this, shear and settling velocity gradients affiee induction of collision,
which subsequently affects the probability of attachment (Simon et al. 2002, Bouyer et
al. 2005). Finally, cell density has been shown to be important in attachment, with the
number of attached/aggregated cells being showre tproportional to the cell density
in various experimental environments (Chaignon et al. 2002, Simon et al. 2002, Sekar et
al. 2004, Kim et al. 2010).

Cyanobacteria are gramegative prokaryotes, containing a photosynthetic apparatus
involving both chlorphylls and phycobiliproteins, and noted for their thick
peptidoglycan layer, production of polysaccharidic EPS, high concentrations of
unsaturated fatty acids and membrane lipids, and ability to form trichomes (filament
structures) and heterocysts (nitrogeing cells) (Stanier & CoheiBazire 1977,
Chintalapati et al. 2004, Vincent 2007). Filamentous cyanobacteria, sindstsand
Phormidium species, have been shown to-floxculate with clay and iron oxide
minerals under various conditions (Leslieaét1984, BaiOr & Shilo 1988, Pan et al.
2006), with flocculation correlated with the production of EPS, the presence of
macronutrients and hydrophobic interaction (Ba& Shilo 1988, Pan et al. 2006, Silva

85



& Silva 2007). Investigations into the bindirgf both unicellular and filamentous
cyanobacteria to metal ions have determined the importance of carboxyl, phosphoryl
and amine functional groups, on both the cell wall and exopolymer sheath, to
attachment (Phoenix et al. 2002, Yee et al. 2004, Omoikdh&rover 2004, Dittrich &
Sibler 2005).

Investigations specifically relating to polar isolates are sparse. Kapitulginova et al.
(2008) find that aLeptolyngbyaspecies isolated from a Svalbard tundra soil shows
surface and interlayer attachment to flagébiotite in nutrientdeficient conditions. As
such, interaction between biota and abiotic particulate matter in cryoconite is still poorly
understood, particularly at a dethineral scale. To provide insights into the
development of cryoconite granulesidaexplore cellmineral interaction between
cyanobacteria and mineral particles, laboratory experiments have been conducted to
monitor the aggregation of cyanobacteria and a suite of mineral particles, under varying
pH and ionic strength conditions. Higlsolution measurements of aggregate size,
quantity and quality of cyanobacteria, and aggregate organeral chemistry, have
been recorded using confocal laser scanning microscopy (CLSM) and Fourier transform
infrared (FTIR) microspectroscopy.

CLSM has ben used to study both natural and synthetic flocs/aggregates (Neu et al.
2002, Barranguet et.a2004, Chen et al. 200g,Neu et al. 2010), using a variety of
fluorescent probes to study aggregate architecture, namely the distribution and type of
microoiganisms, the distribution of proteins and polysaccharides, and the pore spacing
(Kawaguchi & Decho 2002, de losid® et al. 2004, Chen et al. 2007a,b, Solé et al.
2007, 2009)FTIR microspectroscopy (FTIR imaging), having a spatial parameter and
resolution enables the nedestructive spatial analysis of functional groups across a
sample (Naumann et al. 1991, Lewis et al. 1995). Modern FTIR imaging is achieved
using a focal plane array (FPA) detector, which, using asstepning approach, allows
rapid measgrement of spectra across an array of pixels, enabling the construction of
high-density chemical maps at a resolution of typicallyt@mm (Lewis et al. 1995).

FTIR imaging has rapidly developed as a tool in both the biochemical and geochemical
sciences (@. Petibois et al. 2009, Della Ventura et al. 2010). Relating specifically to

cyanobacteria, FTIR imaging has the ability to discriminate cyanobacteria (Kansiz et al.
1999) as well as to study the biochemical composition of their biomass, and how this
changes with nutrient supply and/or stress (Heraud et al. 2005, Stehfest et al. 2005,
Pistorius et al. 2009). As such, CLSM and FTIR microspectroscopy are considered
suitable techniques with which to probe the architecture of photoautotrophic aggregates.

This study utilises a simple laboratory incubation to study the entrainment, attachment
and aggregation of mineral particles by cyanobacteria. As such, it aims to help
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understand how aeolian particulates, from mineral particles to pollutants, are entrained
upan glacier surfaces, the specific attachment mechanisms involved and the variance of
this attachment with different particulate types. Furthermore, it aims to understand how
the rate of attachment and aggregation is affected by physicochemical conditiwns, a
finally the effect of cellmineral aggregation on the subsequent growth of
cyanobacterialt is hypothesised that cyanobacterial filaments will show an affinity for

a range of mineral powders and that EPS will be involved in thé ndekral
attachment.

6.3 Methodological approach

6.3.1Incubation of cyanobacteria and mineral particles

I ncubations of cyanobacteria and +welnher al p
untreated, polystyrene microplates. Tolteaell, 2.5 mL of BG11 medium, of varying

pH (pH 4, 7 and 9) and ionic stremGth (64
11 medium is a mineral medium, composed principally of sodium nitrate and containing
sodium carbonate (N@O;) as the carbon source (Stanier et al. 197ahese wells, 1

mg of various mineral powders was added; minerals used were quartz, orthoclase, mica,
haematite, kaolinite, elemental carbon and a mixed mineral powder. These minerals
were chosen based on their prevalence in previousyXdiffraction andFTIR
spectroscopic analyses of disaggregated cryoconite material by the authors (Langford et

al. 2010). Each mineral was milled in a TEMA laboratory disc mill, washed, dried and
sieved to 266 3 ¢ M. This particle size rwawenfe has
mean and median cryoconite particle sizes (Langford et al. 2010). Following this, 10 pL

of either aLeptolyngbyaS-47 or aPhormidiumS-34 cyanobacterial suspension was

added. These cyanobacteria were from the Polar Cyanobacteria Collection of the
Belgian Coordinated Collectionsf Microorganisms (BCCM)where they are denoted

as ANT.ACEV6.1 and ANT.PENDANT.1 respectively; these strains have been
described in detail previously (Taton et al. 200B)e cyanobacteria were, with the
exception of one 1#vell plate, at early exponential growth phase at the time of
addition. With regard td_eptolyngbyaS-47, all combinations of mineral type, ionic

strength and pH were incubated in triplicate, along with true, cyanobacidyiand
mineratonly blanks.Phormdium S-34 cyanobacteria were interacted with the mixed
mineral powder under various ionic strength and pH conditions.

These plates were incubated on an orbital shaker under an Eye CBlorArc
photosynthetically active radiation (PAR) bulb, with 16 hourdigiit per day, at an
i |l umi nat i on phaohs rfl <" 0Experiments were conducted at two
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temperaturesi room temperature (21°C) and refridgerated temperature (4°C).
Microplates were sealed with parafilm to help prevent evaporative losses. Aggregatio
was studied over an iday period via CLSM on a Zeiss LSM 5META upright
confocal microscope. Autofluorescent images were excited with a 633 nm HeNe laser
and autofluorescent emission between iG8D nm was captured and imaged.
Transmitted differentiahterference contrast (TDIC) images, illuminated with a 532 nm
HeNe laser, were collected concurrently with the autofluorescent images. To allow
comparison of images taken on different days, all autofluorescent images were captured
using the same pinhosgze, pass and gain settings.

Following completion of the incubations, epdint aqueous chemistry and
carbohydrate analyses were completed using ion chromatography, inductively coupled
plasma mass spectrometry (KGFS) and UM Vis spectrophotometry, withthe
aggregates also studied via FTIR microspectroscopy. Dominant ions were analysed
using ion chromatography, which was carried out on O#5filtered samples of the
various incubation media, usingbgonex ICS 3000 ion chromatograph. Using apd0
sampleloop, all detection limits were < 1 mg/L. For the specific ions discussed in this
paper, detection limits were as follows: sodium, potassium, chloride and magnesium =
0.25 mg/L, calcium = 0.35 mg/L, nitrate = 0.50 mg/L and phosphate = 1.00 mg/L. A set
of external calibration standards were analysed at the beginning and end of the sample
run, and a 1 mg/L reference was analysed after every 10 samples had completed.
Changes in trace metals were monitored using a PRE&tkier ELAN ICRMS.
Detection limits wee all 5 pg/L except for As, Be, Fe, Se and Zn (50 pgdyi Vis
spectrophotometry was carried out in microplate format using the piseiuric acid
method, as outlined by Langford et al. (in prep. 2012b).

6.3.2FTIR microspectroscopy

Al i quot s eéchB bcuated sample were taken, containing raggregations

of cyanobacteria and mineral particles. These aliquots were applied orgaliSles-
(Crystran Ltd, Dorset, UK) and aglried to remove water, which can mask spectral
peaks. The spectra werellected in transmission mode using an Equinox 55 FTIR
spectrometer coupled to a Hyperion 3000 microscope (Bruker Optics Ltd, Billerica,
MA, USA). The microscope was equipped with a 64 x 64, liquid nitrogen cooled,
mercury cadmium telluride focal plane ayr(MCT FPA) detector, which allows the
simultaneous acquisition of spectral data from a @8i7x 267nm area, using a 15x
objective lens. The FTIR spectral maps were collected betweeri q0DEmM’, at a
spectral resolution of 4.2 ¢ Spectral data wereollected using routines within the
OPUS 4.0 IR imaging software (Bruker Optics). The sample/background ratio was used
to generate transmittance images of each sample. Finally, all spectral images were
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converted to absorbance and exported into Matlabiorers.12.0 (The MathWorks,
Inc., Natick, MA, USA) as ASCII files.

6.3.3Image processing

CLSM images were processed in |ImageldE. To
count (APC), images containing the 6300 nm output were thresholded, using an
above/baedw threshold, converted to binary and the pixels counted using the pixel

counter tool; this process was automated using a macro. Aggregate size was measured

from the TDIC output images. Starting with the raw image, an above/below threshold

was again applee Fol | owi ng t hi s, the 6aread6 -functio
dimensional area of the granules. Any touching granules were manually separated into
separate Oareaso6; the average diameter of e

FTIR spectral imags were explored in Matlab, using a number ofhaunse
algorithms. Firstly, a deterministic threshold was set and each image was automatically
threshol ded, defining each pi xel as ei th
Obackground?d; ehedckdd adgainst ies drrespamhdingv @pcal image to
make sure that only those pixels of biological relevance were selected. All background
pixels were then set to zero so that they did not interfere with subsequent analyses.
Following this, functional grqu mapping was performed on the spectral images, in
order to investigate the spatial distribution of selected functional groups and their
variation between different aggregation scenarios.

Functional group mapping can focus in on specific absorption baed&s), using
integrated peak area, intensity and position to plot them spatially, thus allowing the
chemical mapping of single peaks, or the ratio of two peaks of interest. Peaks mapped
were as follows: amide | and Il, lipid, carbohydrate, carboxylafgd/Gmide and
carbohydrate/amide. For each of the chemical maps, the IR spectral intensity was
presented on a colour scale, from blue (low IR absorbance) to red (high IR absorbance).
Gouraud shading (Gouraud 1971an interpolated shading functiGnwas gplied to
the maps in order to reduce the appearance of pixelation. Composite spectra were
created in CytoSpec.

6.4 Results

6.4.1Co-aggregation of cyanobacteria and mineral particles

In the case of quartz (Fig. 2@ and for all three ionic strengthsetAPC was found to
rise initially, before slowly falling with incubation time. Data showed a moderate linear
fit (0.64 mM, R? = 0.858). Orthoclase feldspar showed a similar trend (not shown). The
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deviation within the data (average absolute deviation [AAM}¥ high in places, most
notably on day 2. This was due to the large range of aggregate sizes, from small single
flocs to aggregates composed of conjoined multiple flocs. When compared to aggregate
size data fothe quartz incubations (Fig. @2inset), pesented as a moving average +
AAD, the two show a degree of inverse correlation. For all incubations undertaken,
aggregates had formed between day O (inoculation) and day 1. For quartz, a slight
increase in average aggregate size was exhibited over tingecof the incubation,
although aggregate size clearly fluctuated as larger aggregates broke up and smaller
aggregates adhered together. Foraage of elemental carbon (Fig..l22APC rose in

all cases, irrespective of ionic strength, but achievedrisstest rise with time in the 64

mM set of incubations, showing a good linear Rt € 0.894). Again, similarly high
ranges contribute to a relatively high deviation in the data. Initially, when a@tp

with aggregate size (Fig. B2inset), the data shoa positive linear correlation until day

10. Following this, a levelling off and slight decrease in average aggregate size was
observed. When a mixed rock powder was used, a positive linear Rend(©78) was
exhibited for the tgh ionic strength wedl (Fig. 2Z), whilst the lower ionic strength
incubations showed slight reductions in average APC. As with the elemental carbon
data, aggregate size for the mixed powder incubations increased linearly with time
initially, before falling. However, in thisnstance, a greater fall in average aggregate
Size was seen, returning to siamilvalues as for day 1. Figured2hows the change in

the APC plotted against the change in aggregate size, for all incubation wells. When all
data points are considered, thaaddo not show a strong trend. This suggests that
further parameters affect one or both variables, contributing to the variance observed
and the weak linear regression model |/ € 0.217). If the two principal outliers are
excluded, a moderate fit cae bchievedRe = 0.575).

When considering pH, no significant differences were evident between incubations
conducted at acid, neutral and alkali starting pH values.tlte mixed rock powder
(Fig. 22), pH 9 incubations exhibited the greatest increaeiaverage APC, with the
data again showing a positive linear trend over tiRfe=(0.933).However, all pH data
for the mixed powders showed a similar trend initially, with error bars overlapping. It
was only towards the end of the incubation period tiiete data diverged slightly and
differences in these trends emerged. A similar trend was clear for alrothkepowders
studied. Figure 22shows the variation of aggregate size over time with pH. Data
indicated that average aggregate size showed dmmafile variation over time,
irrespective of pH. As such, in these incubations, pH did not significantly affect the
growth of cyanobacteria or the adhesion of these cyanobacteria together and to mineral
particles.
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Figure 22 Results of cyanobacteria anthineral particle incubations, highlighting the

variations in APC and aggregate size with ionic strength for (a) quartz, (b) elemental carbon
and (c) a mixed mineral powder, (d) the change in APC versus the change in aggregate size,
and the variation of (eAPC and (f) aggregate size with pH.
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Figure B shows averaged data for both APC and aggregate size, presented as a ratio
of the initial count or size (adjusted so that the initial pixel count equals zero). Although
each well was inoculated with the san@wne of cyanobacterial suspension, random
variation in filament concentrations, combined with the tendency of these cyanobacteria
to floccul at e, l ed to some variation in
the data to ratio values negates thitial variation.
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Figure 23: Averaged (a) APC values and (b) aggregate sizes, expressed as a ratio of their
values on day 1, for all mineral types.

An initial increase in APC (Fig.3) on day 2 was evident in the majority of cases,
most likely dueto both the growth of cyanobacteria and, more importantly, the
flocculation of planktonic filaments and the adhesion of these filaments onto existing
aggregates, increasing the number of filategrer aggregate. As in Figure,dihear
lines of regressiohave been added to quartz, elemental carbon and mixed powder data,
given that these show the greatest difference. To summarise, Figareh@ws that
elemental carbon aggregates showed the greatest increase in RAPE Q.956),
followed by the mixed powdefR? = 0.738) and haematite, both exhibiting relative
growth. Kaolinite and mica showed a similar APC to the initial value, whilst orthoclase
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and quartz showed slightly declining APC values (qu&tz 0.650). The trend in
aggregate size with time wasdedear. As with APC, aggregate size increased the most

in the elemental carbon wells (Fig3l®); at the end of the incubation period, a fiotd

increase in average aggregate size was recorded. The data show an initial sharp rise in
average aggregate sizfollowed by a Ilgght fall, as noted in Figure 22 (inset).
Orthoclase feldspar in fact showed the second greatest increase in average aggregate
size (fourfold), with the remaining mineral types exhibiting a twim threefold

increase in average aggede size over the incubation period, with the exception of the
mixed powder, which showed a stable average aggregate size across the incubation
period.

Figure 24 shows examples of the aggregates formed during these incubation
experiments. The aggregates formed were-lilee and quasspherical, exhibiting
varying densities of mineral particles, from the dense aggregations of either elemental
carbon or kaahite and cyanobacteria (Figs. @4& b) to the relatively minergdoor
aggregations ofjuartz and cyanobacteria (Fig.e24 . EPS can be seen
light grey material between both mineral particles and dyacterial filaments (e.g.

Fig. 24). Clusters ofcyanobacteria or single filament lengths were often found to
extend from the exterior of the aggregate into theosunding supernatant (e.g. Fig.
24c), presumably in order to facilitate the adhesion of further cyanobacteria and/or
mineral particles. Ind=d, particularly in the high ionic strength wells, multiple flocs
were increasingly conjoined to farlarger aggregates (e.g. Fig.d24Over the course

of the incubations and within certain wells, particularly those associated with quartz and
orthoclasegellular autofluorescence (signifying live, autofluorescing cells) diminished
in certain cells along the filament lengths. This is likely indicative of streisced cell

death or senescence.

Figure 24 TDIC and autofluorescent channe
CLSM images of cyanobacteria and minel
aggregatesspecifically (a) elemental carbon, (k
kaolinite, (c) mixed mineral powder, (c
orthoclase, (e) quartz and (f) haematite.
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6.4.2Temperature, species and growtiphase effects

In addition to the above data, detailing the interactioheytolyngbyasp. with mineral
particles at room temperature, incubations were also conducted Risomgidiumsp.
cyanobacteria and a mixed mineral powder, and atragefated temperature; Figure

25a sunmarises these results, detailing the change in both APC and aggregate size over
the incubation period for various temperatures and biological parameters. Average
trends indicate that, at @, Leptolyngbyasp. cyanobacteria show a slight reduction in
APC, combined with a c. 80% increase in aggregate size. ConveRtaymidiumsp.
cyanobacteria show an increase in APC, but a far smaller increase in aggregate size, c.
10%. When compared to data collected at2the APC preservation can be seen to be
much better for Leptolyngbyasp. at this higher temperature, and slightly better for
Phormidium sp. cyanobacteria. As expected, associated with greater APC values,
aggregate size is also slightly greater for both species at higher temperatures, but
Phormidiumsp. once again show smaller aggregate sizes. When a late exponential
growth phase inoculum dfeptolyngbyasp. was used, preservation of APC was greater
still, but average aggregate size was lower than for an early exponential growth phase
inoculum.
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Figure 25 (a) Variation of APC and aggregate size with temperature and cyanobacteria
species error bars = standard error (b) Average changes in the aqueous chemistry of
incubation supernatant and their variation with mineral type; Qz = quartz, Or = ortheclkia

= kaolinite, Mx = mixed powder, Mc = mica, Ha = haematite, Ca = elemental carbon.
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6.4.3Aqueous chemistry analyses

Regarding aqueous chemistry changes in the incubation media oveutise of the
incubations (Fig. 25), the majority of ions and trace metals were found to exhibit very
small losses or gains (< £IfYy/L, e.g. nitrite, copper, manganese and zinc). Calcium,
magnesium and chloride showed average reductions of between 237 and/b13
whilst potassium shovdeaverage reductions in most incubations but average increases
in quartz, orthoclase and mica incubations. Phosphate also showed a slight increase on
average, although only the 64 mM ionic strength media showed this increase. Overall,
increases and reduatis in major ions and trace metals were < 1 mg/L, with those
incubations conducted at 64 mM ionic strength showing far more change in aqueous
chemistry than those conducted at lower ionic strengths. The two exceptions to this
were sodium and nitrate. Inlalells, and particularly in the 64 mM wells, significant
decreases in sodium and nitrate were observed, averaging c. 2.6 and 3.7 mg/L
respectively. All pH measurements were slightly alkaline (piB).7 Endpoint
carbohydrate concentrations, analogous e fEPS concentrations, averaged 31.5
ng/mL in the 64 mM incubations, varying between cn®2mL (quartz, orthoclase and
mica) and c. 70rg/mL (mixed powder). In the 6.4 mM incubations, carbohydrate
concentrations were approximately half of 64 mM inculmatoncentrations, whilst
those in the 0.64 mM incubations were at or near the detection limit.

6.4.4FTIR imaging of cyanobacterial aggregates

The spectra obtained from the FTIR imaging of cyanobacterial aggregates were typical
of cyanobacteria, consisgrof characteristic amide | and 1l peaks at ¢. 1650 and c.

1570 cni respectively, alongside lipid peaks between c. 28960 cnt, carboxylic

acid and protein peaks at c. 188820 cnt, and carbohydrate peaks between c.i900
1200 cnt', as noted by seral authors (Kansiz et al. 1999, Benning et al. 2004, Omoike
& Chorover 2004, Dittrich & Sibler 2005, Pokrovsky et al. 2009, Fischer et al. 2010).

The transmitted light image of a ssample of the cyanobacteria fromeonf the
control wells (Fig. 26) cetails a thin layer, punctuated by some denser flocs. These
dense clusters are highlighted well in chemicapsnaf the amide | region (Fig. 26i);
often being the largest peak, the amide | data correlate well with the full spectrum
intensity when mappedChemical maps of the lipid, carbohydraad carboxylate
regions (Fig. 284, iii iv) showed very similar patterns, with denser flocs showing greater
guantities of these compounds, and an even spread overall, with little variance when
compared against onenat her . These results show the

95



cyanobacteria. Chemical mapping and visible imaging ohixed powder aggregate
(Fig. 26b) again showed clustering and dense regions of cyanobacteria, with total amide
I (Fig. 26b, i), lipid (Fig. Bb, ii) and carboxylate (Fig. B6 iv) intensity patterns
showing relatively good correlation. The lipid chemical maps, in particular, showed
mineral particles as regions of low intensity, with evidence for the encasement of these
particles by bundles ofyanobacterial filaments. When quartzhe substrate of choice

(Fig. 2&), the chemical mapping results are very similar. In both cases, high intensity
carbohydratesshowed a larger spread (Figs. 26b &c26ii), evidence of EPS
production and the carbotisate infilling of spaces between filaments and between
filaments and nmeral particles. Carbon (Fig. @bshows a similar story, but the spread

of carbohydrates within the aggregate appeared to be at a lower intensity. Whilst it is
acknowledged that silede minerals do produce spectral peaks within the carbohydrate
region, the frequently observed peak positions within the data (c. 1030, 1050, 1130,
1150 and 1165 cif), modal maximum intensity peak (1050 &mnlack of strong SiO
vibrations at c. 950 cthand c. 800 ci, and use of transmission mode all allow us to
be confident that this carbohydrate &éregi on

Carbohydrate Carboxylate

T S ORE ] 20 "" ’

Figure 28 Chemical maps created from FTIR imaging spectra, detailing spatial variability in
(i) amide |, (ii) lipid, (iii) carbohydrate and (iv) carboxylic acid/protein concentrations for (a) a
Leptolyngbya sp. cyanobacteria control, (b) a mixed mineral powder, (c) quartz and (d)
elemental carbon incubationBeld of view = 2567m square
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When compang maximum relative intensity values (arbitrary units), amide |
intensity was found to be relatively similar between all of the quartz (max. = 70),
carbon (max. = 80) and mixed powder (max. = 70) aggregates, and when compared
with the control (max. = 75Maximum intensity values for the carboxylic acid region
varied from 180 in the quartz aggregates to 270 in the black carbon aggregates, with the
control and the mixed powder aggregates showing maximum values of 220 and 250
respectively. Both lipid and daohydrate intensities were significantly greater in the
aggregates than in the control, with lipid intensities being greatest in the black carbon
aggregates (max. = 160, control = 110) and carbohydrate intensities being greatest in
the quartz aggregateméx. = 220, control = 120). Both the black carbon and mixed
aggregate data exhibited equally elevated maximum intensities (black carbon = 180,
mixed = 190).

Lipid:Amide I Carbohydrate: Amide I
ratio ratio

T SPTs
D Pl

Control

Mixture

Quartz

Carbon )

Figure 27 Chemical maps detailing the spatial variation in (i) lipid/amide | and (ii)
carbohydrae/amide | concentrations for (a) a Leptolyngbya sp. cyanobacteria control, (b) a
mixed mineral powder, (¢) quartz and (d) elemental carbon incubatfiiets of view = 256rmm
square
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Both lipid and carbohydrate peak regions were ratioed against the &arpieiek
(representing the cellular backbone), so that any relative excesses of lipids and/or
carbohydates could be visualised (Fig.)2The resultant cheroal maps for the control
(Fig. 27a) showed large quantities of green and blue colours, indicatiag th
carbohydrate intensities were relatively similar to amide | intensities across the images.
Some small hotspots were visible though, where intensities were approximately twice
that of amide | intensitee Both the mixed powder (Fig. 27b) and quartz (Rifc)
aggregates showed lipid intensities approximatél #mes greater than amide |
intensities across the aggregates, with localised hotspots exhibiting ratios far higher than
found in the control sample. In the case of the mixed powder, signitcaasses of
both lipids (Fig. 2B, i) and carbohgrates (Fig. 2@, ii) could be seen around the edge
of the aggregate, with intensities up to 10 times greater than amide | intensities.
Similarly, quartz showed relativearbohydrate enrichment (Fig.@7) & the aggregate
edge (max. = 1), but less lipid enrichment (max. £ )B8and certainlyower lipid ratio
values (Fig. 2@, ii) across the interior of the aggregate. Carbon aggregates showed a
different relative pattern. As noted in the transmitted lighagenin Figure 4d, the
carbon aggregate was slightly more flde, with a greater number of individual
visible filaments. Chemical mapping data showed that a central cluster of
cyanobacterial faments is lipid enriched (Fig. 87i), by a ratio of 2:1 osr the amide |
region, but that the majority of the outer granule showed a lipid/amide | ratio of < 1.
Conversely, a large area of the chemical map for thieobgdrate/amide | ratio (Fig.
27d, ii) indicated a threeor fourfold relative enrichment of chohydrate compared
with the amide | intensity peak.

Composite spectra (Fig. R8ighlighted the differences between aggregates formed
with Leptolyngbyasp. and either carbon or quartz, and contrasted these with the control
well, containing flocculatetleptolyngbyasp. cyanobacteria. Peak assignments for these
spectra are detailed in Table 1.
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Figure 28 Composite spectra for cyanobacteria control (dotted), elemental carbon (black) and

quartz (grey) incubations (stacked lines).

Allocation

Carbon Aggregate

Cyanobacteria
Control

Quartz Aggregate

Ci Oi C & Ci O of polysaccharides
Sii O bonds

883, 897, 909, 919,
947, 1029, 1049,
1059, 1114, 1126,
1134, 1163

889, 906, 916, 955,
1024,1053 1071,
1081, 1095, 1109,
1130 1167

888, 903, 914, 924,
950,1089 1164

Ci O & CiH stretch of amino acids
& proteins, @ O stretch of
carboxylic acids

1355 1397, 1448

1377,1396 1447

1355 1395, 1449,
1495

Ci H asymmetric stretch of protein 1510, 15351553 1526 1542
(Amine I11) 1563

Ci H & Ni H stretch of proteins 1631 1572 1613
(Amide 11)

C=0 stretch of proteins (Amide I) | 1657 1658 1676

C=0 stretch of lipids and fatty 1725 1726 17251741
acids, Q@ acetylated carbohydrates

C=0 stretch of carboxylic acids | 1788 1788 1788

Sii Oi Si skeleton overtone 1870, 1998

vibrations

Various N H stretch vibrations of
amino acids and proteins

2349,2427, 2480,
2507

2362 243Q 2443
2507

2428 2481, 2497

Alkyl and aldehyde TH stretch
and asymmetric stretch of lipids
and fatty acids

2764,2853 2876,
2927,2959 3026,
3091

2769,2855 2873
2929 2956 3027

2764,2851, 2876,
2925 2967, 2992

Oi H of water, N H stretch of
proteins

3292

3298

3404
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Table 1: Peak identification table for FTIR composite spectra of cyanobacteria control, carbon
aggregate and quartz aggregdteubations. Peak assignments are based upon Benning et al.
(2004), Omoike & Chorover (2004), Heraud et al. (2005), Ojeda et al. (2009), Badireddy et al.
(2010), and Fischer et al. (2010).

These composite spectra indicated that: (a) greater relative péahsities of
carboxylic acids and proteins were recorded in the control and elemental carbon
incubations, (b) a substantially greater response in the carbohydrate region was clear for
the quartz incubations, with variation in composition evident, andarfapde peaks
varied in both intensity and wavenumber across the samples. When comparing the
carboxylate region, a reduction in the comparative intensity of the c. 14BGanu
was evident in the mineiialyanobacteria aggregates. This suggests a comparativ
increase in the amount of carboxylic acid groups, versus proteins, within the samples.
When considering the amide | and Il region, the amide | peak position remained
relatively constant, shifting from c. 1658 ¢rin both the control and elemental carbon
incubations to c. 1676 ¢hin the quartz incubation. The amide Il position, however,
varied significantly, from c. 1572 c¢hin the control incubation to c. 1613 ¢nin the
quartz and c. 1631 c¢hin the elemental carbon incubations. This has beenqurslyi
noted when bacteria adsorb iron (oxy)hydroxide groups (Omoike & Chorover 2004).
Within the polysaccharide fingerprint region, the peaks present can be said to, in
general, correspond well with those for a mixed polysaccharide sample containing the
six principal hexose sugars (Kacgurakova et al. 2000). When considering the elemental
carbon aggregate, this polysaccharide functionality appeared to diminish, with no
significant peaks being evident. Conversely, polysaccharide functionality was far higher
when considering the quartz aggregate, potentially evidencing the formation of-organo
silicon compounds (Kovac et al. 2002). Regarding lipid functionality, these composite
spectra indicate characteristic lipid vibrations at c. 172% and between c. 2758000
cm’. An additional C=0 peak was visible at 1788 gnindicative of carboxytich
amino acids, such as glutamic acid (Barth 2000), and found to be an important
constituent of certain EPS types (Kawaguchi & Decho 2002).

6.5Discussion

6.5.1Co-aggregation of cyanobacteria and mineral particles

To summarise, the data from the incubation experiments indicated that the number of
live and photosynthetically active cyanobacterial cells incorporated into aggregates, as
measured by the APC, waependent upon the ionic strength of the media, and thus
upon the nutritional state. Low ionic strengths led to, in general, a plateau or slight fall
in APC values, whilst high ionic strengths promoted growth to a varying degree. This is
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in agreement witlother studies of cyanobacterial flocculation and attachment (Kigrboe
et al. 1990, Sekar et al. 2004, Silva & Silva 2007, Kim et al. 2010). Furthermore,
nutrient limitation, such as iron limitation (Silva & Silva 2007), can alter the chance of
and capacityfor aggregation (Kigrboe et al. 1990). In a similar vein to the APC,
aggregate size showed dependence upon ionic strength, althoughggtéation and

break up contributed to a large AAD in these data values. Considering this deviation
and when two outtrs were removed, APC and aggregate size showed a linear trend
with moderate fit R = 0.575). These simplified laboratory experiments thus do not
show as good a fit, between filament count and aggregate size/stability, as for data from
natural systems @ngford et al. in prep. 2012b). Given the deviation of these data from
the trend line, it can be seen to support the fact that other parameters are affecting
aggregate size and stability in these simplified systems. As with all natural microbial
aggregatesboth the abundance of EPS and the surface properties of the mineral
particles are considered likely to contribute to this variation, as noted in similar
experiments (Guenther & Bozelli 2004, Sekar et al. 2004, Bhaskar et al. 2005). In these
experiments,pH was not found to significantly affect aggregation. In fact, in all
experiments, pH values were found to trend towards P8 This pH range is well
known as being the most favourable for cyanobacterial growth, and indeed the uptake of
calcium in most ofhe wells points to the homeostatic maintenance of a chreeutral

pH by the cyanobacteria (Girald®uiz et al. 1999). As such, nutrient supply, and its
subsequent control over cyanobacterial growth, motility and EPS production, was found
to be importahin the ceaggregation of cyanobacteria and mineral particles.

Previous studies into the <mcculation or ceaggregation of cyanobacteria and
mineral particles have largely focused on clays (e.g:@a& Shilo 1988, Guenther &
Bozelli 2004, Kim et al2010), whilst occasionally focusing on other minerals, such as
iron oxides (e.g. Pan et al. 2006). This study utilised a broader suite of prevalent natural
minerals, finding that aggregation does indeed vary with mineral type. When APC and
aggregate sizer@ considered together, distinct differences in aggregation can be noted,
from continued proliferation and incorporation in elemental carbon incubations to initial
proliferation and incorporation, followed by cellular senescence, inactivity and/or death,
as exhibited in quartz incubations. Between these twopenus, the mixed mineral
powder incubations showed a tailing off of the APC, combined with a reduction in
aggregate size, but to a lesser degree than for quartz. Furthermore, ratioed values
indicated a spike in APC on day 2, signifying rapid initia-tocculation. The release
of excess EPS, which increases the stickiness of colliding cyanobacteria, modifies
mineral surfaces and enhancesflooculation, is often invoked to explain this rapid
attacbment ( Avni mel ech et al. 1982, O6 Mel i a
et al. 2005). Elemental carbon exhibited the greatestggoegation and this can be
attributed, in part, to hydrophobic interaction, which is known to be highly important
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for cyanobacterial attachment to mineral surfaces-@a& Shilo 1988, Liu et al. 2004,

Sekar et al. 2004, Ivanova et al. 2006). Suspensions of coal dust have been effectively
flocculated using cationic polysaccharides (Pal et al. 2008), with similar- high
molecularweight polysaccharides being characteristic of cyanobacterial EPS (Klock et
al. 2007, Pereira et al. 2009). It has also been shown that greater proportions of acetyl
groups, peptides and/or-gey sugars confer hydrophobicity in some types of ERS (d
Phillipis & Vincenzini 1998, Dignac et al. 1998, Jorand et al. 1998, Richert et al. 2005).
In contrast to elemental carbon, mineral particles with greater resistance to weathering,
such as quartz, did not sustain an increasing APC, suggesting thatyheebacteria

may be experiencing nutrient limitation in the system and/or that certain lithologies are
more conducive to growth. Whilst the quartz APC declined, the mean aggregate size
grew initially and then remained relatively constant. This suggest&fS production

and physical enmeshing by the filament sheaths play a part in aggregate stability,
regardless of the fraction of living biomass, in agreement with others (Fenchel & Kunhl
2000, Chaignon et al. 2002); the fact that the aggregates inutiswere not found to
disperse upon dilution adds further support to this.

Further differences in aggregation were witnessed with temperature, with
Leptolyngbyasp. cyanobacteria in particular showing increased proliferation and
incorporation at higher teperatures, as well as showing better aggregation when an
early exponential growth phase inoculum was used, as seen in other investigations
(Sekar et al. 2004). Converselghormidiumsp. cyanobacteria appeared to show a
degree of cold adaptation, showintpveer growth, maintaining cell numbers and
producing stable aggregates at lower temperatures. The importance ajre¥owg
organisms to the stability of biofilms has been demonstrated previously (Zippel & Neu
2005). As noted in experiments by Davey andl Dool e (2000) , t her e
agueous chemistry data for trace metal enrichment of cyanobacterial aggregates,
indicating their usefulness in cyanobacterial growth and aggregation. Uptake of calcium
and magnesium, as noted in this study, was expeetedhey are required for the
synthesis of chlorophyll and photosystem Il activity in cyanobacteria, with calcium also
being involved in phosphate uptake (England & Evans 1983, Baker & Brand 1985,
Keurson et al. 1984). Nitrate and sodium concentratiooweth the most dramatic fall,
which is evidence of the nitrogen demands of cyanobacteria and of sddpendent
nitrate transport (Lara et al. 1993). Glacier hydrochemistry studies have previously
revealed an excess of nitrate anions in glacier ice, ang fsaggested that
cyanobacterial mats cause desineam reductions in nitrate concentrations (McKnight
et al. 1999, Fortner et al. 2005) Overall, the aqueous chemistry data are representative
of nutrient uptake by cyanobacteria, offset by small dissolitipuats, such as rubidium
from the mica.
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6.5.2Biogeochemistry of aggregate formation

FTIR imaging data showed a larger spatial spread of relatively abundant carbohydrates
in all mineral cyanobacteria aggregates studied, indicating that the production of
carbohydrateich EPS occurs concurrently with-eggregation. This has been shown in

a variety of bioaggregates (Kovac et al. 2002, Omoike & Chorover 2004, Geoghegan et
al. 2008, Sartoni et al. 2008, Badireddy et al. 2010) and is indicative of the release
free EPS. Indeed organic matter extracted from natural phototrophic mats shows good
spectral correlation with higmolecularweight polysaccharides (Fischer et al. 2010),
indicating their importance in cétineral interaction in natural aggregates.

Imaging data and composite spectra also indicated that (a) lipid and
carboxylate/protein intensities were greatest in elemental carbon incubations, whilst (b)
carbohydrate intensities were greatest in quartz incubations. Omoike and Chorover
(2004) note thata high relative abundance of C=0O moieties is indicative of the
dominance of bound (or capsular) EPS. In fact, further C=0O moieties, suggestive of
carboxytrich amino acids (Barth 2000), are highlighted on the composite spectra.
Furthermore, shifts in botihe amide | and Il peaks are associated with modifications to
the protein structure and/or absorption of minerals onto these proteins (Omoike &
Chorover 2004, Badireddy et al. 2010). An increase in the relative concentration of
antiparallelb-sheets (1680695 cn) may well account for the shift in the amide |
peak (Badireddy et al. 2010). In addition, an increase in the relative concentration of
such structures dssheets, random coils and aggregated strands {1648 cm') may
account for the shift irthe amide Il peak. This high proportion of carboxylic acids,
when combined with modifications in secondary protein structures and the presence of
O-acetylated carbohydrates (1725 Bmis said to be indicative of the presence of
copious and acidic EPS (Mins et al. 2001, Badireddy et al. 2010); all of these groups
have been shown to be important in bioflocculatidreptolyngbya species of
cyanobacteria have been shown to possess both capsular and free EPS (De Philippis et
al. 2005).

High carbohydrate intesities and an increase in functionality point towards increased
polysaccharidecation interaction and the formation of orgesiicon compounds
(Kovac et al. 2002, Mecozzi & Pietrantonio 2006). As noted earlier, the polysaccharide
fingerprint shows markesimilarity to that of a mixed polysaccharide sample composed
of the glucose, mannose, galactose, xylose, arabinose and glucoronic acid (Kagurakova
et al. 2000). Whilst the BD vibrations and GO/Ci Oi C vibrations in this area are
likely to overlap (Bennig et al. 2004, Stehfest et al. 2005), the strong ionic quartz
responses (Benning et al. 2004, Nakamoto 2009) are not visible in the composite
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spectra. As such, in the case of the quartz incubations, the region as a whole can be said
to be (a) representagvof free EPS carbohydrates and (b) responding to increased
interaction between polysaccharide functional groups and silica functional groups. In
marine aggregates, carbohydrai@tion interaction has been shown to be important in
aggregation (Leppard 1995

When the ratios of both lipids and carbohydrates to the amide | peak were mapped, an
excess of lipids and carbohydrates at the edge of the aggregate was apparent. It is
considered that this is both evidence of the tight clustering of cyanobacteraita
towards the centre of the aggregate and evidence for the production of excess EPS at the
aggregate edges, in order to attract and encapsulate fresh mineral particles and/or further
cyanobacterial filaments. To summarise, differences in the biogethenof
aggregation betwedreptolyngbyasp. cyanobacteria and mineral particles are clear. In
one instance (the case of elemental carbon), free EPS is comparatively diminished and
bound EPS can be seen to dominate. Spectra indicate that interactiorerbetwe
cyanobacteria and mineral particles is likely dominated by piiatation aggregation,
with both the cationic mechanism (acidic regions dominated by carboxylic acids) and
hydrophobic interaction valid (Mecozzi & Pietrantonio 2006). In another instainee (
case of quartz), less bound EPS functionality is visible, whilst free EPS is either
comparatively enriched or its functionality and interaction is enriched. Spectra indicate
that interaction between cyanobacteria and carbohydrates is likely dominated b
polysaccharidic components and orga&il@won interaction. These differences in
attachment may well be down to the hydrophobicity of the material, with carbohydrate
based attachment dominant in hydrophilic conditions but proteins contributing more in
hydrophobic circumstances (Jorand et al. 1998). Unfortunately;peimd FTIR
analyses meant that any changes in the biogeochemistry of aggregation over time could
not be elucidated.

6.5.3Insights into the development of cryoconite granules

Investigationsnto the microstructure of cryoconite have revealed that these aggregates
contain large numbers of photoautotrophic microorganisms, particularly cyanobacteria,
and that carbohydrates, specifically EPS, are important for their aggregation (Takeuchi
et al. 2@1b, Langford et al. 2010, Stibal et al. 2010). Cryoconite granules have been
found to be heterogeneous, showing evidence of the clustering of both photoautotrophic
and heterotrophic microorganisms (Langford et al. 2010), whilst one or several laminar
growth layers have been evidenced by some authors (Hodson et al. 2010, Takeuchi et al.
2010). It has therefore been suggested that the mechanisms central to their formation are
those of bioflocculation, associated EPS production and filamentous binding (tcangfo
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et al. 2010). The importance of EPS in producing a heterogeneous matrix, with a large
surface area for both physical encapsulation and chemical adsorption, has been
highlighted for a number of natural aggregates, mats and biofilms (e.g. Leppard et al.
1996, Kawaguchi & Decho 2000, Sutherland 2001, Donlan 2002, Simon et al. 2002,
Brehm et al. 2004, Sekar et al. 2004, Mecozzi & Pietrantonio 2006, Fischer et al. 2010).
Organic matter analyses of cryoconite have found a dominance of aliphatic and
polysacchadic components (Langford et al. 2011), showing similarities with other
studies (Kovac et al. 2002, Fischer et al. 2010).

Microstructural investigations of cryoconite granules have evidenced the binding of
cyanobacteria to silicate minerals (Stibal et2fl08a). More detailed ultrstructural
investigations have determined the presence of various types of EPS, from striated
alginate structures to fibrillar and globular EPS (Langford et al. in prep, 2012a). Along
with photoautotrophic filaments, EPS is fdlamentally involved in the binding of
cryoconite aggregates. Furthermore, the interactions of clay and colloidal iron
(oxy)hydroxide particles with polysaccharides are seen to be important within the
aggregate structure.

Field studies have not only higblited the spatial variability in carbohydrate and
chlorophyll concentrations across glaciers and ice sheets (Langford et al. 2010, Stibal et
al. 2010, 2012), but also found that filament length correlates well with aggregate size
and stability (Langford eal. in prep, 2012b). This study finds that both mineral type
and ionic strength affect photoautotrophic aggregate development in a simplified
system, with elemental carbon in particular supporting continued growth and aggregate
development. In additionhis study highlights the complex and variable interactions
between both the bound and free EPS of cyanobacteria and mineraleparti
(conceptualised in Figure 29rom aggregation dominated by hydrophobic and cationic
protein interactions to aggregatidominated by hydrophilic polysaccharidic carboxylic
interactions and the formation of orgasiicon compounds.
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Figure 29 A conceptual diagram highlighting the principle mechanisms of EBIS mineral
interaction involved in cryoconite granufermation, based upon the findings of this study and
upon previously reported literature.

6.6 Conclusions

This study represents the first laboratory examination of the relationship between ice
surface biota and atmospheric impurities. Filamentous cyatestzaavere found to
readily flocculate and caggregate with a variety of minerals, utilising bound and free
EPS to bind minerals within an organic matrix that is dominated by a network of
filaments. Binding mechanisms were found to vary between mingrestyvith direct
binding of elemental carbon to the cyanobacterial capsule allowing continued growth
and aggregation, and orgasiticon interactions between bound and free EPS
contributing to aggregation in quartz. The letegn stability of aggregates chinated

by resistant lithologies such as quartz seems unlikely, as these laboratory experiments
indicated that growtfimitation and cellular senescence were occurring, likely due to
nutrient limitation and/or radiation damage. With regard to nutrientdtron, nitrate

was identified as potentially nutriehiniting in this artificial environment. Conversely,
elemental carbon, an abundant component of aeolian debris in Arctic ecosystems, can
be said to both enhance aggregation and promote growth. Fihakg data support the
suggestion that bioflocculation, EPS production and filamentous binding are dominant
in the formation of cryoconite granules.
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CHAPTER SEVEN: SUMMARY OF RESULTS AND

CONCLUSIONS

7.1Summary of results

7.1.1The microstructure and biogeochemistry of Arctic cryoconite granules

A suite of complmentary techniquesiamely optical microscopy of mindogical thin
sections,powder X-ray diffraction (XRD) and KBr pellet FTIR analyséshapter 2,
determined that Arctic cryoconite is dominated by phyllosilicate, tectosilicate and
quartz mineralsA composite XRD profilehighlightedthe prevalence of quartz, whilst
smaller peaks evidend¢he presence of weathered feldspars, micas and clays iresmall
quantities. This mineralogical profile agregsgh both FTIR data and the minévgical
assessments of others (Takeuchi et al. B0Stibal et al. 2008 Hodson et al. 2010)
Optical microscopy provideddditional data concerning intgganule spatiastructure.
These data indicatieghat surrounding the mineral partickb®reis, to a greater or lesser
degree, a fine and poorly crystalline to amorphous, largely organic groundrhass.
groundmass showeehrying degrees of humification and pigmentatiaith zones of
darker, opaque organic matter and lighter, transluegions likely dominated by EPS.
These data, when considered alone, provide insight into the heterogeneity of cryoconite,
with the presence of a fine organic groundmass suggestingsatiaaed hundance of
microorganisms, foring microenvironments, interacting with mineral particles and
promoting adhesion and aggregation. Furthermore, the significant quantities in which
this organic material is present suggests that microorganisms enprotducing either

an excess of organic matter, oalternatively, recalcitrant organic mattavith
aggregation further acting as a protection mechanism for this (Six194d. Stibal et

al. 2006,Carson et al. 2009).

Considering specificallyhe organianatter within cryoconiteChapter 2Zdemonstrated
that the total organic carbon content of Arctic cryoconite varied between 1.30% and
6.07%, with this organic carbon dominated by the thelabde fraction (Kristensen
1990) i.e. carbohydratesThese organ carbon values are comparable with others
determined (e.g. Stibal et al. 2@)&nd are also significant, considering that conditions
for the growth of microorganisms and accumulation of organic carbon are not

conducive for a sizeable proportion of theay. Chapter 3evidences that, when
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combined with a simple extraction proto¢@iovanela et al. 2010)he geochemistry of
cryoconite organic matter can be effectively studied using FTIR spectrosatymn
combined with principal component analysis (PCdijferences in both mineralogy and
geochemistry can thus be elucidated. For cryoconite from Aldegondabreen glacier,
Chapter 3demonstrated t hat-si Iymduldsaat Igcation AM5c ent i me
contain calcite and dolomit&urthermore, @omparatively larger compound peak at c.
9001 1100 cnt* can also be taken as evidence for greater quantities of clay within this
sample(e.g Madejova 200B These data are useful in that they support the notion that
clayi organic matter interactiesnmay beparticularly important in certain cryoconite
granules, allowing them to become larger than tigrwisewould. FTIR spectra of
organic matter extracts revealed thhé fraction was dominated by fatty acid and
polysaccharide signatureshilst PCA analyss of organic matter extracts revealed that
cryoconite closer to the glacier edge showebbss diverse composition of organic
matter and anore mineralogical signatureRecent iwestigations (Stibal et al. 2012

find that distance from the margintise nost significant factor in explaining variance

in organic carbon accumulation upon the Greenland ice shastsuggests thapatial
variations in both supraglacial physichemical parameters and in the mode of
particulate input can affect cryoconite dslbiogeochemistry.

In addition to the above mindogical and geochemical dat@hapter 2alsoprovides
data on the biology and biochemistry of Arctic cryoconiteagreement with recent
research (Takeuchi et al. 2@f)Stibal et al. 2006, 20@8Hodsonet al. 2010) Chapter
2 indicated that cryoconite granules harbour significant numbers of both
photoautotrophic and heterotrophic microorganisms, with heterogeneous clustering,
association withboth mineral and organic mattemd a neasurface network of
filamentous cyanobacteria all evidenA range of cyanobacterial morphotypes,
analogous tdhose ofother glacial environments (e.g. de los K&t al. 2004), were
identified: i.e. Leptolyngbya Phormidium Oscillatoria and Synechococcuspecies.
With the exception of the near surface, where parallel orientation was exhibited to an
extent, cyanobacterial filaments were found to be randomly oriented, unlike in laminar
mat ecosystem@le los Rios et al. 2004, Wrede et al. 2008)ticeable also was the
fact that aggregates impoverished in filamentous microorganisms exhibited greater
fragility upon agitation, suggesting that filaments play an active role Milistag

cryoconite aggregates.

109



It is known thatEPS plays an importamble in aggregate formation and stability in
other environments, such as in marine snow, stromatolite microspheres and aerobic
granular sludge (Simon et al. 20@ehm et al. 2004Chen et al. 20(. The FTIR
analysesn Chapter 3and investigations iotthe organic matter within cryoconite (Xu
et al. 2010) revea dominance of microbial fatty acids and polysacchayipeisiting to
autochthonousarbon production as significar@hapter 2ndicatedthat, in the Arctic
cryoconite granules studied, polgsharides, as stained by AlexaFluor 488
concanavalin Awere widespread throughout the granules, as well as being intimately
associated Wi clusters of photoautotrophshd@ capsular EPS of cyanobactehas
been proposed to be, to an exteatalcitranto mineralisationde Winder et al. 1999
Further studies highlight the importance of EP$iiomoting coagulation by altering
surface charge, in trapping particulate matter, aiding nutrient absorption, and in
providing protection from abiotic stresses, such as-ometer freezing (Leppard 1995,
Adav et al. 2010)Chapter 2also indicateshat the darker and denser aggregates
dominated by cyanobacterial filaments tendedbw® less fragile indicating that
microbial composition,particularly the presence of filamentous cyanobacteria and

associated EPS, fundamentally affsmtyoconite aggregate stture.

Whilst Chapters 2 and 8urther our knowledge of cryoconite microstructure and
biogeochemistry,Chapter 4 provides ultrastructural detail, allowing dettineral
interaction within cryoconite to be probe@hapter 4utilised techniques and sample
preparations, namely ESEM, levacuum SEM, heavy metal staining and hydrophilic
embedding, designed to provide improved preservation and resolution of biological
material. SEM techniques, whilst not reaching the higher magnifications of TEM,
provided excellet detail of hydrated EPS enmeshing the granule surface, as well as of
the variety of unicellular and filamentous microorganisms present, from fungal hyphae
to algae and cyanobacteria. Also clear were both the attachment of mineral particles to
filamentsand the clustering of heterotrojgtbacteria next to visible EP8¢ted as being
striated and similar to alginic acid structures (Andrade et al. 2@ pter 4also
highlighted the principal drawback of SEtype techniques when examining
heterogeneous biagical sampleg the fact that EPS acts to smooth out features of
interest (Priester et al. 2007Jo address this, antb enable useful highesolution
correlative microscopy (de los Rios et al. 2004, Wrede et al. 268 onite granules

were embeddeth a hydrophilic embedding resin (to preserve antigens and hydrated
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structures) and ultrathin sectioned on a microtofoe subsequent analysis lpth
CLSM andTEM.

The CLSM results inChapter 4highlighteda dense surface network, to c. Fén
depth, doninated by cyanobacteria. Withthis, a variability in biomass distribution
suggested laminar developmeand a reduction in bmassvolume at the surface
indicated that periodical and significant EPS produdtieremight be the chief strategy
for growth. In other bioaggregates, gaeaterproportion of carbohydratach EPS has
been foundn the outer layer of the aggregatke (Beer et al. 199&.iu et al. 2004Li et
al. 201). An EPSrich surface layerhas been associated withigher nutrient
availability at biofilm surfacesZhang & Bishop 200) greater shear strength of
aggregategBatstone & Keller 2001 cryoprotection(Marx et al. 2009 and UV
protection(Gao & GarciaPichel 201). Containing a density of functional groups and
exhibiting stickiness (Adav et al. 2010gPS canalso capture particulate matter and
nutrients from the water column (Golubic et al. 200@M micrographsconfirmed the
dense organmineral structure suggested by SEM and glimpsed by analyses within
Chaptes 2 and 3.

In particular, nanometresized strands offibrillar EPS wereclearly visualised
adhering to mineral grains, potenlyalia cationic bridgingas postulated previously
(Decho & Herndl 1995, Leppard et al. 199@nhd filling void spacesFurthermore,
Chapter 4evidences thassociatiorof the capsular EPS of filamentous cyanobacteria
with nanometresized mineral particles, likely clays and/or metal (oxy)hydroxides.
Previous research has identifi dudnsdomet| ogous
al. 2000) which have been proposedimaprove water retention (Chenu 1998)d solar
protection. It is clear thatcryoconite ultrastructure is permeated with significant
quantities of EPS, and that many of the microorganisms within the grambibit a
large capsular sheath, readihcorporatingparticulate matterThis is consistent with
the cyanobacterial filament and EPS mataigting as a sieve forealian finesthat are

surficially deposited at the site of cryoconite granule formation

Chapters 2, 3 and 4hus provide asubstantial investigation of cryoconite
microstructure and biogeochemistrirhey highlight the ubiquitous presence of
photosynthetic microorganisms within cryoconite aggregates, the existence of

significant quantities oboth capsular and free EPS within these granules, and the
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significant interaction betweewrganisms,EPS and mineral gpticles, particularly
smaller &olian fines, such as clayBhese results have several important implications.
Regarding particulate traport, the presence of significant quantities of cyanobacterial
capsular and free EPS, associated with cryoconite and within the weathering crust,
likely strongly limits the supraglacial and englacial transpodenfian particulatg by
instigating biolgically-mediated aggregation and differential melBiven the
previously characterisedtickiness and polymeric bridging abilities of EPS, an
important question to ask is: to what degree is particle incorporation selective?
Regarding heterogeneitgPS plugging of pore spaces (Fischer et al. 2048)modify

the biogeochemical environment by slowing down the flow of wadelli mineral
interaction must also produce heterogeneity. It hsentsuggested that abiofarctors

are more important than geaghical location in determining micrialb diversity and
abundanceWieland et al. 20011 Further, primary production and bacterial oxidation
likely maintain steep redox gradients within aggregate systems (Golubic et al. 2000). As
such, it is likely that grain-scale differences incryoconite granule aggregation and
biogeochemistry arabiquitouswithin the supraglacial ecosysteRegardingaggregate
microstructurethe ineraction between weathered phyllosilicates and the carbohydrate
rich groundmass, withlay minerals being impregnated with EPS (Kilbertus et al. 1979)
and organesilicon compounds likely forming (Kovac et al. 200pJjovides conducive
conditions forthe bio-alterationof minerals The importance of bialterationand bie
accumulationwithin cryoconite granules is, at presentjknown Finally, regarding
aggregate stability, the presence of sheathed and motile species of cyanobacteria (e.g.
Oscillatoria), combined with thesuggetion that capsular EPS can shogcalcitrance

(de Winder et al1999) implicates accumulated sheath material in having a significant
role in aggregate development and stability, as has been determiogahobacterial
mats(e.g.Fenchel & Kihl 2000).Furthermore, if aggregate stability is intimately linked

to the photoautotrophgind associated EPS productiom degree of spatial variability

associated with solar radiation receipt, dddae observedn glacier surfaces.

As discussed in detail iChager 2 these data and current knowledge enable a
hypothesis for cryoconite aggregation to be develog&dapter 2proposes that
aggregation begins in the wet snow, wi t hin
bloom activity (and associated EPS pratut) and seHflocculation of @olian

particulates (e.g. via hydrophobic ortlwkinetic means) lead to miaggregate
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formation. Recent investigations into the metagenomics of snow upon Arctic glaciers
havedetermined that snow chemistry drives microlmammunity structure, and that
genes for EPS and pigment production dominate the early abdatvgpack (Lawse et

al. 2010. Adhesion of further particulate matter, duethe presence of copious EPS,
enlarges these miceggregates and, combined with ghesence of dark particulates
(e.g. elemental carbon and soatjeatessinking and differential melting of these
aggregates into the ic&urther to this initial bioflocculation, filamentous binding of
certainaggregates increases ithgensity andstabiity (Jorand et al. 1998, Folkersma et
al. 1999, Liu & Fang 2002, Tsuneda et al. 2003, de Kreuk & van Loosdrecht 2004
Hodson et al. 2010With this hypothesis emphasising the importance of photosynthetic
microorganisms and labile organic matter in thenfation of cryoconite granules,was
concluded to banportant to further study these biological controls on aggregation, both

experimentallyin the laboratoryand in the field.

7.1.2Geogpatial mapping of the biological controls on cryoconite granule phsical
characteristics

The microstructural evaluation of cryoconite granules revealed that photosynthetic
microorganisms and carbohydrates, in the form of EPS, were vital to their cohesion.
Indeed previous research finds that carbohydrate contents and pigment concentrations
(as a proxy for photoautotroph abundance) significantly increase the threshold for
sediment erosion (Underwood & Paterson 1993, Sutherland et al. O9&)ter 5
provides a geospatial study of these key biological contymd® cryoconite aggregation

and stabity. Whilst recent investigations have studied biogeochemical parameters
along a Greenland ice sheet transect, including carbohydrate and chlocuptigtts
(Stibal et al.2010, 2012, Chapter Smapscarbohydrate and pigment concentrations, as
well asmean aggregate size, across the entire ablation area of an Arctic valley glacier,
Longyearbreni something that had not yet been achieved

Contour mapping of caphydrate concentratiordetermined that a greater average
carbohydrate concentration was @neisupglacier at the time of samplind\s noted
within Chapter 5recent work upon the Greenland ice shedicatedthat the thinner,
autotrophic sediments tgdacier showed a dominance of labile carbohydrates (Cook et
al. 2010, Stibal et al. 2010, 2012an fact, carbohydratdch EPS, as is produced by
cyanobacteria (Pereira et al. 2009), is often produced as a precursor to freezing by cold

tolerant microorganisms (Vincent 2007), and is also promoted in nat(panticularly

113



phosphorus)imited enviroaments (Obernosterer & Herndl 199%s such, recently

ablated cryoconitand young, recently formed aggregatesid be expected toontain

proportionally higher concentrations of labile carbohydrdtesthermore, carbohydrate
concentrations showed evile e of & hot spot s;8hisavhs nbted@h c o n c e
evidence for phototrophic bloom activity. These blooms are known to take place
particularly upon the ablating snow surface (Newton 1982, Miller et al. 1998, Stibal

and Trante007). More recentlyresearch has indicated that hydraulic dilution plays an

important role in terminating these blooms (Schwierdkade et al. 2011 which

upon a sloped glacier and within a weathering c(lrgine-Fynn et al. 2011)would

result inaccumulations o6 bl oomd mater i al in ceémdlywi n depr
carbohydrate concentrations showetised values towards the edge of the glacier,
suggesting allochthonous input of microorganisms and/or organic matter from the
glaciersidewalls Overall, thegeospatial distribution of carbohydrates can be said to be
indicative, therefore, of both autochthonous input (and associated cryoprotection and

nutrient scavenging) and allochthonous input.

Chlorophyll a, being the principal photosynthetic pigment, isegant in all
photoautotrophic microorganisms and, as such, is a useful proxy for photoautotroph
abundance within sediment§he chlorophylla concentrations npped in Chapter 5
indicated lessocalised variability, when compared to carbohydrate concemtisgind
a general increase in average concentrations towards the dgexomnus As noted,
there isanalogousevidence within the literature that down-glacier reduction in
physical disturbance, a trend seemiofilms within glacial streams (Battint@l. 2001),
can explain changing chlorophyll concentratiodpon the glacier surfac@llustrated
pictorially in Hgure 2 Chapter }, a downglacier transformation from a distributed
Oweat hering crustd networ k t opraglacialaflon at ed s
paths (IrvineFynn et al. 2011¢ould provide this reduction. Indeed the region of the
main supraglacial stream is concomitant with reduced chlorophgdincentrations in
the centre of the ablation zon&econdly, the sampling regime unidden at
Longyearbreen glacier was discrete and, as saaththe period of exposure following
melt andthe solar radiation receipt have to be considered as potentially significant
variables.With the melt of the winter snowpack arsiliperimposed ice proceeding-up
glacier, with altitude, théerminusof a glacier is exposed first and may possess suitable

conditions for photosynthesis for several days to weeks longer in each summer ablation
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seasonAs such, a slightly elevated averaddocophyll a concentration at thglacier
terminusis entirely reasonabléiowever, as with the carbohydrate data, some hotspots
are also evident, particularly along the northwestern edtfgough allochthonous input

of pigmentrich material, e.g. from ¢hens, may explain some of the variante
aspect and comparative lack of shading of this portion of the glacier is considered likely
to enhance solar radiation receipt and thus photoautotréphglly, speciespecific
variation in chlorophyll concerdtion, as well as in response to key growth parameters,
namely temperature and phosphorus supply, have been determined in other
environments (Chen et al. 2011Although the temperature difference will be
negligible, upglacier nutrient limitation or varteons in the number of lowight
adapted photoautotrophfar example, could well affect chlorophydl concentrations.
Whilst this is undoubtedly significant at aggregate scale, it is considered to be

insignificant atglacier scale.

Chapter 5highlighted he difficulties in extacting phycobiliproteins, due tthe
robustness of cyanobacterial cells, the complex andrieRSubstrate, and the lower
cell numbers present within natural samplegleed a combination of physical and
chemical techniques was nssary,as noted by Lawrenz et al. (2Q1$patial mapping
showed low variability, indicating a relatively anstant cyanobacterial biomass, in
agreement with findings on Himalayan glaciers (Segawa & Takeuchi 2010).
agreement with chlorophyla data, phyobiliprotein concentrations were found to
increase towards the glacirminus Not only does thisict to validate the accuracy of
the chlorophyll measurementsut it again suggests that a combinationhgtraulic
stability, solar radiation receipt anekposure time likely contrslcryoconite granule
pigment concentratian Once more, concentration hotspots were evideoted as
suggestive of the cyanobacterial tendency for clustering (Stibal et al. a0d@r of
allochthonous inputFurthermore pho-physical factors, such as the motility of the
cyanobacteria (Krughel & Castenholz 1998) and the position of aggregates wiithin
(analogous tothe photic zoneJargensen et al. 1937 could also be expected to

contribute to thespatial variabilityobseved.

Chapter 5determined that granule size showed the greatest spatial variance, with
generally larger average granule sizes towards the glacier edges, away from the
principal supraglacial stream, and slightly larger granules eygacier. It has

previowsly been noted that stability allows extended microbial growth and organic
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matter production (Takeuchi et al. 2010, Telling et26112. As such, greater céll
mineral interaction and amalgamation can also be expected when stability prevails.
Furthermoreavalanched debris could be expectegravide increased load, as well as
larger particle sizes, towards the valley sides, explaining this noted incheaseilar

spatial pattern can be seen when comparing chlorophgtid granule sizendicating

their inter-relationship; thigelationshiphas beerfiound in other aggregate systems (e.g.
Lunau et al. 2006, Bowker et al. 2008)onversely, labile carbohydrate content and
granule size show an inverse treitiis finding alludes to the importance of bound o
6capsul ard6 carbohydr at es matgrial @arslie cryjocordtes cy ano
granule aggregatiorin addition, net ecosystem productivity decreases as granule size
increases (Telling et aR012 as heterotrophic consumption of labile carbohydrates
exceeds autotrophic production (Stibal et al. 20E()ally, younger cryoconite, which
could be expected to reside near to the snow lm&y well exhibit the EP®ch
signature of a phototrophic bloom aadsociated microbial conditioning films, again

explaining the comparative excesses of labile carbohyduptgkacier.

A centreline transect dataseincorporating further datd including total organic
carbon (TOC), aggregate stability and filamenurt plus length measurement&s
used in Chapter 5to statistically probe the principal biological factors affecting
cryoconite aggregate size and stabilymmarising these further data, TOC was found
to decrease uglacier, in contrast to labile carbohltie contentThis representa shift
from a dominance of young, autochthonous carbeglapier to more humified and/or
allochthonous carbon dowglacier (Takeuchi et al. 2010, Telling et #012,
suggesting a shift in the control of aggregation frototaophy to clayorganic matter
interaction. Aggregate stability was found to correlate well with aggregate size
( Pear s o d65) as expected Along the centrdine transect, filamentous
phototroph abundandand length)wvas found to be highest inreples near to the snow
line and to the glacier terminus, whilst unicellular phototroph abundance was found to
be highest in the centre of the glaciecoincidentally the area in which the principal
supraglacial stream rann 201Q Again, this suggests themportance of
photoautotrophic bloom activity, stability and period of exposure to cryoconite

aggregate stability and size.

Statistical data indicated thdilamentous photoautotroph length and count best

explained aggregate sizB(= 92.0%,P = 0.022), whilst a combination of filamentous

116



photoautotroph count, unicellular phota@tiroph count and carbohydratélorophyll

ratio best explained both aggregate size and stability as correlating varigbles (
83.0%, P = < 0.037). These data indicatl a statistically significant role for
photoautotrophy and associated EPS production in the aggregation of cryoconite and in
spatial variations in both granule size and stabilityese results agree with many in the
fields of terrestrial and marine sedint stabilisation (e.g. Yallop et al. 1994, Falchini et
al. 1996, Tolhurst et al. 20Q2)Paterson et al. (20)Onote that filamentous
cyanobacteria can effectively stabilise marine sedimentary material, including ooids
(laminar, spherical calcium carbont concr eti ons) , wi t hin
Interestingly light deprivation was found to reduce the amount of organic exudates
(EPS) produced, lessening the effectiveness of this stabilis@resey et al. (1978)
emphasise the strong functional links vibe¢n algae, cyanobacteria, EPS and
heterotrophs in sediment biofiljsvhilst Decho andKawaguchi (1999) stress the
importance of EPS as a structural matrix within marine stromatofigesuch, it is clear

from geospatial investigations dhe biological ®ntrols over cryoconite granule
aggregation namely photoautotrophy and EPS productitiat considerable variation

can be seen. This variation is likely a result of a combination of g#fotsical and
geochemical factorssuch as nutrient avabdity, position within the iceand solar
radiation receipt; in turn, this variation leads to heterogeneity in granule size and
stability. However,biologically mediated attachment is a complex phenomenon, with
various factors affecting it, including: effects of tlsebstratum, the presence of
conditioning films, hydrodynamics, characteristics of tlued medium and properties

of the cell surface (Donlan 2002n order toattempt tounderstandhese biological
controls over aggregatiomwithin cryoconite, it was awsidered useful to develop a
laboratory incubatioproceduran which the experimental aggregation of cyaraibaa

and mineral particles could lbedertaken.

7.1.3 The experimental aggregation of cyanobacteria and mineral particles, and
insights into thedevelopment of cryoconite granules

The ggregation of microorganisms and particulate matter retains material on the ice
surface, enhancing surface melt anda outwash or erosionseeding the glacial
forefield (Takeuchi 2002, Hodson et al. 2008, Mindl et al. 20&Bsearch by the
authos, as noted iChapters B5, indicate the fundamental role of photoautotrophy and

EPS production in cryoconite aggregatidks menioned in the preeding section
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however, mechanisms of adhesion, rates of attachment and the initial development of
the cryoconite granule remained unstudi€thapter 6addresses the aggregation of
cyanobacteria and mineral particles experimentally, in order to gairhigsigo celi

mineral interaction andryoconite granule development.

CLSM was used irChapter 6to monitor two variables throughout the cwgek
incubation period: autofluorescent pixel count (APC), which was used as a measure of
the abundance of actiyepbhotosynthesising cyanobacterial cells, and aggregate size.
The aggregates formed during the incubation period flerdike and quasspherical
EPS was ubiquitousalthough varying densities of both mineral particles and
cyanobacterial filaments werevident as well as the presence of filament lengths
protruding from the aggregate surfacehich may facilitate further attachment.
Different minerds showed differing response€§hapter 6highlights three of these
quartz, a mixed mineral powder, anérekental carborBriefly, quartz showed an initial
rise in APC, but overalla fall, concurrently with a fluctuating but slight increase in
average aggregate size. These data indicate that, even when APC falls, EPS production
and physical enmeshing can sustaggregationln a natural system, the importance of
heterotrophic modification of autotrophic ER®d organemineral interactiongnay
take overas the driving forcavhen cyanobacterial growth is rédimited (Battin et al.
2001).Regarding thaneasurement of aggregate size, both amalgamation andupeak
of aggregates are occurring throughout the incubation period, which accounts for the
large fluctuations and thus large error bars present. As mentioned previously, cell
mineral interaction is gaplex and various other factors, including the abundance and
surfaceactive properties of EPS, are clearly affecting aggregation (Guenther & Bozelli
2004, Sekar et al. 2004)

Elemental carborshowed a rise in APC in all ionic strength solutioalthough,as
with all incubations, the high ionic strength solution promoted a significantly greater
APC rise.Aggregate size data for elemental carbon incubations also showed significant
rises, particularly between days 1 and 10, after which plateauing occGhapter 6
postulates that this strong positive interaction betweasptolyngbyasp. cyanobacteria
and elemental carbas evidence for the importance of hydrophobic interaction within
these aggregates, noted as important by others (e-@rB&rShilo 1988 vanova et al.
2006, Pal et al. 2008)n fact the average aggregate size increasedfdideover the

course of the incubatiofhe mixed mineral powder data @hapter Gshoweda similar
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rise in APC for the high ionic strength incubations, with the towel ionic strength
solutions sustaining APC values, but not increasing ttizata from other aggregation
or flocculation studies indicatéhat high ionic strength solutions are far better at
promoting attachment (e.g. Sekar et al. 2004, Silva & Silva, 20 et al. 2010), so
these results are not unexpectédgregate size data rfahe mixed powder mirrored
thoseof elemental carbon until day 18lthoughafter thisa drop in average aggregate
size was experience@his suggests that the incubations Imeeaatelimited after day
10, exposing the autotrophic ERS heterotrophic consumption, leading to more rapid

breakup of certain aggregatéisan the rate of formation of new aggregates

Whilst the growth in the high ionic strength solutions was modgrate strondy
linear (R’ = 0.858 to 0.978), and variations were clear between different ionic strengths,
pH data showed no significant trend$he addition of mineral powders and
cyanobacterial homeostagiSiraldezRuiz et al. 1999)ikely contributed tathis, as all
incubations trended towards a neutral g¥hen coidering the ratio datpresented in
Chapter 6 a useful summary of the incubation resudtspike is clearly visible on day
2. This is indicative of rapid eaggregation of cyanobacterialainents and mineral
particles, associated with the release of excess EPS to condition surfaces and promote
adhesion (Avnimelech et al. 1982, Kovac et al. 2002, Bhaskar et al. 25@H)ding
two outliers, the linear trend between APC and aggregate sizanf4 value of 0575,
and as such is not as stroag the trend between filament count and granule size in
Chapter 5This suggests the presence of further controls over aggregation, in addition to

those addressed in thesnplified experimental system.

Chapter 6also addressed temperature by conducting incubations at both room
temperature and 4°CTemperature was found to affect aggregation, with APC
preservation significantly better at %2l and average aggregate size slightly greater
also. The notabledifferences between the different cyanobacterial species used,
Leptolyngbyaand Phormidium point to speciespecific optimum growth conditions.
Zippel and Neu (2005) find that slegrowing cyanobacteria produamore stable
phototrophic matsChapter 6deermined thatPhormidium cyanobacteriaexhibited
slower growth greateradaptatio to coldand more stable aggregate structufFasally,
fluid chemistry data showed calcium and magnesium uptake over the course of the
incubationswhich isas expected givetheir need within the photosystem (e.g. England

& Evans 1983)and their role incelli mineral attachment by polymer bridging.d.
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Theng 1982 In addition, nitrate and sodium uptake was also significant, whichsis
explained by sodiundependat nitrate transport (Lara et all993. To summarise,
experimental studies of aggregatimlicate that cyanobacteria can adhere to a variety
of minerl particles and fornstableaggregatesvhen key macronutrients and a source
of visible light are available.

In addtion to the studies of aggregatisammarised aboy&hapter 6utilisesFTIR
microspectroscopy, or FRIimaging, to probe the biochemicagnatures within these
aggregates, to aid our knowledge regarding their formak®iR imaging showed an
abundanceof spectral peaks diagnostic of carbohydrates, indicating that EPS is
produced to aid aggregation and is omnipresent, a result seen in a variety of
bioaggregates (e.g. Kovac et al. 2002, Sartoni et al. 2DR&)anic matter and
carbohydrate signatures withanalogousphotoautotrophic mats show good spectral
correlation with longchain polysaccharides (Kagurakova et al. 2000, Fischer et al.
2010) indicating that polysaccharigeeh EPS is a principal component of

bioaggregates.

Some variability in compate spectra was noticedvhereby elemental carbon
aggregates shad greater lipid and carboxylic acid/protemensities than quartz
aggregatesA high relative abundance of C=0 moieties has Imegeted to indicate
the relative abundance of bound Ef3noike & Chorover 2004)Conversely quartz
and, to an extent, thmixed mineral powder showex greater spread of hightensity
carbohydrate spectral peaksith cabohydrate intensities up to Ilnes greater than
amide | region intensitieg his, alorg with the fact thatarbon aggregates displayed a
greater number of discrete, visible cyanobacterial filaments, suggests infilling of quartz
and mixed powder bioaggregates by polysaccharitléss been shown that free EPS
exhibits a different sulphur atentand monosaccharideomposition (Micheletti et al.
2008, Pereira et al. 2009) to capsular EPS. As such, it is suggestethehspectral
signatureof the quartz bioaggregatesriglicative ofan increased incidence foée EPS.
Within the elementalarbon aggregateshifts in position of the amide | and Il peaks,
indicative of alterations to the protein structure (Badireddy et al. 20day well
indicateboth the deprotonation of amino aci@diman et al. 199%ndthe presence of
acidic EPS (Nivas et al. 2001)This is potentially important for EPS charge,ths

acidic EPSof certain cyanobacteriaavebeen shown to be anionie.¢. Pereira et al.
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2009. Thus the EPScan attractcationsand chelate metal ions (Decho 19200Q

Pereira et aR009)and is therefore important for attachment to mineral surfaces

From thedata presented in Chapter i6 can besaid thatthe spectral signatures of
cyanobacteria and mineral -eggregates shova variability that is suggestive of
differing compositios. Furthermore, it can haferred thatboth capsular (bound) and
free EPS are important in the aggregationLeptolyngbyasp. cyanobacteria with
mineral particlesWhere a decline in APC and a reduction in aggregate stalviitg
observede.g. the quaz aggregatedoth high carbohydrate intensities and an increased
functionalty suggest that polysaccharideineral interactions aresignificantly
contributing to aggregationThe formation of organsilicon compoundsmay also
occur, as postulated bgovac et al.(2002) Converselygreater carboxylic acid and
protein intensities, combi ned wimindrals,6 ami de
capsular EPS, angresumablya more direct contact, plays the moigngicant part in
aggregation. fis is paticularly true for elemental carbpnvherelarge peaks within
both the carboxylic acid and protein regions of the spectra suggebbthaa cationic
and a hydrophobic method @glli mineral interaction areplausible (De Phillipis &
Vincenzini 1998, Jorah et al. 1998 Furthermore, the data also suggest that those
cyanobacteria within the incubatiotfsa maintain or improve their APQtilise their
capsules for aggregatipand that significant free EPS release may be a response to

stress.

As detailed inChapter 6 insights into thelevelopment of cryoconite granules can be
drawn from the data obtained vihese experimental studg of aggregationThe
cyandbacteria used in the study both produce capsules and secrete EPS, ané both a
polar isolates commowithin cryoconite Porazinska et al. 200De Philipis et al.
2005, Stibal et al. 2006, Namsaraev et al. 208y such, EPS was ubiquitous within
the resultant aggregaté3oth mineral type and ionic strength were found to affect the
development of biaggregatesData suggest thatlemental carbon was particularly
good at supporting cyanobacterial proliferation and aggregation,nnaa, kaolinite
and a mixed mineral powder moderately good, and quartz particularly ¥weaduch,
local miner¢éogy will have a degree of influence over the development and subsequent
stability of cryoconite granules fact notedn the development of polar soil€annone
et al. 2008, Schaefer et al. 2008 addition, it was clear that high ionic strength

incubations performed nateably better than lower ones. This suggests that the
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presence of an easily weathered mineralogy, such aetlmentary strata in Svalbard,
is conducive to granule developmerds the liberation of solutes will be higher
(Schaefer et al. ZB). Combined with significant quantities of EPS, aiding adhesion
and limiting hydraulic conductivity, a high ionic strength could easily be maintained
within cryoconite granules in the vicinity of photoautotrophic cdfslid chemistry
data suggested thanitrate uptake, facilitate by sodium (Lara et al. 1993 was
particularly important in maintainingn abundance of healthy cyanobacteria within the

aggregates.

FTIR spectral dataprovided an insight into thecomplex interactions between
cyanobacteria ahmineral particles in bioaggregatés. particular, spectra suggest
that aggregatioris dominated by polymer cation bridging, with capsular EPS utilising
protein and carboxylic acid interactions, suggestive of acidic EPS, and free EPS
utilising carboxylc acid and polysaccharide orgasiticon interactions In addition,
interaction with elemental carbon and black carbon, as wethasnoticeable and
comparative dominance of protddased interactions in these aggregates, suggests a
role for hydrophobicinteraction (Jorand et al. 199&) aggregation.A concetual
diagram highlighting the aboy&oposedttachnent mechanisms is presented igufe
29 in Chapter 6 Thus, experimental studies @hapter 6concur with hypotheses
created inChapter 2 namely thatbioflocculation and EPSnineral interactions,
combined with filamentous binding, are the major creative forces within cryoconite

granules.

7.1.4 Cryoconite granule aggregation, microstructure and biogeochemistry: a
synthesisof knowledge

Phdosynthesisoxygenated the eartlfixed carbon and allowetife to flourish; as the
primary producer on glacier surfaces, photosynthetic microorganisms can be said to
have an analogous and equally important réleesio et al. (2009) estimated that
phototophs within cryoconitevorldwide could fix 64 Ggf carbon per year, and recent
incubation experiments have found net ecosystem productivity to be either autotrophic
or balanced (Anesio et al. 2009, 2010, Hodson IO, Telling et al. 2010)WVhilst

net heterotrophy undoubtedly existgaused principally bychanges in sediment
thickness and shadin@ook et al. 2010, Telling et a2012), recent research suggests
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that autotrophy dominates until a thickness of c. 3 mm is rea€lethermorerecent
molecular and microbiological investigations have highlighted the genetic and
physiological diversity of photosynthetic microorganisms on the glacier surface,
particularly cyanobacteria, but also algae and diatoms (Comte et al. 2007, Edwards et al.
2011, Segaa & Takeuchi 2010,Yallop & Anesio 2010).Recent trends in polar
warming have the potential to further boost ecological activity, given that greater water
absorption at higher temperatures leads to greater rates of photosynthesis (Zhao et al.
2008).Finally, the importance of photosynthetic microorganisms and associated EPS to
the development, structure and stability of cryoconite gransileew clear (Hodson et

al. 2010, Langford et al. 2010, Takeuchi et al. 20@®010) With this in mind, it is
considered prudent to return to the hypothesidined in Chapter 2and update it,
accounting for and synthesising recent knowle#ggure 30 summarises the hypothesis

belowas a conceptual model.

The onset of summer melt creatghotosyntheticoxygen and dissolves salts
precipitated during freezing conditions (Tranter et al. 2004), creatingidmit solue
concentrations of up to cOQ0 pS crit (Fountain et al. 2008)n Arctic locations, high
quantities of nitrogen, a key nraautrient for photoautotrophs, are precipitated within
snow (Hodson et al. 200and dissolve out upon ablatioRhotosynthesis can occur as
soon as liquid water is present (Stibal & Tranter 2007), pimotoautotrophs take
advantage of #se high nutrientonditions and bloom upon the snow surfake
particular, snow algasuch asChlamydomonas nivali®rm watermelon snoyNewton
1982) Photosynthetic bloom activity results in mieaggregations of photoautotrophs
and associated EPS in wet snow and slugbn the glacier surfacdn lacustrine
environmentsanalogougnicroaggregates >60 um in size were found to be principally
composed of photosynthetic microorganisms and associated decomposition products
(Brachvogel et al. 2001As such, the primary mioraggr egates that O&see
granule development are likely to be directly related to bloom acti¥tysical
straining of &olian particulate matter, largely clays, minerals and elemental carbon,

between ice crystals promotes adhesion tmgse EB-rich microaggregates
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As noted in Chapter 2, hydrophobic attraction in certain cases and, more usually,
orthokinetic and perikinetic flocculation can then occur between cells and particulate
matter (Folkersma et al. 1999). Perikinetic flocadolais simply aggregation caused by
collisions due to Brownian motion. Orthokinetic flocculation is aggregation caused by
collisions due to bulk fluid motion, e.g. supraglacial flow through a distributed
Oweat hering crustoé n et bhaderikislikelytolmdcw aftarthen het e
initial photoautotroph bloom, as shown when experimentally studying ooid formation
(Plee et al. 2008).

In Chapter Scarbohydrate concentrations were found to be greatest close to the snow
line, supporting the aboveFurthermore,Chapters P4 determined the presence of
various types of EPS as a matrix material within sectioned cryoconite gracloksly
associated with photoautotrophs in many cases, and exhibiting sigrsechr | y
d e c 0 mp oot only i thedcolots seen in thin section @hapter Zout also in the
organic matter spectra presentedChapter 3 Chapter 5also determined hotspots of
chlorophyll a and thus of photosynthetic activity, suggestive of bloom activity and
clustering of photoautotrophs, diated by their EPS secretionfs mentioned in
Chapter 2EPS provides an extensigapacityfor binding (Liu & Fang 2002)contains
both hydrophobic and hydrophilic polymers (Jorand et al. 1998), and can partially
overcome surface charge of substratajlitating adhesion (Tsuneda et al. 2008k
such, the production of copious EPS to aid attachment is clear, and this bioflocculation
allows cryoconié granules to begin to develdp. analogous lacustrine environments,
the abundance of aggregates is directly affected by plankton dynamics and wind
conditions (Grossart et al. 1997As such, stability should be highly important to
successful photosyntkis and bioflocculationin fact, Chapter 5suggests a positive
relationship between stability and the presenof stable cryoconite granules.
Additionally, Stibal et al. (2012) find a statistical relationship between slope and
ecological activity.Thus photophysical and physiecohemical conditionsieed to be
considered whe attempting to explain geospatial variation in ecological activity and

cryoconite granule size.

As noted inChapter 2 increasing aggregation leads to greater sedimentation in melt
holes and a reduced albedo, due to the presence of darkening partmalste, causes
differential melt into the iceBgggild et al. (2010) find thatryoconite albeddaratio of

reflected to incident electromagnetic radiaji@verages c. 0.09, significantly lower
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thanthe surrounding ice, at c. 0i8Y.65. This albedo chargyincreases the amount of
shortwave energy available for melte lower solar radiation receipt in pol&gions
induces a slower melt, with comparatively Idwdrodynamic agitatiorleading to
higher settling rates (MacDonnell & Fitzsimons 200&pcalised melt causes
accumulations of cryoconite across the weathering crust, with certain accumulations
transforming into cryoconite holes, whereby the equilibrium depth and width are
functions of the radiation reaching the sediment and the quantigdwhent within the
melthole (Gibbon 1979, Cook et al. 2010).

Cyanobacteria thrive in the supraglacial environment, not least due to their
cryoprotection mechanisms (Vincent 2007), but also due to their adaptability.
Cyanobacterial photosynthetic rates apeciespecific (GarciaPichel & Belnap 1996),
but cyanobacteria can metabolically control their surface charge to electrostatically
attract carbonate anions (Martinez et al. 2008) anckxarete hydroxyl ions to raise pH
(Plee et al. 2008), promotinghotosynthesisAs noted inChapters 2 and 4nd by
others Gtibal et al. 2006Comte et al. 2007)filamentous cyanobacteria are highly
prevalent within cryoconitandcan be characterised as havigh significant capsular
sheaths and the ability to phacefree EPS.As in other bioaggregates, suchasds
and aerobic granular sludg@e.g Brehm et al. 2004, Chen et al. 2@p7ilamentous
binding takes over as the dominant influence on aggregate struittareasing the
strength and stability of cryoaite granulesChapter 2finds thatthe distribution of
cyanobacterial filaments is ubiquitous, yet random in terms of nunfleysical forces
were found tanore easily disrupt filamesgoor aggregatesndeed Chapter Hinds that
a positive trendexists between the number and length of filaments artd dggregate
size and stabilityAs mentioned previously, slogrowing cyanobacteria have been
found to positively affecsedimentstability in other environmental systems (de Kreuk
& van Loosdrecht @04).

It is now clear that a surface to neanface layer of cyanobacteria exists in many
cryoconite granules, as noted@mapter 2and by others (Hodson et al. 2010, Takeuchi
et al. 200b, 2010).Chapter 4etailsthe ultrastructure ahis surface laye determining
that it isaround 70 um thick andominated by filamentous cyanobacteria and EPS
exhibiting a degree of laminar profilingin certain environments, this laminar
development is far more significant (Takeuchi et al. 208@h up to seven hainar

0growt ho | WithirethesEP3natrsx,simdll eolian fines, likely clays and iron
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oxides, are attached to cyanobacterial sheath matepiatentially evidence of nutrient
scavenging and UV protectioA.significant heterotrophic populatios associated with
this phototrophic layer, attached to, and thus likely consuming, organic matter secreted
by the photoautotrophs preser@imilar surface layers exist at the top of benthic
microbial mats or soil crustsyhereby a layer of photoautotrophs favourable
conditions for productivityundertakephotosynthesis, below which phototrophic cells
are dispersed downwards into the sediment (Herlory et al. 2p@)iding carbon for
heterotrophic metabolisnhotosynthetically active radiation dimineshto a negligible
amount beyond Inm in sandy minerals arldss in opaque minerals (Stal et al. 1985),
meaning that the centre of larger cryoconite granules must be heterotrBpthc.
chemoorganoheterotrophy and chemolithoheterotrophy may occur, geserettalence

of both mineral particles and organic matter within cryoconite granules.

The attachment of cyanobacteria to a variety of mineral particles has now been
demonstratedas outlinedin Chapter 6 As noted inChapter 6 co-aggregation was
readlyobser ved i n al |l cases, wi t h Ssubsequent
seemingly dependent upon mineral tyged ionic strength, and thugon nutrient
availability. Similar sheathed and ERfoducing cyanobacteria have been found to
successfully attacho surfaces, with morphology and extent of mucilage (EPS)
production deemed most important (Davey et al. 198T)R investigation of the
attachment mechanisms identified that the biochemical signatureBeafical bond
formation withinthe aggregates Mad, indicating thainteractions of bound and free
EPS were utilised, to a greater or lesser degree, to facilitate attackiy@nbbacterial
EPS has a variable composition showing, in addition to the principal polysaccharide
componen{deoxysugars)anexcess of sulphate groups and a high uronic acid content,
which cafers an anionic naturéDecho 1990, Pereira et al. 200%)s well asthe
presence of estdinked acetyl groups, which confer hydrophobicilye( et al. 1992)

In addition, the compositioof EPS produced by a single species can vary depending on
its growth conditions (Bill et al. 2000). Chapter 6finds evidence ofcationic
attachment, particularly using carboxylic groups, as well bath hydrophobic
attachment mechanisms, to eletarcarton, and polysacchariedominaed organe

silicon interactionsto quartz and similar silieach minerals.

As has been proven upon the Greenland ice sheet (Stibal et al. @laphundance

of photoautotrophic microorganisms exerts a significant contret carbon cycling,
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capturing inocula and nutrients, transforming carbositun and releasing carbon via
supraglacial hydraulic activityOrganic carbo clearly accumulates on icurfaces;
Anesio et al. (2010 suggestthat only 7% of organic carbon withircryoconite
undergoes heterotrophic metabolism and alteratidlongside respiration, debris
erosion keeps accumulation of organic carbon in check (Stibal et ak, 2008son et

al. 2010). Recent investigations have clarified thatoconite materiafremains on

gl aci er surfaces for Oyear so6 (, Withdasgern et
granulesshowing potential for exhaustion of organic matter at the core, as well as for
diffusion limitation and consequent anoxladeed, clayrich cryoconitegranules on
Longyearbreen occasionally show blackened censeggeshg anoxia (R. Smith,
unpublished data)These larger granules typically occur deglacier or near to the
glacier edge, as demonstrateCimapter 5whereshading effects and increasmput of

mineral material from glacier edgeslp to explain this phenomenon.

With respect to supraglacial erosion, hydraulic activity and aloegen melt within
the weathering crust connect patches of cryoconite and cryoconite holes, forming
networksand eventually supraglacial streams (MacDonnell & Fitzsimons 2W#&)in
the weathering crust, the bulk movement of cryoconite is slow, at c. 0.2 mm per hour
(Irvine-Fynn et al. 2011)Nonethelessboth downglacier transport of whole granules
and eroan of granules undoubtedly occtrosion, as well as meltanliberate8.693
10" cells per hourin a typical supraglacial strearfirvine-Fynn et al in press),
indicating the importance of atmospheric deposition and cryoconite granule formation

for deermining sediment and cellular fes into the glacial forefield.

Recent advancements glaciologyhave changed the way that we view supraglacial
biogeochemistry and, in particular, cryoconite granubetailed grairscale studies of
the microstructureral aggregation of cryoconite have been compledsdieported in
Chapters 6, for the first time.TheseChaptes demonstrate the granttkegranule
heterogeneity of cryoconiteas well as confirming the importance of cyanobacteria
within these granulesnd contributng to the understanding of dethineral interaction
within cryoconite, an area previously untouched within the fidltle resulting
conceptual model provides a basis upon whickcale up and accurately comment on
glacierscale and global biogeochemistRurthermore, thes€hapersprovide data on
granulescale organic carbon distribution and composition, and thus insightsairiton
cycling. Recent advancementeamelythoseby the autha and by Stibal et al. (2012)
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demonstrate the photosynthetic control over organic carbon cycling, whereby photo
physical and geochemical factors control photosynthesis, which ultimately controls the
amount of labile carbohydrates present eterotrophic metabolism, as well as the
structural integrity of the cryoconite granula.addition, data havbeen obtainedhat

can contribute to our understanding of nutrient cycling in glacial environments,
particularly the discovery of sodiunepenént nitrate transport in cyanobacterial
bioaggregatesRecently, the presence and activity of nitrogen fixing bacteria has been
proven in Svalbard glaciers for the first time (Telling et al. 20fuiijher evidence that

sustaineghotosynthetic activity cabe achieved agss the entire ablation season.

Chapters P6 also shed light on the EHRsased attachment mechanisms within
cryoconite, as well as highlighting the abundance of these polymers within graailes.
such, we can now view cryoconite granuledbmmggregates, within which polymeric
adhesion facilitates the capture of mineral particles and useful nutriedézd data
show for the first ti me, the presence
filaments This information is important wheattempting to understand albedoven
supraglacial melt, a hugely relevant and important area of glaciology presgndy
the significant rise in average temperatures recentigeed, our data, as well as
research by other&Zhaoet al. 2008) suggesthat cyanobacterial proliferatioand ce
aggregationand thus cryoconite granule formation, is significantly greater at higher
temperaturesMinerdogical and geochemical data show the presence of weathered
silicates and humified organic matter,
these cryoconite granules. As suchell-developed cryoconite granules can be
considered analogous to soilaroaggregatesihe molecular profile of cryoconite has
now been determined (Edwardsal. 2011, Cameron et al. 2Q1dletailing a complex
community, with work now underway to probe the functional genes within these
communities to further understand thegology.As such, this work can be considered
highly important when attempting to understand how cryoconite granule formation
affects global climaeé change, global carbon cyclirand soil development in cold

regions.
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7.2 Conclusions and future work
In summary, this thesis arrives at the following major results:

1. Cryoconite granules are heterogeneous microaggregates, formed by
photoautotrophic bloom activity and bioflocculation, and strengthened by
filamentous bindingThese granules asominated by weathed silicate minerals
with particle sizes suggesting a largelgaddian sourceset within an organic
groundmass. This groundmass is composediliphatic and carbohydratach
organic matter, as well aslemental and black carbon, antcroorganisms, of
which filamentous cyanobacteria dominate the photoautotrophic community.
Ultrastructural analyses highlight tegynificant role played by microorganisms and
EPS in enmeshing the aggregate structure, attracting mineral particles aimgcreat

distinct micrenvironments.

2. Geospatial analysesn glacier surfacesighlight the ubiquitous presence of
cyanobacteria and, vigroxy measurementgchlorophyll a and carbohydrate
concentrations the spatial variability in photoautotroph and EPS abundance, the
two prindpal biological controls over cryoconite granule formation and stability.

Spati al data indicate aneweu frestdygablated ara | 60sna
thinner deposits near to the snow line contain high carbohydrate concentrations, and

older, stabledeposits near to the glacier terminus contain greater chloroghyll
concentrationsA zonre of hydraulic erosiorsiclearly evidentwith granule size and

stability correlating well with the abundance and length of photoautotrophic

filaments, as well as with the chbphylli carbohydrate ratio, emphasising their

importance in cryoconite granule aggregation.

3. The experimental caggregation of cyanobacteria and mineral particles
demongtates the adaptability of cyanobacteria characteristic of cryoconite granules,
in that they can caggregate with a variety of mineral particles under a variety of
pH and ionic strength conditionsiteractions between both bound areefEPS and
mineral prticles a@e vital in cellmineral interaction, with hydrophobic,
polysaccharideationic proteinbased and orgarsilicon interactions albuggested.
Nitrate is identified as potentiallyutrient limiting andmore inert minera suchas

guartz are notetbr their potential inability to support cryoconite ecosystems in the
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long term whilst elemental carbon is demonstrated to promote aggregation and

cyanobacterial proliferation

The present thesis provides the first, detailgglanulescale study of the
microstructure and aggregation of cryoconite, utilising a novel combination of
microscopic and spectroscopic techniques to further knowledge regarding these
microaggregatesAs alluded to in thesynthesié section,the work substantiates the
concept that et autotrophy drives cryoconite aggregation and biogeochemistry, acting
as a control over the supraglacial carbon cyé&lerthermore, this thesis provides
evidence for pedogenesis within cryoconiéed aids understanding with relation to
albedodriven glaier melt.

However,gaps in the knowledge of cryoconite microstructure and biogeochemistry
still exist. Future research should focus on scaling down from granule ionpedral
scale, improving our understandingtbe complex relationship between the microbial
community and the abiotic surfaces and nutrients within the cryoconite ecosiystem.
particular,Chapter 4could only suggest the details of ¢eflineral interaction between
clay-sized partites and cyanobadaial sheaths, an@hapter 2could only discriminate
between cyanobacteria, algae and heterotrophs based upon fluorescence information.
Scanning transmission electron microscopy and electron energy loss spectroscopy could
providenanometrescale elementalralysis (e.g. Leapmaf Aronova 2008), allowing
clay-sized particles in thin sections to be formally identified and the attachment between
them and organic molecules on the cyanobacterial capsule eluciBatgtermore, the
application of fluorescent iatu hybridisation techniquegould allow the spatial
distribution of particulafunctionaltypes of bacteria, with particular metabolic roles,

within cryoconite aggregates to be probed (Baynthaler & Amani2004).

In addition, our understanding of organmatter dynamics within individual
cryoconite granules is still in its infandyTIR techniques, applied @hapters 3 and, 6
have allowed us to begin to understand the carbohydrate EPS component of cryoconite
granules, but further compositional detalnecessary in order to understand carbon
cycling in supraglacial environmentslechniques such as Raman spectroscopy,
combined with stable isotope probin@IP-Raman) and spatially resolvednanc
secondaryion mass spectrometrynaneSIMS) would be partialarly useful in

addressing thidndeed, a combined approach using R&HdS, scanning transmission
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X-ray microscopy (STXM) and near edgeray absorption finetructure spectroscopy
(NEXAFS) may prove highly useful in locating and characterizing mirasabciated
organic matter(e.g. Mueller et al. 2012 Remusat et al. 20)2 Utilising labelled
nutrients and/or probesgcarbon cycling within an individual granule, from
photosynthesis to EPS production to humification, could be effectively studied.
Similarly, Li et al. (2008)highlight the usefulness of -situ hybridisation probes
combined with SIMS, for investigating microbial identity and function concurrently, a
technique that they call SIMSISlRe gar di ng o6functiond,edl i ttl e
investigating the function of the ne@haracterised microbial communities within
cryoconite. As such, further work should also incorporate the use of quantredive
time polymerase chain reaction (QPCRHNd metabolomicge.g. Fierer et al. 2007,

Bundy et al. 2009) to studgrganism functions within cryoconite at the molecular level.

Finally, the results ofChapter 6highlight the hydrophobic interaction between
elemental and black carbon and cyanobact¥vighh combustion and mining activities
contributing to atmospheric deposition of elemental and black carbon onto Arctic
glaciers(e.g.Forsstromet al. 2009, Aamaas et al. 201d)surprisingly high quantities,
and consideringthe very low albedo of these particlas,is vital that we try to
understad more about how they interact with microorganisms on the surface of the ice
As such, future work should also address the biological aggregatiobeafeaieducing
carbonaceous particleboth experimentally and in the fieltb understand how this

aggreyation occurs and its affect upon glacier albedo.
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APPENDIX | T LITERATURE REVIEW

1.1 - Cryoconite introduction

Cryoconite granules can be described as being aqueous microaggregatesz®mim in size and
approximately 50% water, consisting largely of mineral grains, organic matter and
microorganisms. Organic matter can range from microbial carbohydrates to humin anblack
carbon, with biological content equally diverse and including photoautotrophic filamentous
cyanobacteria, heterotrophic bacteria, snow algae and fungi; as such, cryoconite granules can be
considered heterogeneousCryoconite granules are often foundvithin small, surface melt pools, or
cryoconite holes. Regarding the formation and growth of cryoconite holes, windleposited
sediments on the ice surface absorb greater solar radiation than the surrounding ice, warming up
and melting the underlying ice, érming a generally cylindrical hole. This small cryoconite hole may
then grow, by a number of processes (absorption of solar radiation transmitted obliquely through
the surrounding ice, direct and diffuse radiation reaching the base of the hole, downward
convection of radiation absorbed by water at the top of the hole, flow of warmer water into the
hole, and through the generation of heat by microorganisms) (Gerdel & Drouet 1960; Gribbon
1979; Mcintyre 1984; Wharton et al. 1985). It is believed that biologial processes only contribute
approximately 10% towards the growth of cryoconite holes (Mcintyre 1984).

This literature review outlines the physical and structural aspects, biology, and ecosystem
biogeochemistry of cryoconite; it also reviews two other aras broadly analogous to cryoconite
ecosystemsz the biogeochemistry of biofilms and microbial mats, and the biogeochemistry of soll
and organic matter within microaggregates.

1.2 - Physical and structural aspects of cryoconite

Cryoconite holes are typicdly <1 m in diameter and <0.5m in depth (Takeuchi et al. 2000). Indeed,

Fountain et al. (2004) found that the average diameter of cryoconite holes studied within the

Antarctic dry valleys is 27.1cm. These holes are generally watefilled, with Fountain et al. (2004)

noting an average water content of 14.8m depth, and contain cryoconite debris, either in the form

of granules (e.g. Takeuchi et al. 2001a,b) or in the form of a microbial mat (e.g. Wrede et al. 2008).

These holes also often become idaded in winter, or for longer periods when temperatures allow

& 0O AgAi DI A ET OEA ''1 OAOAOEA AOU OAI 1 Allhin xEAOA EI
OEEAET AOOh EOI 1 AOET ¢ OEA ETT A AT A AOAAOGET ¢ A O1 ENOAZ
2004). Although many basic measurements of the physical aspects of cryoconite ecosystems have

been performed, little work has correlated these to the local environment and/or the

biogeochemical composition. An example of such a study can be found in Poraki et al. (2004),

who correlate both physical and biological characteristics with location. Porazinska et al. found

that, overall, physical characteristics of the cryoconite holes were not significantly affected by

location on the glacier, and that hole epth was independent of hole diameter. Conversely,

biological characteristics (and to an extent chemical characteristics) were more dependent on

location, with cyanobacteria being more prevalent at lower and western sides of glaciers. As the

prevailing winds in Antarctica are west to east katabatic winds, this suggests that allochthonous

sources may provide biological inputs into the cryoconite ecosystem.

Fountain et al. (2004) also studied cryoconite holes within the Antarctic dry valleys, finding that ¢h
average surface cover by these holes is 3.5%, that the average sediment content &.5cm
(thickness), and that they are invariably icdidded. In agreement with Fountain et al., Anesio et al.
(2009) state that between 0.%10% of glacier surface are tpically covered by cryoconite holes. The
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ice-lidded nature of Antarctic cryoconite promotes extremes of pH, often approaching pHL, in an
organically controlled closed system. Regarding distribution of cryoconite hole diameters on these
glacier surfacesfountain et al. (2004) found a skewed distribution on two of the four glaciers, with
patches of small holes, which they have attributed to a controlling aeolian input. On the other two
glaciers, a flat distribution was observed, which they have attributedo a mixed input of aeolian
and avalanchesourced sediments. From the above, it is clear that the physical characteristics of
cryoconite holes (e.g. depth, diameter, depth of sediment layer and location) show a degree of
environmental control, with local sediment sources, wind direction and aspect all noted to
influence these physical characteristics. However, the information on these relationships is sparse,
with no attention yet given to such environmental controls as strength of wind, solar irradiancer
type of sediment source. Further, these environmental controls may also impact on the
biogeochemical characteristics of the cryoconite ecosystem, as well as just the physical
characteristics of the hole.

Seminal papers concerning the structure of cryoatte granules are those of Takeuchi et al.
(2001a,b). Takeuchi et al. perform ultrastructural analysis, via optical, fluorescence and electron
microscopy, on whole granules, disaggregated granules and thin sections of both Himalayan and
Arctic cryoconite. Results indicate that the granule is a heterogeneous agglomeration of filamentous
cyanobacteria, heterotrophic bacteria, amorphous black matter and mineral particles. Structurally,
filamentous cyanobacteria appear to be more prevalent towards the outer @& of the granule,
whereas the inner portion of the granule appears to be more mineraich, with amorphous black
matter often associated with these mineral grains. Heterotrophic bacteria, as indicated by
fluorescence microscopy, can be found throughout thgranule and can be seen to associate with
both organic matter and cyanobacteria. Scanning electron microscopy (SEM) confirms that
heterotrophic bacteria are often to be found attached to cyanobacterial filaments, and also show
that mucus (hereafter termed extra polymeric substances [EPS]) can be seen within the granules.
The cohesive effect of EPS within biofilms and microaggregates is well documented (Donlan 2002,
and references therein). When other observations by Takeuchi et al. (2001a,b) are considgre
namely that copper sulphate (a biological inhibitor) can inhibit the reaggregation of disassembled
granules, and that cryoconite granules show evidence of a concentric layer structure analogous to
stromatolites, the likely growth mechanism is filamentas cyanobacterial growth consequent with
the trapping of mineral particles on the surface.

Concerning the microstructure of cryoconite, some further work has been undertaken via electron
microscopy. Foreman et al. (2007) utilized an SEM with a cryogenid¢age to study cryoconite
vacuum-concentrated onto a polycarbonate filter and sputtercoated with AuzPd, whereas Stibal et
al. (2008) thaw 10mg of cryoconite onto an aluminium stub and platinum coat it before imaging
via SEM, alongside elemental mapping aienergy dispersive Xray spectroscopy (EDS). Analyses by
SEM clearly show a microstructure consisting of areas rich in mineral grains, areas rich in organic
matter, and a network of filamentous cyanobacteria twisting between these. Elemental mapping by
Stibal et al. (2008) indicated that primarily silicate mineral grains sat within a primarily carbon
rich matrix; indeed they find that organic carbon is almost exclusively associated with either
microbial cells or amorphous organic matter.

Recently, attentbn has been given to utilizing a combination of microscopic techniques to better
OO0OAU OEA [T EAOI OOOOAOOOA 1T &£ '1 OAOAOGEA OAUATT AAR
(de los Rios et al. 2004). A broad range of techniqgues were employed, namelyticgd and
fluorescence microscopy, confocal laser scanning microscopy (CLSM), SEM (ksaattered electron

[BSE] imaging with EDS), and low temperature SEM. The first key observation was the definite
vertical stratification of the mat, as opposed to cryoanite, which has been seen to be highly
heterogeneous, with some tentatively identifying stratification (Takeuchi et al. 2001a,b; Stibal et al.

2008). Low temperature SEM was found to be effective in retaining extreellular polymeric

substances (EPS) in aatural state, allowing clear visualization; the technique also allowed the

OAOE
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porosity of the mat to be studied, as water occupied the pore spaces of the nzathe porosity was
found to be highly homogeneous. SENBSE, similarly, provided excellent ultrastructural detalil,
identifying mineral-rich layers, cyanobacteriarich layers and, at depth, bieaccumulations of
calcium carbonate; and tentatively identified biealteration of clay minerals. Regarding the
orientations of cyanobacterial filaments within the nat, de los Rios et al. (2004) found that within
the cyanobacterial layers (and particularly near to the surface), filaments were oriented parallel to
the surface, whereas within the mineralrich layers (and particularly at depth), orientation became
more random. It is clear that a combination of microscopy techniques has the potential to provide
comprehensive ultrastructural details of cryoconite, as well as biological and chemical
characterizationin situ.

At the macroscale, the structure of cryoconitas generally granular, with a mean diameter of
0.5mm, and a range of 043.0mm (Takeuchi et al. 2001a,b). At smaller scales, the structure is
broadly heterogeneous, although some suggest that the principal components of cryoconite
(bacteria, mineral particles and organic matter) show a microstructure analogous to that of a
stromatolite. Stromatolites are laminar domes of cyanobacteria, which grow via precipitation of
calcium carbonate and accumulation of sediment; bacterial photosynthesis depletes carbdioxide

in the water surrounding the stromatolite, allowing the precipitation of calcium carbonate (Riding
2000). Although cyanobacteria clearly play a part in determining the structure of cryoconite, little
is known about other, micro and nanoscale inteactions, such as those between mineral surfaces
and microbial exudates or more stable organic matter, for example. The effect of hydrophobic
materials in providing stimulus for aggregation is also largely unstudied.

1.3 - Biology of cryoconite granules

Original observations of cryoconite holes and the debris within them, via light microscopy,

established the basic biology of cryoconite ecosystems as containibfye-green algae (now rightly

termed cyanobacteria), other species of algae, bacteria, diatomstifers, and fungi. Gerdel &

Drouet (1960) found Calothrix parietina (black-pigmented, heterocystous cyanobacteria) to be

particularly prevalent within the Greenland cryoconite studied. These original observations are

limited by the resolving power and fluorescence capabilities of microscopes. More recently,

Porazinska et al. (2004) observed a similar species assemblage (cyanobacteria, rotifers, tardigrades

and ciliates) within cryoconite from Antarctica. Molecular techniques have also allowed far greater

clarification of both culturable and non-culturable microorganisms within cryoconite. Margesin et

al. (2002), when studying heterotrophic microorganisms, found 66 culturable bacteria, the majority

gram negative, and 17 culturable yeasts to be present withiAlpine cryoconite, with the dominant

genera beingPseudomonas, Sphingomonaad CryptococcusThey found that particular substrates,

namely casein (protein), cellulose and lignin, allowed the cultivation of the largest numbers of
microorganisms; coldtolerance, particularly amongst the cultivable yeasts, was also noted.
-AOCAOGET AO Al 8 je¢mmncq Ai T Al OAA OEAO OOEA AADPAAEI EO
of natural substrates at low temperatures points to the ecological significance of thieroles

i AAAT i Il OEOET1T 1 &£ | OCATEA | AOOGAOR 1 OOOEAT O AUAI ET ¢
Molecular identification of both bacteria and Eukaryotes within Antarctic cryoconite has been

undertaken previously (Christner et al. 2003), with BS and 18S rDNA sequencing finding eight

primary bacterial lineages (Acidobacterium, Cyanobacteria, Cytophagales, Gemmimonas,
Planctomycetes, Proteobacteriand Verrucomicrobig), as well as several Eukaryotes (principally

metazoans, green algae, truffle ahciliate). Christner et al. (2003) also determined a similarity

between the cryoconite microbial community sampled and those of nearby lake ice and microbial

i AO Aiii O1T EOEAOh OOCCAOOEI ¢ OEAO OEAOA EITTAO AAT A,
summarize, cryoconite has been shown to contain a remarkably diverse microbial population

considering its glacial location, and recent advances in molecular microbiology have enabled
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investigators to further the understanding of cryoconite biology. No attemis have yet been made,

Eil xAOAOh OI 1ETE O& Oi xEOE £O01AOCEITS8h ET 1T OAAO OI

various microbia operate and their role(s) within this ecosystem.

Cyanobacteria have been found to dominate cryoconite ecosystems (e$awstrom et al. 2002;
Porazinska et al. 2004; Stibal et al. 2006, 2008), with Stibal et al. finding that the genera of
Phormidium and Nostocare particularly common within Arctic cryoconite. Cyanobacteria, gram

negative and often motile, can be defned @ ODOI EAOUI OEA [ EAOI T OCAT EOI

photosynthetic apparatus (in the form of thylakoid membranes) markedly similar to that of the
eukaryotic chloroplast, and are distinguishable by their photosynthetic pigments, chlorophyll A and
phycobiliproteins, and noted for the largely ubiquitous presence of inclusions (e.g. glycogen or

AUAT T PEUAET qh OEAEO OEEAE PAPOEAIT CI UAAT 1 AUAOh

CohenBazire 1977). Other distinctive features of cyanobacteria are their memmane lipids (e.g.
phosphatidyl glycerol), their use of phycobiliproteins as an electron transfer chain (including the
unigue cyanophycin), and their production of heterocysts (specialized nitrogen fixing cells),
trichomes (filament structures) and akinetes(thick, multi-layered, cell survival structures) (Stanier

& CohenBazire 1977). Cryoconite cyanobacteria have been found to show relatively slow rates of
photosynthesis (Sawstrom et al. 2002), as well as being widely tolerant of low temperatures and pH
fluctuations. Stibal et al. (2006) found a preference for low pH by cyanobacteria, which they
postulate may be attributable to reduced carbon dioxide availability for photosynthesis at higher
pH. Vincent (2007) found that cyanobacteria utilize a number of sitegies for cold tolerance,
including the production of EPS, the production of compatible solutes and macromolecules (to
reduce the osmotic stress of freezing and modify ice crystal growth), and the relatively higher
contents of unsaturated fatty acids ad polar lipids within cell membranes (Chintalapati et al.
2004). Such chemical means of protection are only heightened by physical protection, via such
means as growing beneath translucent rocks and within cracks in rocks (Cockell & Stokes 2004).

Stibal & al. (2008) ascertain, via epifluorescence microscopy using thel,6-diamidino-2-
phenylindole (DAPI) fluorescent probe, that cellular abundances of phototrophic bacteria (of which
>90% were determined to be filamentous cyanobacteria) range from 0.25103z 83 103 cells mg?
(wet weight). This is in contrast to higher abundances of heterotrophic bacteria between 103 103

Z 50 3 108 cells mg?! (wet weight). Although bacterial abundance within cryoconite has been
studied, there have been limited studies into the proportion of live versus dead bacteria. Bratbak
(1985) estimated that 0.2% of organic carbon within cryoconite could be accounted fdyy living
microbial cells, with the rest pertaining to dead microbial cells and amorphous organic matter.
Further, the distribution of live versus dead cells across the diameter of a cryoconite granule needs
clarification z a live/dead staining protocol caild be utilized to achieve this (Boulos et al. 1999).

Recently, the attachment mechanisms of microorganisms to both mineral surfaces and organic
matter have received renewed research attention, thanks in part to advances in analytical
techniques. This resarch has typically concentrated on model species found within temperate
ecosystems. Kapitulginova et al. (2008), however, study the cyanobacteriaeptolyngbya cf.
delicatula (isolated from a tundra soil in Svalbard) and its attachment to biotite, in partiglar within
media that is deficient in key cations present within biotitez magnesium, iron and potassium. They
find that, utilizing electron and light microscopy, cyanobacteria colonized the biotite,
predominantly between the mineral layers, with pits andetch marks observable on the biotite
surface. This study indicates the plausibility of cyanobacterial attachment to silicate mineral
surfaces and the possibility that mineral particles could be utilized as nutrient sources. However,
the method of attachmet still remains unclear, and further investigation is likely needed to
investigate which species and minerals favour attachment. Newman (2001) reviews the

OOAOPEOAOGEIT 1T &£ 1 ET AOAI 08 AT A OEAEO OOA AdsAil AAOOI

for mineral diffusion into bacterial cells are: the production of chelating molecules and consequent
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quinones) to transfer electrons between mineral and cell,rad the direct electron transfer from cell
surface to mineral, utilizing the mineral as a terminal electron acceptor; the third theory has been
suggested by the author to be the dominant theory. Investigations into the binding of cyanobacteria
and metal iors have been conducted previously (e.g. Phoenix et al. 2002; Yee et al. 2004), reporting
that carboxyl, phosphoryl and amine functional groups on both the cell wall and exopolymer sheath
all show affinity for and binding with metal ions, to form ligandmetal complexes. Yee et al. (2004)
studied, via acidbase titration and synchrotron Fourier Transform InfraaRed (FTIR) spectroscopy,
the affinity and binding of separated cells and sheath material for copper, cadmium and lead
cations. Yee et al. conclude thantact cells show a higher affinity for the cations studied than
separated sheath material does, with cells having the highest affinity for lead cations and the lowest
for cadmium cations; they suggest metal sorption onto deprotonated carboxyl sites as timeost
likely binding mechanism. This study could be furthered by introducing further cations, in
particular to test a) such (hydr)oxide minerals as iron and aluminium, and b) other cations present
within weathered silicates, such as potassium, magnesium drsodium.

1.4 - Biogeochemistry of cryoconite ecosystems

Cryoconite holes can be thought of as distinct and individual ecosystems: microcosms with clear
boundaries, energy flows, and nutrient inputs and outputs. These ecosystems, however, have true
seasmality, given that energy flows and nutrient cycling are restricted during the winter, as the
holes are largely icecapped and snowcovered, whereas in the summer, the holes are open to
inputs from the atmosphere and from the surrounding ice. Indeed, supgdacial meltwater often
OxAOEAO 106068 AOUI AITEOA EI 1 AOR OOAT OPI OOET C O1 1 OOA«
Biogeochemical studies of cryoconite have been more prevalent than others, with the focus
differing between mineralogy, biology, orgarni carbon content/form, and solute chemistry. The
studies of Stibal et al. (2006, 2007, 2008a, 2008b) are of note, as they show an ecosysarsed
methodological approach, covering key macronutrients in particular carbon and phosphorus.
Considering this iterature, as well as other biogeochemical analyses of both cryoconite debris and
cryoconite waters that have been undertaken in many glaciated regions globally, an idea of the
generalized biogeochemistry of cryoconite holes can be determined. A summarykbdgeochemical
parameters and values cited within the relevant literature can be found in Appendix 1.

Within cryoconite, photoautotrophic microorganisms (namely cyanobacteria) take up inorganic
carbon and fix it as organic carbon, whilst heterotrophic ndroorganisms largely utilize organic
molecules (including carbon) to fuel respiration.The rate of soil organic carbon mineralization and
carbon dioxide production by respiration is dependent on a number of factors, including: the
carbon substrates present (e.g. quality and distribution), soil temperature, water content, oxygen
availability and abundance of microorganisms (Elberling et al. 2004)Microbial activity in
cryoconite holes is considered high given that maximum temperatures rarely exceed 0.1°C; indeed
primary production and respiration during the summer is often comparable to thafound in richer

Ol EI O &£O0I i OAIi PAOAOA A1 OGEOITIi AT OO0 j!1TAOET AO Al 8 ¢m
production of organic compounds from atmospheric or aquatic carbon dioxide, principally via
photosynthesis, with chemosynthesis also playing 8 A Orétdl 8rganic carbon figures indicate that
between 0.8% and 4.5% of the dry weight of cryoconite isrganic carbon (Takeuchi et al. 2001;
Margesin et al. 2002; Elberling et al. 2004; Stibal et al. 2008a). Given the above, as well as the
recorded prevalence of both heterotrophic and photoautotrophic microorganisms within
cryoconite (e.g. Margesin et al. 2002), it is not surprising that many biogeochemical studies have
focused on carbon fluxes within cryoconite holes. Laboratory experiments by Stibat al. (2007),
through the incubation of cryoconite slurry at3 C & 18C and in light or dark conditions, find
inorganic carbon uptake rates of between 0.6 and 18y C * h™. This inorganic carbon is then fixed

as organic carbon, with the optimum uptakeoccurring at pH 7. Field measurements of both
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photosynthesis rates and dissolved organic carbon (DOC) contents confirm the significance of
photosynthesis within Antarctic cryoconite ecosystems (Porazinska et al. 2004; Anesio et al. 2009).
Anesio et al. reord average primary production rates of between 48353 ug C  day™ for
cryoconite debris, most of which was fixed as DOC. These figures contrast with respiration rates of
between 15.%42.1 ug C ¥ day™ and, although the standard deviations on these gallts are high,
signify that cryoconite debris can be considered net autotrophic. This is in contrast to lower
primary production rates for the planktonic environment (i.e. cryoconite waters), indicating the
importance of cryoconite debris as a locus forfpotosynthetic activity.

Stibal et al. (2008a) undertook an ecosysterbased study of Arctic cryoconite, focusing specifically
on carbon fluxes. They established that c. 1.5% of the ablation area of Werenskioldbreen was
covered with cryoconite holes, contaiing a predominantly silicate mineralogy and between 1.7 and
4.5% organic carbon (dry weight), which accounted for >95% of the total carbon content. Organic
carbon was found to be almost exclusively associated with microbial cells and/or other amorphous
organic matter. The seasonal ecosystem flux was found to be a decrease of c. 70% in total carbon,
with the ratio of organic/inorganic remaining relatively constant, suggesting physical removal
processesz i.e. washout. A similar trend was seen for EC (a proXgr solute content). Solute
chemistry was highly comparable between glacier meltwater runoff and water within cryoconite
holes, indicating their connectivity. The pH within the holes was found to be higher, possibly
explained by active photosynthesis (Trater et al. 2004). ChlorophyltA abundance decreased over
time, again possibly indicative of washout of bacteria and algae from the holes. Dissolved inorganic
carbon uptake, measured via labelled carbonate incubatioris situ, ranged from 0.4 to 2 pug C4h™,
with photosynthesis accounting for 8%96% of this. This concurs with earlier laboratory
experiments (Stibal et al. 2007), as well as with the findings of Tranter et al. (2004), who observed
depletion of dissolved inorganic carbon (DIC) and elevated Hb in Antarctic cryoconite holes,
suggesting photosynthesis, as well as the possibility that elevated DOC values were preventing
precipitation of CaCQ@ and thus further preserving DIC for photosynthesis. Stibal et al. (2008a)
conclude that the low annual cebon fixation relative to the total amount of organic carbon within
the system cannot be explained unless allochthonous input (from nearby proglacial and coastal
wetlands and soils, for example) is invoked. The above studies demonstrate a focus on the oarb
fluxes of cryoconite ecosystems via the study of photosynthesis and respiration rates, badthsitu
and in the laboratory. However, little effort has been made to attempt to understand the specific
forms of carbon being produced by both photoautotrophi@and heterotrophic microorganisms and
their utilization and storage within the cryoconite.

In relation to the wider glacial ecosystem, some studies of carbon fluxes, primary production and
respiration have been considered down a transect from supraglaciab proglacial debris. Mindl et

al. (2007) found that bacterial abundance and primary production increased significantly along a
transect from supraglacial waters to a proglacial lake, with the main controlling factors found to be
temperature and phosphorus limitation. Addition of both an organic (goose faeces) and an
inorganic (rock flour) carbon source stimulated bacterial production at the proglacial lake site.
Bardgett et al. (2007) found that the proglacial heterotrophic microbial community increased den

a gradient from recently exposed substrate to older valley sediments, showing an increase in
organic C downgradient, with a greater humin concentration (indicating recalcitrance) in the
recently exposed sediments. Hopkins et al. (2006) showed that aecit carbon and modern carbon
(e.g. algalderived carbon) sustained heterotrophic microbial in an Antarctic low carbon ecosystem.
Bekku et al. (2004) analysed microbial decomposition rates (which can be understood as a function
of microbial biomass, microbal respiration rate and environmental factors) along a successional
gradient, finding that a) mean microbial biomass increased with successional age, as did carbon and
nitrogen contents, and b) respiration rates increased exponentially with temperature bytwhen
compared against carbon content of sediment, decreased down the successional gradient. This
decrease in respiration per gram of carbon is often ascribed to a change from bacterial to fungal
domination, or from algal/cyanobacterialderived carbon to a more recalcitrant litter of vascular
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plants, mosses, and humic materials. Xu et al. (2008) found that DOC production from size
fractioned Arctic tundra soils was significant, with soil leaching experiments indicating significant
DOC production in the fist 24 hours, falling to a more stable rate thereafter, plus that microbial
decomposition of DOC was significant between 24 and 72 hours. Other controls were reported,
such as low temperatures inhibiting production, acidic soils enhancing production, and m®
humified soils producing more DOC. Elberling et al. (2004) found that more than 95% of total
ecosystem carbon was potentially biereactive.

Unlike traditional soil studies, little attention has been given to the organic matter content and
composition of cryoconite, specifically to the humic acid, fulvic acid and humin contents. Given that
Takeuchi et al. (2001) found that airborne deposits on a Himalayan glacier contained 5% less
organic matter than the cryoconite upon the same glacier (1.8% versus 6.8%i} is reasonable to
presume that a proportion of the cryoconite organic matter is derived from photoautotrophic
production of organic carbon, followed by heterotrophic bacterial decomposition into more humic
substances. Takeuchi et al. (2001) do brieflgvaluate the humic content of Himalayan cryoconite
using the KMnQ method of Kumada (1965, 1987), finding that it contained a significant amount of
humic acid (7 ml per gram of material). The C/N ratio of the cryoconite was around 10:1, not
dissimilar to well-decomposed soil organic matter. Although it is difficult to ascribe exactly how
much of this humic acid is autochthonous, it is clear that cryoconite contains significant amorphous
organic matter content. This content has been found to produce a low agtral albedo in the 350 to
50nm wavelength region (Takeuchi 2002), particularly in Arctic cryoconite, reducing the spectral
albedo of bare ice by 2040%. No correlation between organic matter/carbon contents and spectral
reflectance was observed, indicatig that it is likely that the quality of organic matter is more
important than the quantity. As can be seen, the quantification of organic carbon within cryoconite
has largely been performed simply and chemically, with little attention being given to thedzances

in spectroscopy (in particular NMR, Raman and FTIR) for organic matter analyses. Furthermore,
xEOEET O1 E1 OAEAT AAh OAAAT O AOOAT OEIT EAO AAAT CEO/
soil biogeochemistry, yet no attempt to quantify theblack carbon content of cryoconite or its effect
on spectral reflectance has been made.

Stibal et al. (2008b) undertook a sequential extraction protocol to gain insight into the phase
association and potential bioavailability of phosphorus on an Arctiglacier. Phosphorus is a key
macronutrient and, within the glacial environment, the majority is bound to sediments (Hodson et
al. 2004), leaving very little (< 5 pg ™) dissolved within glacial waters. Within supraglacial and
glacier runoff waters, total dissolved Phosphorus was between 5.2 and 8.5 pif,| with soluble
reactive phosphorus (SRP) being very low (< 03.6 ug 1), and dissolved organic phosphorus
(DOP) being higher (2.88.2 ug ). Molar ratios (DIC:SRP and DIN:SRP) exceeded their Redfield
ratios, indicating a lack of biological control over dissolved phosphorus. Within the cryoconite
debris itself, out of the average 2.2 mg P9 the majority (c. 57%) was organic bound, the rest (c.
43%) being operationally inorganic, either bound within a adsorbed onto minerals. The only
extract that showed significant fluctuations over the ablation season was extract 2 (Fand Al
bound phosphorus). Stewart & Tiessen (1987) find that microbes possessing alkaline phosphatases
can consume dissolved orgawmi phosphorus (DOP); further, adsorption of phosphorus onto
minerals is shown to be largely by a reactivgOPQ¢ Mgroup binding to positively charged sites on
minerals, mainly amorphous Fe and Al oxpydroxides. In a similar vain to Stibal et al. (2008a) his
OAGAAOOE PEI OPETI OO0 xEOEET OE Ay aA alachttiohousEsubce dAAOE O  E C
organic phosphorus. Further, the potentially bieavailable phosphorus (extracts 1 and 2) was found
to be in excess of that needed for effective primary pohction on the glacier. Molar ratios of C:N
and N:P for the cryoconite debris, although approximated, fell within the global ratios, suggesting a
degree of biological control over debrisbound phosphorus.
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1.5 - Bacterial biofilms and microbial mats

Given the prevalence of cyanobacteria within it, cryoconite can be considered highly analogous to
photosynthetic microbial mats, such as those found within marine tidal zones or shallow lacustrine

AADPI OEOGOG8 | AEIT £EIT T AAT AA AAAAEITAMG ANAOARN TT1TATS A GAU
simple to complex community of microbial cells attached to a surface or associated with an

interface, and enclosed in a matrix of both polysaccharidech material and varying quantities of

non-cellular material, suchas e T AOAT AOQUOOAI 6h Al AU AT A OEI 06 PAOOEA
considered to be a biofilm of sufficient thickness to be visible to the naked eye; this thickness allows

the development of strong vertical, chemical gradients. Watnick & Kolter (2000)ken natural

biofilms to cities of microbes, where multispecies microbial communities stay and leave with

purpose, form transient association with mineral surfaces for stabilization, share genetic material,

and fill distinct environmental niches. Some bcteria have been shown to a) preferentially attach to

a nutritive surface in nutrient-poor environments, b) have genetic coding both for EPS production

and a decrease in flagella synthesis when in contact with a surface, c) communicate-t@itell by

chemical diffusion (e.g. acylhomoserine lactones [acyHSLSs]), and fill niches within biofilms such

as facultative anaerobic colonization of the inner layers of biofilm.

The association of a biofilm with its interface or surface of choice is incredibly corfgx and is
affected by a number of factors, including: effects of the substratum (e.g. surface roughness or
hydrophobicity), conditioning films forming on the substratum (e.g. organic respiratory secretions;
Mittelman 1996), hydrodynamics of the aqueous mgium (e.g. settling velocities, turbulence and
mixing), characteristics of the medium (e.g. pH, ionic strength and temperature), and various
properties of the cell surface (e.g. EPS production rate, hydrophobicity, and the presence of
appendages) (Donlan 202). Biofilm growth, combined with the inclusion and/or excretion of non
cellular material (e.g. mineral grains and amorphous organic deposits), leads to a highly
EAOAOT CAT AT OO AET £ZE1 1 xEOE AEAT EAAT T U AT Aitio©OOOAOOOA
of biofilm EPS, for example, can be studied via chemical and analytical methods following
extraction; however, many recent studies of biofilmsn situ have produced highquality, structure-
specific biogeochemical information, using higipowered microscopy and staining techniques in
particular.

Electron microscopy technigues have been utilized with some success in imaging biofilms and
microbial mats, particularly Environmental Scanning Electron Microscopy (ESEM) and cryo
Transmission Electron Microscpy (cryo-TEM). Priester et al. (2007) utilized ESEM and a
combination of heavy metal stains to produce enhanced images of microbial biofilms, in particular
the EPS that encapsulates the cells. ESEM is useful in biofilm imaging as it allows imaging of
hydrated samples, at variable temperatures, and external polymers are more apparent in ESEM
because of this (Manero et al. 2003). Further, Chen et al. (2008) states that modern ESEM has
functionality for high-quality, secondary electron imaging at high pressure (up to 30 torr),
allowing the observation of hydrated species (using water vapour as the imaging gas) at realistic
temperatures, whilst maintaining a suitably high relative humidity and utilizing a relatively low
beam current (below 100 pA). This study tilizes ruthenium red primarily (H 42CkN14O;Rus.H0), in
combination with osmium tetroxide, to (as it is cationic and very electron dense) bind to the
polyanionic constituents of EPS. Biofilms oP. aeruginosagcultured upon Nucleopore polyester
membranes, were stained by placing the membrane onto a 50ul drop of various solutions (in a
clean petri dish, covered and sealed, and in a dark fridge), and were then placed onto dousided
carbon black sticky tabs attached to a standard EM stub, and imaged in wabde at 4 Torr, 5
degrees and 10kV accelerating voltage, at both 2500x and 8000x magnification. Results indicated
that changing C:N of growth media did not vary the DNA content of the resulting biofilm, but
increasing C:N did increase both intracellular ptein and extra-cellular uronic acid contents.
Staining did improve image contrast on all occasions, with stain treatment 4 (involving ruthenium
red, osmium tetroxide and lysine) producing the clearest pictures. A natural aquatic biofilm
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(estuarine) alsoshowed increased image contrast when stained, as well as exhibiting better texture
and mean variety (a measure of image brightness). Beveridge (2006) utilized ciEM to examine
natural, hydrated biofilms. Bacteria can prove difficult to image with TEM, wk to a) chemical
fixatives not adequately penetrating the biofilm, b) organic solvents collapsing the EPS, and c) EPS
being indistinguishable from external water. CryeTEM, rapidly freezing sucroseprotected biofilm

to produce amorphous ice before slicingthis into frozen and hydrated sections, was found to
produce high quality sections that allowed visualization of finely ordered structures. Further,

frozennEUAOAOAA OAAQEI T O EAOGA AT AAOAT OACA ET CAIT 1 EAOI .

correlation is helpful when studying bacteria and metal ion interactions. Wrede et al. (2008), in
their study of Black Sea microbial mats, used resin embedding and théectioning techniques to

I AGAET Ox1 O AsécloasKile.c@ Brd Affer th@ BtRelh)of which one was subsequently
stained with Con A and imaged via fluorescence microscopy, and one was stained with Con A Gold
and imaged via TEM. Wrede et al. found that antigens were well preserved due to the hydrophilic
nature of the resin and the low cacentration of glutaraldehyde used (0.2 0.5%), allowing
carbohydrate-specific markers to bind to EPS, particularly around the outer edges of the colonies
and within larger clefts, as well as showing the heterogeneity of carbohydrate content within the
microbial mat. This technique shows promise, particularly as thirsections can be stained post
section, and neasidentical thin-sections can be studied via both light and electron microscopy.

Optical and laser microscopy, particularly involving fluorescent dgs, have also been shown to
provide high quality imagery of biofilm material. Beveridge (2006) notes that Confocal Laser
Scanning Microscopy (CLSM) with fluorescent probes is good at distinguishing molecular networks,
with ratiometric dyes useful in probing chemical conditions such as pH, within biofilms. Chen et al.
(2007) utilizes multiple staining and CLSM to image EPS and cells in faggregates. Total and dead
cells, proteins, lipids and polysaccharides were stained for using Calcofluor white, FITC,
Cocanavalin A conjugated with tetramethylrhodamine, Syto 63 Sytox blue and Nile red. Between
each stain, the sample was washed twice in phosphateiffered saline. The granule was embedded
for cryosectioning and frozen at20°C, before sectioning to 6@micron thickness and mounting onto

a microscope slide. The key to this multiple staining protocol was that the excitation spectra of all
of the fluorophores did not overlap and the emission spectra did not significantly overlap, so that
each could be excited ad observed individually (distance between stains, in terms of wavelength,
should be at least 60nm). Images were successful and highlighted structural properties well. Sandt
et al. (2007) study differences between biofilms via Raman microspectroscopy, agesific biofilm
properties (e.g. persistence) can often be related to structural heterogeneity (e.g. regions of dense
EPS could be particularly resistant to shear stress). Using a flow cell, biofiims were cultured in
artificial seawater at room temperature, EPS was separated by EDTA extraction (Sheng et al. 2005).
Results indicated considerable spatial and temporal heterogeneity, with eaHdstage biofilm being
fairly homogeneous, but latestage biofilm showing EPSich and celtrich areas, nonbiological
inclusions and spatial chemical differences. Very latstage biofilm became slightly more
homogeneous, but showing a different composition to the homogeneous eai$yage biofilm.

In addition to the more conventional biofilms and microbial mats, stromatolits also show a degree
of equivalence with cryoconite. Decho & Kawaguchi (1999) utilized CLSM to image stained and
sectioned stromatolites in an attempt to better understand their ultrastructure. They note that EPS

is often present as a structural matrix wihin a biofilm, yet is difficult to preserve in its hydrated
state. To counter this, they embedded previously fixed (formaldehyde) and stained (DAPI and FITC
concanavalin A) stromatolites in Nanoplast resin, a hydrophilic resin that can be cured with
minimal heating (only up to 60°C). They utilize CLSM to image thick sections (2mm): EPS and
carbonate grains being imaged by 488nm kryptorargon laser, and microbial cells being imaged by
770nm 2P titanium-sapphire laserz the two images were then merged. Thejound that the resin
produced no detectable autofluorescence and preserved intact, hydrated EPS well. Results
indicated that Con A bound well to glucose and mannose within EPS and produced fluorescence,
which was heterogeneous, suggesting variable EPS coosgtion or thickness; results also indicated
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that DAPLFstained bacteria were imaged easily, even within the depths of the section, below and
within sand grains. Kawaguchi & Decho (2002) also use propidium iodide to label bacterial
filaments. They note that2P-LSM reduces photebleaching and photetoxicity of fluorescent probes,
and so is highly useful.

1.6 - Biogeochemistry and structure of soil and organic matter within microaggregates

Though not as comprehensively studied as temperate soils, soils frofolar Regions are important

in the global carbon cycle and have been shown to contain orgasrich deposits; indeed terrestrial

|l OAOEA OACEITO EIT A APDPOI GEI AGAT U ptpb 1T &£ OEA x1 01 AB
al. (2004) found that Arctic soils had maximum concentrations of carbon near to the surface (as

well as nitrogen) and that this concentration decreased with depth, with the exception of buried

organic-rich layers. The decomposition of soil organic carbon by respiration results in §gpore CQ

concentrations 107100 times higher than in the atmosphere, and so diffusion into the atmosphere

occurs (Welles et al. 2001).

Soil structure is greatly determined by the way in which primary soil particles (e.g. mineral grains,

clays, oxides ad hydroxides, organic matter and microorganisms) adhere to one another to form
OACCOACAOAOGSGh 1 AAOGEI C bPi OA OPAAAO AAOGxAAT OEAIi8 4
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and nutrient flux. Aggregate stability, the ability of soil aggregates to resist disruption generally

by water, has been studied comprehensively within both soil and agricultural sciences, in particular

the relationship between organic matter catent/biological activity and aggregate stability (e.g.

00CAO A0 Ai8 pwwwn 3EZ A0 Al 8 pwwy gdabildybDshiAl 1T O / A/
micro-aggregates depends on the persistent organic binding agents, and appears to be a
characteristA T £ OEA OT EI AT A ETAAPAT AAT O T &£ 1 AT ACAI AT 08¢

hierarchy to describe soil stabilization by microorganisms and their exudates, a hierarchy upon

which most of the recent research into soil structure and biogeochemistry hasekn based.

Cryoconite can be considered analogous to soil microaggregates because, although it lacks the

maturity of a typical soil, it typically contains all of the necessary primary particles and shows

evidence of biological stabilizationz as such, crydi 1T EOA AT O1 A A1 01 AA-AT 1T OEAAO
Ol EI 68

With the link between biological activity, organic matter content and soil structural stabilization

becoming more evident, recent research attention has focused on exploring this, examples being

the role of microbial carbohydrates and organic matter in aggregation (Six et al. 2006), bacterial

i EAOT EAAEOAOO xEOEET OIEI AGCGCOACAOAO j#A0O0iI 1T AO Al ¢
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associations within soil aggregates (Kéggknabner et al. 2008). Experimental procedures for the

study of soil structure and biogeochemistry can be broadly described as involving chemical

extraction and analysis, physical fractiondon and analysis, and analytical and microscopic studies

in situ.

Considering the presence of microbial carbohydrates (often termed biavailable organic matter)
within soil microaggregates and their impact upon stabilization, much research has focused on
extracting and quantifying polysaccharides from within these aggmgates. Researchers have
attempted to quantify and analyse the microbial carbohydrate pool using dilutacid and hotwater
extraction techniques and High Powered Liquid Chromatography (HPLC) (e.g. Puget et al. 1998).
Following this, by examining the ratio é (galactose + mannose)/(arabinose + xylose), and
considering that microorganisms have been found to produce polysaccharides that contain little
arabinose and xylose (Cheshire 1977; Oades 1984), microbial origin can be determined; a ratio
greater than 2 issaid to be indicative of microbial carbohydrates. The hetvater extractable
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carbohydrate pool is reportedly more akin to microbially derived carbohydrates than the dilute
acid extractable carbohydrate pool (Angers et al. 1988; Ball et al. 1996; Puget ¢t #98). Soll
amino sugar concentrations have also received research attention, given that they have been
proposed as a proxy of microbial organic matter content, as microorganisms have been found to
produce significantly greater quantities of amino sugas (e.g. glucosamine and muramic acid) than
plants (Zhang and Amelung 1996). The ratio between glucosamine and muramic acid has been
found to indicate the relative contributions of fungi versus bacteria towards microbial organic
matter (Chantigny et al. 199). Given the relative abundance of microorganisms and associated
exudates within cryoconite, a determination of the chemical composition of microbial
carbohydrates (and possibly associated chemicals such as amino sugars and glycolipids) could
prove highly useful in better characterizing carbon fluxes within cryoconite ecosystems.

Regarding bacterial microhabitats within soil aggregates, recent work by Li et al. (2004) has
attempted to visualize, with the aid of fluorochromes and thirsection techniques, lcteria in situ
within soil microaggregates. They find that a thinner section, combined with an anionic
fluorochrome, such as FITC or calcofluor white, promote the staining of microorganisms while
reducing autofluorescence. Soil microenvironments differ inheir physical, chemical and biological
properties, with microscale structural organization providing different habitats in which bacteria
are heterogeneously distributed (Ranjard & Richaume 2001). Electron microscopy, both scanning
(SEM) and transmission(TEM), have been utilized to visualize soil microhabitats. Chenu et al.
(2001) utilize both SEM (low temperature in this case) and confocal microscopy to study the
microstructure and perform direct microbial counts upon samples of both clayey and sandy s
They find that an incubation of these soils with glucose causes bacteria to increase in number on
the outside of the clay aggregates, yet both on the inside and outside of sandy aggregates. Berti et al.
(2006) characterize the mineralogy and microfabic of marine sediments by TEM, including the
geometry of pore spaces.

Various parameters can be found to affect the location of bacteria within microaggregates,
including porosity and pore diameter, particle size, water availability and diffusion of gasesnd
carbon substrate availability. Kilbertus (1980) estimated a mean pore diameter of 2um as the most
likely to support bacterial colonies, whilst also noting that only about 4.0% of the pore space of an
aggregate is colonized, and that no bacteria calibe observed in pores below 0.8um in size. Water
availability and diffusion of gases are also linked to pore spacing, in that micropores are said to
provide a more favourable environment for growth, in that they trap essential nutrients as well as
protecting the bacteria from desiccation. Conversely, micropores do not provide a good
environment for gas diffusion, and so micropores often support anaerobic conditions (Ranjard &
Richaume 2001). Carson et al. (2009) test the hypothesis that different minerala soil select
distinct bacterial communities in their microhabitats. They incubate soil seeded with one of mica,
basalt, or rock phosphate, before sieving these soils and analysing their DNA community profiles
using T-RFLP. Results indicated that mineratlype did significantly affect community profiles, with
mica showing 25% unique ribotypes, basalt 11% and rock phosphate 10%; 53% of ribotypes were
shared. These results indicate that bacterial communities are likely to be heterogeneous in
composition and bcation within cryoconite upon glacier surfaces, given that mineralogy is usually
variable and that surrounding water volume is also variable.

#1 1 OEAAOEIOE EGHEIR@A 1 OCAT E-AindralhiQiddaktion withinisoillagy@daied,
Lehmann et al. (2007) investigate the spatial distribution of organic matter within soil
microaggregates using SynchrotrofFTIR and NeafEdge Xray Absorption Fine Structures
(NEXAFS) spectroscopy. These techniques are statbthe-art and enable nanescale investigation
of structure and chemistry. Results indicate that carbon content showed an uneven and patchy
distribution with no discernible patterns. Conversely, when aliphatic versus aromatic
hydrocarbons were considered, aliphatic forms were positively correlated wh the amount of @H
functional groups on kaolinite surfaces. This, combined with the fact that organic matter coatings
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on mineral surfaces contained greater amounts of microbially metabolized aliphatic and carboxylic
carbon than the organic matter contentof the entire microaggregate, indicates that (a) organo
mineral interaction within soil microaggregates is highly important, and (b) that adsorption onto
surfaces, rather than occlusion by adhering clay particles, is the dominant process of interaction in
the soils tested.

KdgelKnabner et al. (2008) review organemineral associations in temperate soils. Historically, an

inverse correlation between grain size and organic carbon content has been ascribed to the

stabilization of organic matter by associatiorwith mineral surfaces; more recently, a biological role

in this stabilization has been recognized, with microorganisms adhering to mineral surfaces,
ABAOAGETI ¢ %03 AT A Oi i AAOAGETI ¢ OEA OOOZAAA AEAI EOOOU
surface (e.g. Fe/Al (oxy)(hydr)oxides, 1:2 type clays, and 1:1 type clays) and their interaction,

relationships between cation exchange capacity (CEC) and soil organic carbon (> CEC = > SOC)

indicate cation exchange as a bonding mechanism; also, old (oxidation istant) organic matter

content often correlates with the content of Feoxides and shortorder Al-silicates, with interaction

and bonding likely by coprecipitation and ligand exchange. Regarding the distribution of
microorganisms and microbial activity, CISM (to study spatial arrangementin situ), physical

fractionation (to study association with different substrates) and electron microscopy are useful

tools z findings are generally that coarser OM associates with fungal activity, with smadlze

fractions containing the most microbial biomass, as indicated by a high abundance of bacterial

derived phospholipid fatty acids. The high affinity of bacteria to small particle size fractions

suggests that mineragi OCAT EA AOOI AEAOGET 1 0 EITT AOEMOALEBECARAGEEG B TAD 6¢
low C:N ratios, 13C enrichment and microbial polysaccharides) (Guggenberger et al. 1994).

Regarding soil surface area (SSA), while Rumpel et al. (2004) find that high organic carbon contents

were associated with fine clay fractions(ascribed to having a great surface area and offering

protection from degradation), Kahle et al. (2003) find that coarser clay fractions rich in Fexide

contain greater OC than finer clay fractions poor in Fexide, suggesting a combined influence of

reactive sites and surface area. Concerning the stability of organic matter, sorption to minerals

often protects OM from oxidative attack (Kaiser & Guggenberger 2003) and limits their

bioavailability (Kalbitz et al. 2005), particularly ligand-exchangebound OM (Mikutta et al. 2007).

The other OM fraction is the more rapidA UAT ET C-ADDEBRADOABN +AEOAO O ' OCCAIl
that a greater loading of OM leads to a lower proportion of ligand bonds per molecule, making the

OM more flexible and easier to degraddn summary, organemineral interaction is highly complex,

with several influencing parameters, although in general, soils with smaller mean particle sizes,

rich in clays and iron oxides, seem to show greater interaction between organic matter and mineral

surfaces, of which a proportion of this is microbially controlled.

Finally, considering briefly useful methods of organic matter analysis, Siewert (2004) utilized
thermogravimetry to analyse the organic matter of several soils, as well as total N, claydan
carbonate contents. Between 0.5 and 1.2g was heated on a thermalance, from 25°C to 950°C at a
rate of 5 degrees per minute, with weight loss recorded every 4 seconds. Results were compared to
data from more traditional methods, and indicated that losss before 200°C correspond to water
loss, thermolabile organic C (and total N) losses between 200°C and 450°C, stable organic C losses
between 450°C and 550°C, and carbonate losses after 550°C (clay losses, via coefficient of
determination, were shown to ke at 120°C and 530°C). Regression analysis indicated that for
certain 10 degree temperature intervals, more than 98% of the variability of the soil properties
could be predicted by thermal weight losses; for example, higher organic carbon content produced
a higher thermal weight loss at 34@8350°C. It was noted that higher black carbon contents slightly
altered results, giving lower reliability in statistical analysis. This method could well prove useful in
the analysis of both bicavailable and total organt matter contents of cryoconite debris.
Considering an altogether different approach, Jehlicka & Edwards (2008) utilize Raman
spectroscopy to nondestructively identify organic minerals within the geological record, a further
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advantage being the microscalédentification of individual organic compounds in the vicinity of
minerals or even as inclusions within minerals.

To summarize, it is clear that the structure and biogeochemistry of soil and organic matter within
microaggregates is a widely researcheddld that is also highly analogous to cryoconite ecosystems,
particularly as cryoconite granules begin to grow in size and develop in complexity.

Synthesis of literature

Parameter

Data

Related comments

Reference(s)

Hole diameter

<1 m, average

Depth is independent of diameter for

Fountain et al. (2004)

=27.1cm Antarctic glaciers studied
fiDiameter may correlate with the input of | Takeuchi et al. (2000)
Aeolian versus avalanched sediments
Hole depth <0.5m fSeasonally variable; often icdidded Takeuchi et al. (2000)

fCorrelates poorly with location for

Antarctic glaciers

Porazinska et al. (2004)

Hole water level

Average = 14.3
cm

T Antarctic glaciers

Fountain et al. (2004)

Hole sediment | <0.5cm T Antarctic glaciers Fountain et al. (2004)
content
Granule size 0.1z3 mm, Takeuchi et al. (2001)
average = 0.5
Total organic | 2z4% dry | fOrganic carbon has been found to be >959 Stibal et al. (2008)
carbon weight of total carbon within cryoconite
Takeuchi et al. (2001)
2.7%
Margesin et al.(2002)
1.724.5% dry
weight Elberling et al. (2004)
0.821.8%
pH 48,5,11 {Variable depending on e.g. presence ( Stibal et al. (2006;
carbonate bedrock, perennial ice lids, and 2008)
Aeolian inputs
fiHigher in holes than surrounding| Margesin et al. (2002)
supraglacial waters, possibly due to active
photosynthesis Tranter et al. (2004)
fElevated pH and DOC am prevent
carbonate precipitation
Total nitrogen 0.27%, 0.0 Takeuchi et al. (2001)
0.09%
Margesin et al. (2002)
Inorganic carbon | 0.6z15 pg C| fLaboratory conditions, 3°C or 18°C, light| Stibal et al. (2007)
uptake LM hM or dark
fOften low compared to TOC, suggestin| Stibal et al. (2008)
g-422 Mg C B | allochthonous carbon input
ML
Photosynthesis 482353 pg C| fPrimary production; most carbon was| Anesio et al (2009)
g™ day™ fixed as DOC
Respiration 15.3z42.1 pg C| T Svalbard glaciers Anesio et al. (2009)
g™ day™ fFound to decrease, per gram of carbon

down a proglacial succession
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Bardgett et al. 2007

Heterotrophic 103103z {Pseudomonasnd Sphingomonasare most | Margesin et al. (2002)
microorganisms 503103 cells| common
mgh Stibal et al. (2008)
Photoautotrophic | 0.25% 103z fGreater than 90% of phototrophic| Gerdel & Drouet (1960)
microorganisms 83103 cells | microorganisms present were found to be
mg't filamentous cyanobacteria, of which| Stibal et al. (2006)
Calothrix, Parietina, Phormidium and
Nostochave the highest abundances
Percentage 1.5% of | fSvalbard glaciers; Antarctic glaciers Stibal et al. (2008)
coverage of ice| ablation area;
surface 3.5% Fountain et al. (2004)
Mineralogy fSvalbard mineralogy is broadly silicates, Stibal et al. (2008)
sedimentary and metasedimentary rocks
fiMineral heterogeneity contributes to the | Carson et al. (2009)
spatial variation in bacterial communities
Electrical fDecreasesalong with total carbon content, | Stibal et al. (2008)
conductivity during the melt season
Chlorophyll T Chlorophyll-A content decreased during| Stibal et al. (2008)
content the melt season
Phosphorus Average = 2.2| {Molar ratios exceeded Redfield linez | Stibal et al. (2008Db)
content mg P &t | excess phosphorus in cryoconite suggest
debris, and allochthonous source
1 Bioavailability of debris-bound
57% =| phosphorus is sufficient to sustain the
organic- prokaryotic community
bound, 43% =
mineral bound
Temperature 1.5z3C Margesin et al. (2002)
Total CaC® 1.9z2.1C Margesin et al. (2002)
Organic matter 6.8% of | Given that airborne dust contains 1.8%| Takeuchi (2002)
cryoconite organic matter, microbial production of
debris is | organic matter seems likely
organic The C:N ratio of cryoconite is 10:1, and i
matter, there | shows high spectral reflectance, akin tg
are 7mL | well decomposed SOM
humic  acids | §Hexosepentose ratios are a good indicator,
per gram | of plant versus microbe SOM ratios.
cryoconite von Lutzow et al.
(2007)
Granule texture fTexture has been found to account for Stibal et al. (2006)
28.1% of microbial variability; organic C
content only accounts for 12.1%
Granule water | Approximately Stibal et al. (2008)
content 50%
Cellmineral T Svalbard-sourced cyanobacteria, grown in| Kapitulcinova et al.
interaction low- Mg, Fe and K media, show{ (2008)
attachment and growth on and within
biotite
Cold tolerance fCold tolerance in cyanobacteria has beei Vincent (2007)
shown, via production of EPS, compatible
solutes, unsaturated fatty acids and
macromolecules
EPS composition fPolysaccharides, variable in composition Decho & Kawaguchi
and thickness, and cellular material (1999)

M. Chthonoplastess dominated by glucose
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and galactose

de Winder et al. (199)

Black carbon Shows low van Krevelen O:C and H:| Preston &  Schmidt
ratios, high affinity for other hydrophobic | (2006)

organic compounds, a  significant
contribution to SOM in cold environments,| Liang et al. (2006)
and is very slowly degraded

Microstructure fAntarctic microbial mats show strong| de los Rios et al. (2004)
vertical stratification, increased EPS in
void spaces, and cyanobacterigich layers
showing epicellular silica and CaC® plus
a similar orientation

Chemical fIn younger glacial sediments, carbonatq Anderson et al. (2000)
weathering dissolution, sulphide oxidation and biotite

alteration dominate solute flux sources
Metal {Biofilms, via TEM, have been shown t{ Banfield et al. (2000)
(oxy)(hydr)oxides contain colloidal aggregates of iron

oxyhydroxide nanoparticles
Aggregation {1 The addition of microbial polysaccharides| Chaney & Swift (1984)

of known structure allowed a degree of
aggregation of disaggregated soils, as lon
as NaCl concentrations were not high

Biological fMicroorganisms can increase minerall Bernasconi et al. (2008)
weathering weathering by removing dissolution
products and ions, and by exuding
protons, organic acids and siderophores
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APPENDIX |l T SUPPORTING MATERIAL

Supporting material for chapterg£

a) Epifluorescene imagery

Epifluorescence imagery of photosynthetic microorganisitign cryoconite material

Leptolyngbya

Phormidium

Filamentous cyanobacteria, e.g. Oscillatoria, Nostoc, Lyngbya, Nodularia

Diatom, e.g. Fragilaria Unicellular cyanobacteria, e.g. Gloeocapsa Fungal hyphae Yeast cells
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b) Energy dispersive Xay (EDX) data

Example EDX profiles for organic and inorganic material

' 20pm ‘ Electron Image 1

Spectrum 1
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Spectrum 1

d 30pm ’ Electron Image 1
Spectrum 1
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