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ABSTRACT 

 

Bacteria play a key role in carbon cycling within every ecosystem on Earth and, despite the 

extremes in temperature, desiccation, irradiance and UV radiation, the surface (supraglacial) 

of ice sheets are no exception. Within the supraglacial environment of the Greenland Ice Sheet 

(GrIS), the surface ice represents one of the most expansive yet under-investigated habitats. 

This thesis aimed to assess heterotrophic bacterial community dynamics and interactions with 

glacier algal blooms within the surface ice environment of the GrIS. Three major investigations 

were employed to achieve this aim, addressing: i) in situ spatio-temporal patterning in bacterial 

abundance and production relative to glacier algal bloom progression, across different 

supraglacial habitats, and throughout an entire ablation season; ii) the nature of interactions 

between supraglacial bacterial, glacier algal, and dominant fungal communities within surface 

ice; and iii) the roles and relative importance of photo- and bio-degradation on the composition 

and quantity of dissolved organic matter in surface ice and the consequences for bacterial 

abundance and production. Data demonstrated that heterotrophic consumption of dissolved 

organic matter (DOM) produced by blooms of highly pigmented glacier algae within the 

surface ice stimulated bacterial production (BP) which ranged between 0.03 – 0.6 g C L-1 h-

1. However, BP was ~ 30 times lower than primary production highlighting that only a small 

proportion of algal-derived DOM was consumed by the in situ heterotrophic community, 

resulting in net organic carbon accumulation within the surface ice. Bacterial communities 

degraded a range of DOM substrates and consumption was not influenced by the 

photodegradation of surface ice DOM. Interactions were observed between dominant members 

of the surface ice community (i.e. glacier algae, bacteria and fungi) and bacterial growth was 

enhanced in the presence of glacier algae and fungi. However, nutrient limitation was found to 

change the nature of interactions between major functional groups within the surface ice. This 

data significantly advances knowledge on bacterial dynamics in the surface ice habitat and thus 

helps to constrain carbon flows through the supraglacial environment.  
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1. INTRODUCTION  

 

1.1. THE CRYOSPHERE  

The cryosphere covers one fifth of the Earth’s surface and comprises areas in which water is 

found in its frozen form, including glaciers, ice caps and ice sheets; snow; sea, lake and river 

ice; seasonally frozen ground, and permafrost (Benn and Evans, 2010). As such, the cryosphere 

is particularly sensitive to temperature change and consequently, its global distribution has 

fluctuated dramatically over Earth’s history. Since the Last Glacial Maximum (~ 21 kya), when 

vast ice sheets covered much of the northern hemisphere, the cryosphere has retreated to its 

current distribution, concentrated within polar regions and high-altitude mountain ranges (e.g. 

the Himalayas and Alps; Figure 1) (Clark and Mix, 2002). The cryosphere is pivotal within the 

Earth system, regulating oceanic and atmospheric circulation, as well as local and global 

climate through indirect and direct feedbacks (Benn and Evans, 2010). In particular, the high 

reflectivity (albedo) of snow and ice partitions incoming solar radiation, maintaining cooler air 

temperatures that facilitates the persistence and propagation of ice across the land and ocean 

(Dickinson, Meehl and Washington, 1987; Benn and Evans, 2010). This process is known as 

the snow/ice-albedo feedback and the resultant temperature gradients influence atmospheric 

and thermohaline circulation. The cryosphere plays a fundamental role in the movement of 

energy, carbon and water, and therefore changes in its extent could have severe implications 

for the Earth system.   

 

Anthropogenic emissions of carbon dioxide have increased global average temperatures by ~ 

1oC since preindustrial times (IPCC, 2018). This warming trend is particularly evident in the 

Arctic where the snow/ice-albedo feedback has enhanced increases in surface air temperatures 

at double the rate of the global average (Fyfe et al. 2013, Najafi et al. 2015, Richter- Menge 

2017). Such extreme warming has caused extensive melting and thinning to Arctic glaciers and 

the exterior of the Greenland Ice Sheet; a reduction in the extent of seasonal snow and earlier 

melt; shrinking coverage of sea ice; and melting of expansive areas of permafrost (IPCC, 2019). 

For example, winter sea ice maxima over the last 4 years reached record lows relative to the 

1979 -2014 average (IPCC, 2019). Surface air temperature change in Antarctica is less uniform,  
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however, melt of the Antarctic ice sheet is widely reported, with particular concern over the 

stability of the Western Antarctic Ice Sheet (Bamber and Dawson, 2020).  

 

Rapid thinning and melt of the world’s glaciers and ice sheets will have significant implications 

for global sea level rise, given that approximately 70 % of the world’s freshwater is currently 

stored within these systems (Oki, 2006). For example, complete melting of the Antarctic and 

Greenland ice sheets has the potential to raise global sea levels by 65 m (IPCC, 2014). Since 

2000, melt of snow and ice has contributed between 0.96 – 1.24 mm per year to global mean 

sea level (Bamber et al., 2018; Cazenave et al., 2018), threatening coastal settlements and low-

lying islands (Oppenheimer and Glavovic, 2017). Changes to the cryosphere will have 

implications for several Earth system processes, including disruption to ocean and atmospheric 

circulation; changes to thermohaline circulation (IPCC, 2019); and biodiversity losses 

(Fountain et al., 2012). Constraining the response of the cryosphere to climate change is an 

imperative for understanding the global implications, as no abatement to long term warning 

and mass loss trends is anticipated into the near future (IPCC, 2019).  

  

Figure 1: The distribution of the cryosphere across the Earth. Sourced from Barry & Gan (2011)  
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1.1.1.  Glaciers and ice sheets  

Glacier ice covers ~ 16 million km2 of the Earth’s surface, with ~ 97 % in the Antarctic and 

Greenland Ice Sheets and the remainder in the form of ice caps, ice fields and glaciers in polar 

and mountainous regions (Benn and Evans, 2010). A glacier refers to a flow of ice which is 

constrained by topography, whilst ice sheets lie over the landscape with ice flow originating 

from the thickest point at the centre (Patterson, 1994). Around the exterior of ice sheets, 

networks of outlet glaciers and ice streams discharge meltwater into adjacent fjords or oceans. 

The distribution of glacier ice is regulated by precipitation (and distance from a water source), 

temperature and topography, with the largest proportion located in polar regions where cold 

temperatures allow ice to persist year-round (Patterson, 1994). Glacier ice is formed from the 

compaction of snow over several years, with glaciers propagating where accumulation of 

snowfall exceeds losses from evaporation or melting (Hooke, 2005). The balance between 

accumulation (via snowfall, avalanching of snow) and ablation (losses via melting, evaporation 

and calving) determines whether glacier ice advances or retreats which, when considered over 

a designated timescale, is referred to as the mass balance (Hooke, 2005). Generally, 

accumulation exceeds ablation at higher elevations of glaciers and towards the centre of ice 

sheets, with this zone termed the accumulation zone (Patterson, 1994). In contrast, at lower 

elevations, melting and calving of ice exceeds accumulation in the ablation zone. The spatial 

extent of these zones fluctuates seasonally as the accumulation zone expands during winter, 

and the ablation zone expands during summer, with the dynamic interface between these two 

regions, whereby ablation equals accumulation, defined as the equilibrium line altitude (ELA). 

 

Glaciers and ice sheets are typically divided into three sections: subglacial, englacial and 

supraglacial, each with distinctive environmental conditions that evolve seasonally (Patterson, 

1994). The subglacial environment represents the area beneath the main body of the glacier 

where ice interacts with the lithosphere. This environment is characterised by high rates of 

mechanical and chemical weathering due to the interaction of meltwater with freshly ground 

bedrock, predominantly under anoxic conditions (Tranter et al., 2002). The main bulk of ice in 

the middle of glaciers and ice sheets (englacial) connects the surface to the subglacial. During 

the summer, meltwater from the surface is routed through the englacial to the subglacial, where 

drainage systems develop to transport meltwater to the snout of the glacier (Hooke, 2005). 

Finally, the surface of the ice (supraglacial) is a highly dynamic environment which covers 
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~11% of the Earth’s surface area and represents the interface between glacier ice and the 

atmosphere (Edwards and Cameron, 2017; Margesin and Collins, 2019).  

 

1.1.2.  The supraglacial environment  

The supraglacial is characterised by extreme seasonal fluctuations in temperature, light, water 

and nutrient availability (Priscu and Christner, 2004). During the winter, reduced solar 

radiation in temperate regions and permanent darkness in polar regions results in low 

temperatures which can reach extremes of -70 oC in Antarctica and -40 oC in Greenland 

(Maccario et al., 2015). Subsequently, very little melt occurs during the winter and the 

supraglacial environment is covered by a deep snowpack which drives the accumulation of 

glacier ice (Patterson, 1994). In contrast, increasing solar radiation in the spring causes 

temperatures to rise, stimulating melt of the winter snowpack and marking the start of the 

ablation (melt) season. As the snowpack retreats, the bare ice surface is exposed and starts to 

melt, which creates a porous surface layer termed ‘the weathering crust’ (Figure 2) (Müller and 

Keeler, 1969). Local topography dictates meltwater flow through the weathering crust and over 

the ablation season, extensive networks of supraglacial streams and ponds/lakes evolve in 

topographic depressions, routing meltwater to the subglacial via crevasses and moulins 

(Patterson, 1994).  

 

Figure 2: A conceptual diagram of the weathering crust structure which highlights the porous nature 

of ice layers with embedded cryoconite holes. Sourced from Cooper et al., (2018). 
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During the ablation season, the supraglacial evolves into a hydraulically dynamic environment 

exposed to periodic freeze-thaw cycles and intense solar radiation, particularly in polar regions 

where 24-hour sunlight persists during the summer months (Priscu and Christner, 2004). 

Within the ablation zone, the weathering crust is often pock-marked with unique cylindrical 

depressions, known as cryoconite holes. These holes form due to the presence of organic and 

inorganic aggregates of particles termed ‘cryoconite’ which accumulate on the ice surface 

(Wharton et al., 1985; McIntyre, 1984). Particles become trapped in depressions within the ice 

and, facilitated by microbial activity, form aggregates (Cook et al., 2016a; Takeuchi, Kohshima 

and Seko, 2001). These aggregates are dark in colour and absorb more solar radiation than the 

surrounding ice, heating and melting into the surface creating a cylindrical hole (Figure 3) 

(MacDonell and Fitzsimons, 2008; Wharton et al., 1985; McIntyre, 1984). Aggregates are 

predominantly composed of inorganic mineral particles and organic matter (e.g. living and 

dead cells) sourced from surrounding deglaciated regions therefore particle composition is 

often geographically distinct (Cook et al., 2016a; Takeuchi, Kohshima and Seko, 2001; Stibal 

et al., 2010). The size and morphology of cryoconite holes is spatially variable, with depths 

and diameters ranging from millimetres to tens of centimetres, as determined by factors 

including aspect and topography (McIntyre, 1984). Depending on geographical location, holes 

can be either open or closed (Hodson et al., 2008; Tranter et al., 2004). Open cryoconite holes 

are found in Arctic and temperate regions where high surface melt creates hydraulically 

connected holes which are subject to regular meltwater flushing. As such, cryoconite debris is 

frequently washed out of holes onto the surface ice and evolve into new holes (Hodson et al., 

2008; Chandler et al., 2015). Conversely, closed holes which are found predominantly in the 

Antarctic where melt rates are substantially lower. Subsequently, holes are covered by ice lids 

up to 30 centimetres thick, which prevents the wash-away of particles and holes can thus persist 

for several years (Fountain et al., 2004). The ice lid also acts to reduce the hydrological 

connectivity and atmospheric exchange of gases within these holes such that extreme physico-

chemical conditions often develop (Tranter et al., 2004).  
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Although the formation and nature of cryoconite holes has dominated research of the 

supraglacial environment, these features only account for approximately 0.6 % of surface 

environment (Ryan et al., 2018). In contrast, the bare ice surface constitutes an expansive area 

of the supraglacial but has received relatively little attention from the research community 

(Hodson et al., 2008).  

 

1.2. MICROBIAL LIFE ON GLACIERS AND ICE SHEET  

Microbial life on glaciers and ice sheets was first identified in the 1890s by early explorers who 

highlighted a discolouration in snow and ice in Greenland Ice Sheet and Antarctica (Hodson et 

al., 2015). Over the 20th century, multiple qualitative studies detailed meiofauna, protozoa, 

bacteria and algae residing in snow and ice environments (e.g. Steinbock, 1936); however, 

given the extreme environmental conditions, it was presumed that these cells were inactive and 

the cryosphere merely acted as a repository. It was not until the 1960s that the activity and role 

of microbes within biogeochemical cycles was investigated by the scientific community, 

Figure 3: A flow diagram of the vertical and horizontal development o f cryoconite holes. I* = solar 

radiation and SGL = single grain layer.  Light grey shading represents ice and diagonal hatching 

represents water. Sourced from Cook et al., (2016) 
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starting with the quantification of photosynthesis in snow algae (Fogg, 1967). Since this shift 

in focus, research into microbial abundance and activity has been predominantly confined to 

the supraglacial environment, as it was believed that this was the only environment in which 

microbes could survive. However, this assertion was challenged around the turn of the 

millennium with the discovery of diverse and active microbial communities in both englacial 

(Abyzov, 1993; Sheridan, Miteva and Brenchley, 2003) and subglacial environments (Sharp et 

al., 1999; Skidmore, Foght and Sharp, 2000). In particular, the discovery of viable cells 

entombed within the ice for several thousand years has redefined our understanding on limits 

to life (Abyzov, 1993; Sheridan, Miteva and Brenchley, 2003; Priscu et al., 2007). Glacial 

environments are now recognised as a unique microbially-dominated biome conservatively 

estimated to be hosting 1029 cells (Anesio and Laybourn-Parry, 2012; Irvine-Fynn and 

Edwards, 2014; Anesio et al., 2017), the majority of which are bacteria and archaea (Hodson 

et al., 2008; Boetius et al., 2015).  

 

1.2.1.  Microbial life in the supraglacial environment  

Despite the extreme environmental conditions within the supraglacial environment, abundant 

micro-organisms (e.g. bacteria, algae, fungi, viruses), meio- and macro-fauna (e.g. tardigrades, 

rotifer, ciliates) have been identified across a range of distinct habitats including snow, surface 

ice, cryoconite holes, supraglacial lakes and streams (Anesio and Laybourn-Parry, 2012; 

Boetius et al., 2015; Maccario et al., 2015; Anesio et al., 2017). During the ablation season, 

surface melt drives the evolution of different habitats and meltwater continuously redistributes 

cells across the supraglacial environment. Despite the interconnected nature of habitats, there 

is growing evidence for habitat-specific microbial communities that are adapted to each 

ecological niche (Edwards et al., 2013a; Musilova et al., 2015; Gawor et al., 2016; Smith et 

al., 2018; Stibal, Šabacká and Kaštovská, 2006). This section will review current literature 

surrounding microbial life identified in the three main habitats: snow, cryoconite holes and 

surface ice. 

 

1.2.1.1. Snow  

During the winter, snow represents an extensive habitat covering the supraglacial environment, 

accounting for ~ 12 and ~ 0.6 million km2 of the Antarctic and Greenland Ice Sheets, 
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respectively (Barry and Gan, 2011). Ecological niches evolve within the snowpack during the 

ablation season and range from dry and melting snow to wet slush, each hosting a diverse 

assortment of algae, bacteria, yeast and fungi (Larose, Dommergue and Vogel, 2013; Lutz et 

al., 2014; Cook et al., 2016b). Microbes originate from local, regional and intercontinental 

deglaciated regions (Harding et al., 2011) and are deposited on the snowpack attached to soil 

particles and marine aerosols. In addition, snowflakes may also contain microbes, as biotic 

particles can act as cloud condensation and ice nuclei, stimulating snowfall (Christner et al., 

2008). Indeed, the snowpack is an important source of microbial inoculum, nutrients and water 

for the glacial ecosystem (Hodson et al., 2008; Musilova et al., 2015).  

 

Algae are prolific colonisers, capable of withstanding extreme environmental conditions, and 

form the base of the food web in many cryospheric environments worldwide (Thomas and 

Duval, 1995; Müller et al., 1998; Müller, Leya and Fuhr, 2001; Lutz et al., 2015). Within the 

snowpack, so-called ‘snow algae’ dominate microbial biomass at the onset of melting. The 

presence of liquid water and the release of nutrients from snow melt stimulates algal blooms, 

often resulting in visible patches of coloured snow. For example, blooms of Chlamydomonas 

nivalis create areas of distinctive red ‘watermelon snow’, which were recorded as early as the 

19th century (Jones, 1999; Lutz et al., 2015, 2016). The colour of snow evolves from green in 

the dry snow niche, to red in the wet snow niche, and is hypothesised to indicate maturation of 

snow algae from chlorophyll-rich cells to carotenoid-rich resting cells (Lutz et al., 2014). Snow 

algal assemblages are dominated by unicellular green algae of the Chlamydomonadales, which 

are abundant across both temperate and polar snowpack environments (Stibal et al., 2007; 

Müller et al., 1998; Remias, Lütz-Meindl and Lütz, 2005). Snow algal abundance and diversity 

within Arctic environments are typically dominated by Chlamydomonadaceae, Chloromonas 

polyptera and Chloromonas nivalis  (Lutz et al., 2016; Hoham and Remias, 2019).  

 

Over the past two decades, the development of genetic sequencing has offered a more extensive 

insight into microbial communities populating snow, particularly bacteria. This has revealed 

the presence of diverse communities comprising predominantly Proteobacteria (Alpha-, Beta-

, Gamma-), Cytophaga-Flexibacter-Bacteriodes group, Actinobacteria and Cyanobacteria 

(Jones, 1999; Maccario et al., 2015; Cameron et al., 2015; Hell et al., 2013; Felip et al., 1995; 

Larose et al., 2010). Bacterial communities are often associated with snow algae, with 
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abundances an order of magnitude higher in watermelon snow compared to snow with no 

visible algal cells (Lutz et al., 2015; Thomas and Duval, 1995). In addition, bacterial 

community composition is strongly influenced by a number of factors, including the prevailing 

physico-chemical conditions, especially the availability of carbon; the method of deposition 

(snowfall versus aeolian dust); and depth within the snowpack (Hell et al., 2013; Maccario, 

Vogel and Larose, 2014; Lutz et al., 2016). Consequently, bacterial assemblages within 

snowpack environments have been found to be geographically distinct.  

 

1.2.1.2.  Cryoconite holes  

The biological significance of cryoconite holes was highlighted as early as the 1930s and this 

habitat has remained one of the most intensively studied within glacial landscapes (Steinbock, 

1936; Wharton et al., 1981, 1985; Gerdel and Drouet, 1960; Hodson et al., 2015). Cryoconite 

holes are oases within the supraglacial environment in which microbes are shaded from intense 

radiation and buffered against fluctuations in pH and temperature. Consequently, bacteria, 

viruses, algae and metazoans (nematode, tardigrade and rotifer) have all been found residing 

in cryoconite holes, organised within truncated food webs similar to those observed in polar 

freshwater lakes (Säwström et al., 2002; Wharton et al., 1981; Zawierucha et al., 2015). 

Cryoconite holes have therefore been recognised as ‘hotspots’ for microbial diversity within 

glacial environments (Anesio et al., 2009; Steinbock, 1936; Boetius et al., 2015; Gerdel and 

Drouet, 1960).  

 

Cyanobacteria dominate abundance and biomass within cryoconite holes and have been shown 

to play a crucial role in both the formation and maintenance of holes (McIntyre, 1984; Cook et 

al., 2016a; Takeuchi, Kohshima and Seko, 2001; Wharton et al., 1985). Filaments attached to 

the surface of organic and inorganic particles produce extracellular polymeric substances 

(EPS), a carbohydrate-rich exudate which acts as a buffer against fluctuations in temperature, 

pH and salinity (Boetius et al., 2015). This adhesive substance also facilitates the aggregation 

of particles on the ice surface, enhancing the melt-in process and maintaining particle stability 

within the hole (Takeuchi, Kohshima and Seko, 2001). Bacterial assemblages are dominated 

by filamentous Cyanobacteria, which grow throughout the aggregate further adding to the 

structural stability of the particles and facilitating particle growth (Takeuchi, Nishiyama and 
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Li, 2010). Bacterial communities are therefore found predominantly within the cryoconite 

sediment at an abundance ranging from 0.05 x 109 cells g-1 in Antarctica to 1.40 x 109 cells g-

1 in the Arctic (Anesio et al., 2010, 2009). Although assemblages are dominated by 

Cyanobacteria, species from Actinobacteria, Firmicutes, Alpha- and Beta- Proteobacteria are 

widely reported, likely seeded from adjacent supraglacial habitats and deglaciated regions 

(Margesin, Zacke and Schinner, 2002; Edwards et al., 2013b; Cameron, Hodson and Osborn, 

2012b, 2012a). Bacterial community composition has been found to be spatially variable within 

a supraglacial environment as well as geographically (Cameron, Hodson and Osborn, 2012b; 

Edwards et al., 2011; Vonnahme et al., 2016; Stibal et al., 2015b). Cryoconite holes represent 

an important source of bacteria, which could act as inoculum for the surface ice, particularly 

for open holes subject to regular flushing.   

 

1.2.1.3.  Surface ice  

Unlike cryoconite holes, microbes within the surface ice are exposed to high levels of 

photosynthetically active radiation (PAR; 400 – 700 nm, ~ 1700 µmol photons m-2 s-1 on a 

cloudless day; Yallop et al., 2012) and UV-radiation, redistribution by meltwater, nutrient 

limitation and fluctuating temperatures. In comparison to cryoconite holes, investigations into 

microbial communities within the surface ice habitat are in their relative infancy; however, a 

range of specialist microbes adapted to cope with extreme environmental conditions have been 

identified (Uetake et al., 2010; Williamson et al., 2018; Yallop et al., 2012; Perini et al., 2019).  

 

Surface ice is dominated by green microalgae primarily of the family Mesotaeniaceae 

(Zygnematophyceae, Streptophyta). The filamentous Ancylonema nordenskiöldii, unicellular 

Mesotaenium berggrenii and unicellular Cylindrocystic brebissonii are the most abundant 

species and are collectively referred to as ‘glacier algae’ (Figure 4) (Williamson et al., 2019; 

Remias, Holzinger and Lütz, 2009; Remias et al., 2012a). These species are ubiquitous 

throughout the cryosphere, present in both polar and temperate glacier ice (Remias, Holzinger 

and Lütz, 2009; Remias, Holzinger, et al., 2012; Yallop et al., 2012; Williamson et al., 2018) 

and are considered to be the only ‘true’ ice environmental specialists within the surface ice 

environment (Williamson et al., 2019). One key adaptation in glacier algae is the production 

of a specialist secondary pigment (purpurogallin carboxylic acid-6-O-Beta-D-
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glucopyranoside) which makes up ~ 4 % of the dry weight of the cell (Williamson et al., 2020). 

Purpurogallin pigments are strongly absorbing over UV wavelengths therefore their primary 

role is to protect the cell from excessive PAR and UV radiation (Remias, Holzinger and Lütz, 

2009; Remias et al., 2012b, 2012a; Williamson et al., 2018, 2020). It has also been shown that 

this phenolic pigment could facilitate the generation of meltwater around the cell and have a 

secondary anti-microbial function (Remias et al., 2012b; Dial, Ganey and Skiles, 2018; 

Williamson et al., 2020).  

 

 

 

The presence of liquid water and nutrients at the start of the ablation season stimulates glacier 

algal blooms within the top few centimetres of the weathering crust (Stibal et al., 2017; 

Williamson et al., 2018). During bloom events, algal abundances range from < 100 to 29.5 

x105 cells mL-1, varying with distance from the ice margin (Yallop et al., 2012; Stibal et al., 

2017; Williamson et al., 2018). Over recent years, increasing interest in glacier algae has 

greatly advanced knowledge; however, there remains significant gaps. In particular, top down 

and bottom up controls on algal blooms are yet to be fully constrained.  

 

Although bare surface ice is a viable habitat capable of supporting widespread glacier algal 

blooms, relatively little is known about other eukaryotic or prokaryotic life residing within this 

habitat. In particular, the presence of bacteria within the surface ice has only recently been 

Figure 4: Mesotaenium berggrenii  (left) and Ancylonema nordenskiöldii (right) cells with conspicuous 
loading of secondary phenolic pigmentation. Scale bars are 10 µm in both images. Images sourced 

from Remias et al., (2009) and Remias et al., (2012) 
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identified on the Greenland Ice Sheet, with abundances shown to range 103 to 106 cells ml-1 of 

melted ice (Stibal et al., 2015a; Yallop et al., 2012). Abundance correlated strongly with 

surface type, i.e. bare ice contained a higher bacterial abundance than firn (Stibal et al., 2015a). 

Assemblages are dominated by Proteobacteria (primarily Alpha-Proteobacteria), Bacteroidetes 

and Actinobacteria and are thought to be sourced from the deposition of aeolian particles on 

the ice surface and from the snowpack (Perini et al., 2019; Cameron et al., 2016; Smith et al., 

2018; Musilova et al., 2015; Stibal et al., 2015a). However, it is currently unknown how 

bacterial abundance and composition change throughout the ablation season within surface ice, 

and potential interactions with glacier algal blooms. 

 

1.3. MICROBIAL BIOGEOCHEMICAL CYCLING  

1.3.1.  Carbon in aquatic ecosystems  

Carbon is the building block of life and is transformed and exchanged within each sphere in 

the Earth’s system (Dodds, 2010; Arrigo, 2005). The flow of carbon through ecosystems is of 

particular interest to the scientific community as the consumption (via photosynthesis) and 

production (via respiration) of carbon dioxide (CO2) ultimately influences atmospheric 

concentrations (Dodds, 2010; Arrigo, 2005). Carbon is comprised of both inorganic (i.e. carbon 

dioxide, carbonic acid, bicarbonate and carbonate) and organic forms; the latter of which is 

further classified by size into particulate organic carbon (POC) or dissolved organic carbon 

(DOC), distinguished by the ability to pass through a 0.45 µm membrane (Dodds, 2010). The 

DOC pool in aquatic ecosystems contains a plethora of compounds, many yet to be fully 

chemically characterised, comprising highly stable (refractory) compounds, often high 

molecular weight molecules and humic acids, as well as rapidly changing, unstable (labile) low 

molecular weight compounds such as amino acids (Ducklow, 2000; Sigee, 2004). Sources of 

carbon to an ecosystem can either be allochthonous (external and deposited within the 

ecosystem) or autochthonous (produced through in situ processes e.g. photosynthesis).   
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1.3.1.1. The microbial loop  

Carbon is the currency of energy exchange and dictates the structure and function of the food 

web within ecosystems (Dodds, 2010). Photoautotrophic organisms, primarily algae, form the 

base of the food web, utilising dissolved carbon dioxide for photosynthesis and producing 

organic carbon, stimulating cell growth (Figure 5). A wide range of soluble organic compounds 

are released by algae as DOC and dissolved organic matter (DOM, material containing 

predominantly carbon and hydrogen of biological origin) (Coble, 2007; Sigee, 2004; Dodds, 

2010). Algal exudates including carbohydrates, polypeptides, amino acids, organic acids and 

cyclic adenosine monophosphate are released from both healthy and degenerating cells (Sigee, 

2004). Within healthy algal cells, DOC is released via passive diffusion or leakage of small 

photosynthetic products, as well as through active secretion (e.g. the production of EPS, Sigee, 

2004). Algae can exude or leak between 20-50% of photosynthate as DOC, which represents a 

major carbon source within aquatic ecosystems, essential for supporting growth in 

heterotrophic organisms (Zlotnik and Dubinsky, 1989; Hulatt and Thomas, 2010; Dodds, 

2010). 

 

Heterotrophic organisms are those which cannot photosynthesise and rely on external sources 

of organic carbon, such as algal exudates, for metabolism. Within aquatic ecosystems, bacteria 

and fungi are the dominant heterotrophs; however, bacteria are generally considered to be more 

influential within carbon cycling (Dodds, 2010; Curds, 2019). Bacteria have the highest species 

and metabolic diversity of any other group of organisms on Earth and represent the largest 

population of free-living biota (excluding viruses) in many aquatic environments (Sigee, 2004; 
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Dodds, 2010). Heterotrophic bacteria degrade organic matter through an oxidation/reduction 

reaction that releases energy, a portion of which is utilised in catabolic (e.g. respiration) and 

anabolic processes (Sigee, 2004). Bacterial production, also known as secondary production, 

is defined as the creation of bacterial biomass from predominantly organic materials and 

inorganic nutrients (Ducklow, 2000). Bacterial production dictates the uptake and metabolism 

of DOC, which would otherwise be lost from the system (Ducklow, 2000). The bioavailability 

of carbon is thus particularly important for systems dominated by heterotrophic organisms and 

represents an important bottom up control on bacterial biomass (Figure 6) (Dodds, 2010; Sigee, 

2004).  

 

Carbon within algal and bacterial cells is returned to the DOC pool via cell lysis, which can 

occur as a result of natural degeneration or viral infection (the viral shunt, Figure 5 and Figure 

6). The exchange and movement of carbon through microbial biomass is referred to as the 

microbial loop and is a vital transfer of energy. The net balance between the carbon fixed by 

autotrophs and consumed/respired by heterotrophs within an ecosystem is referred to as the net 

Figure 5: A schematic of the uptake of carbon dioxide and production of carbon compounds by algae 

in freshwater environments.  Sourced from Sigee (2004) 
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ecosystem production (NEP). In a net autotrophic ecosystem, more organic carbon is produced 

through photosynthesis than consumed by respiration, with the ecosystem acting as a net sink 

of carbon dioxide. In a net heterotrophic ecosystem, the inverse is true. 

 

1.3.2.  Photochemical changes to DOM  

Carbon cycling is also strongly influenced by abiotic factors such as solar radiation. In 

particular, numerous studies have highlighted that UV radiation can chemically alter organic 

matter at sites known as chromophores (Stefan et al., 2000; Tranvik and Kokalj, 1998; Tranvik 

and Bertilsson, 2001; Anesio and Granéli, 2004). Chromophores are often characterised by 

double bonds such as those found in carboxylic acids, phenolic functional groups and aromatic 

structures (McKnight et al., 2001). Photochemical transformations can degrade large, 

refractory DOM compounds into smaller, more bioavailable molecules that can be readily 

consumed by heterotrophic bacteria (Figure 7) (Amado et al., 2015). However, photochemical 

transformations can also occur in labile DOM, effectively resulting in competition between 

Figure 6: The top down (predation and viral lysis) and bottom up (DOC and inorganic nutrient 

concentrations) controls on bacterial biomass within aquatic environments. Continuous arrows indicate 

carbon flow. Sourced from Sigee (2004). 
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bacteria and radiation for substrates (Benner and Biddanda 1998). The degradation of DOM 

can also create highly reactive oxygen species (ROS) such as singlet oxygen (1O2) and hydroxyl 

radicals (OH-), which can form hydrogen peroxide (H2O2) that is toxic to bacterial cells, 

resulting in cell mortality and lysis (Amado et al., 2015; Ravanat, Douki and Cadet, 2001). As 

such, solar radiation can disrupt the transfer of carbon through the microbial loop and may 

influence carbon cycling within environments exposed to extreme levels of radiation, such as 

the supraglacial environment.  

 

1.3.3.  Carbon cycling in the supraglacial environment  

Microbial cells in glacial environments are hypothesised to contain the equivalent of 2.65 x10-

3 Pg (1Pg = 1015 g) of carbon, representing a vast reservoir within the global carbon cycle 

(Priscu and Christner, 2004). The supraglacial is a uniquely microbe-dominated environment 

supporting diverse phototrophic and heterotrophic communities in what is considered to be the 

most productive environment within the glacial landscape (Hodson et al., 2015, 2008; Anesio 

et al., 2017). This is due to the presence of liquid water, nutrients and sunlight during the 

ablation season, which have the potential to stimulate high rates of both primary and secondary 

production. Cyanobacteria and microalgae dominate primary production within the 

supraglacial environment providing the essential source of organic carbon for heterotrophic 

communities; however, allochthonous carbon is also available in the form of wind-deposited 

organic particles from surrounding deglaciated regions and anthropogenic sources such as 

Figure 7: The effects of photochemical degradation of DOM from different sourc es and the 

subsequent effects on bacterial metabolism. The model hypothesises that there are two mechanisms 

which affect bacterial growth. One is DOM source dependent and outlines the decomposition or 

production of labile compounds depending on the composition of the exposed DOM. The other is 

source-independent and outlines the release of reactive oxygen species (*dependent on DOM 

concentration) which consume labile DOM and damage cells. Sourced from Amado (2015). 
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black carbon. The balance of carbon from allochthonous versus autochthonous sources depends 

largely on geographical location (Stibal et al., 2010, 2008; Cook et al., 2012). For example, 

valley glaciers will likely have a larger allochthonous input of carbon given their proximity to 

deglaciated regions, whereas ice sheet interiors contain greater autochthonous carbon (Stibal 

et al., 2008; Stibal, Šabacká and Žárský, 2012).  

 

1.3.3.1. Snow 

Carbon cycling in the snowpack within supraglacial environments has received relatively little 

attention and remains largely unconstrained. This is likely because snow dominates the 

supraglacial environment during the winter, which is seen as a relatively unproductive period 

due to the limited availability of liquid water and reduced solar radiation input to drive primary 

production. At the start of the ablation season, blooms of snow algae develop and are 

responsible for the majority of carbon fixation (Lutz et al., 2014). Thomas and Duval (1995) 

reported rates of 0.07 – 0.25 µg C mL-1 h-1 within watermelon snow from California; however, 

very few studies have directly constrained snow algal primary production within supraglacial 

environments. Bacterial assemblages in snow are geographically distinct; however, the genetic 

functionality of the community is relatively similar, suggesting that different species perform 

similar roles (Lutz et al., 2015). Assemblages are often associated with snow algal blooms and 

may therefore play a role in cycling carbon. For example,  Bacteriodetes and Proteobacteria 

have been widely identified in snow (Miteva, 2008; Lutz et al., 2015; Maccario et al., 2015) 

and are known to rapidly degrade complex organic compounds (Abell and Bowman, 2005; 

Riemann and Winding, 2001). Bacterial communities in the snowpack are capable of utilising 

both autochthonous and allochthonous sources of organic carbon (Antony et al., 2017) and 

bacterial production was found to be 10-times higher in snow containing algae (Thomas and 

Duval, 1995). Despite this, the few available measurements of bacterial production suggest 

rates could be ~ 100 times lower than primary production (Thomas and Duval, 1995). This is 

corroborated by Lutz et al., (2014), who reported positive NEP (i.e. gross production exceeded 

respiration) and concluded that organic carbon accumulated within the snowpack.  
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1.3.3.2. Cryoconite holes  

Cryoconite holes are viewed as oases within the supraglacial environment, protecting highly 

abundant and diverse microbial communities from the extreme environmental conditions to 

which surface ice is subjected. Additionally, inorganic and organic particles at the base of the 

holes supply nutrients, creating a eutrophic (nutrient-rich) habitat within an otherwise ultra-

oligotrophic (nutrient-limited) landscape (Margesin, Zacke and Schinner, 2002). As a result, 

cryoconite holes have the potential to be highly productive and accordingly have been the focus 

of multiple investigations (e.g. Stibal et al., 2008; Anesio et al., 2009; Cook et al., 2012; 

Bagshaw et al., 2016). Within cryoconite sediment, carbon fixation is dominated by 

cyanobacteria with the lowest rates of primary production (1.3 µg C g-1 d-1) recorded in 

Antarctic cryoconite holes, where ice lids reduce gas exchange, likely limiting the availability 

of carbon dioxide (Bagshaw et al., 2011; Stibal, Šabacká and Žárský, 2012). In contrast, 

cryoconite holes in the Arctic open to the atmosphere exhibit higher PP, ranging between 2.4 

and 208 µg C g-1 d-1 (Anesio et al., 2009; Hodson et al., 2010). Heterotrophic communities 

consume the most labile carbon (Musilova et al., 2017; Smith et al., 2017); however, there has 

been much debate over whether this is predominantly from autochthonous or allochthonous 

sources (Hood et al., 2009; Fellman et al., 2015; Stubbins et al., 2012; Smith et al., 2017). 

Recent studies have indicated that heterotrophic bacteria preferentially utilise freshly fixed 

carbon rather than ancient carbon deposited on the surface of glaciers (McCrimmon et al., 

2018; Smith et al., 2017), which can stimulate rates of bacterial production between 0.02 – 

70.3 ng C g-1 h-1 that are comparable to polar soils and freshwaters (Anesio et al., 2009, 2010; 

Hodson et al., 2007; Stapleton et al., 2005).  

 

Within cryoconite holes, carbon is rapidly cycled through the microbial loop (Figure 8); 

however, the balance between carbon fixation and heterotrophic consumption is spatially and 

temporally variable. Several studies have concluded that primary production greatly exceeds 

bacterial carbon demand (Smith et al., 2017; Anesio et al., 2009, 2010) and holes could fix ~ 

10 Gt C yr -1; rates equivalent to temperate, eutrophic environments (Anesio et al., 2009, 2010). 

Cryoconite holes may therefore act as a sink of carbon dioxide and a source of bioavailable 

carbon that may be exported to englacial, subglacial and/or proglacial environments (Lawson 

et al., 2014; Bhatia et al., 2013, 2010). Equally, net heterotrophy has also been widely reported, 

predominantly in open holes with high inputs of allochthonous carbon, such as on valley 
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glaciers, which stimulates secondary production (Stibal et al., 2008). Newly formed holes can 

also exhibit net heterotrophy, as thicker sediment layers enhance shading of phototrophs thus 

reducing carbon fixation (Edwards et al., 2013b; Stibal et al., 2012; Stibal, Šabacká and Žárský, 

2012). The balance between autotrophy and heterotrophy may be related to the timescales over 

which observations are made, with evidence suggesting a shift from net heterotrophy to 

autotrophy after ~ 40 days (Bagshaw et al., 2016). Regardless, cryoconite holes are considered 

‘hotspots’ where carbon cycling occurs on globally significant scales. As a result, estimates of 

carbon cycling within supraglacial environments are predominantly based on measurements 

from cryoconite holes, despite these habitats accounting for approximately 0.6 % of surface 

environment (Ryan et al., 2018).  

 

1.3.3.3. Surface ice  

The discovery of vast blooms of glacier algae in surface ice during the ablation season has 

prompted investigations into the potential for carbon cycling within this habitat. Primary 

production in surface ice has been relatively well constrained across several studies. Glacier 

algae dominate primary production and at the peak of the bloom, fix between 0.35 – 1.12 mg 

C L-1 d-1 (Yallop et al., 2012; Williamson et al., 2018; Musilova et al., 2017). In contrast, 

bacterial production has not been well constrained within the surface ice, with measurements 

thus far only undertaken by one study. On the surface ice of the Greenland Ice Sheet, BP of ~ 

Figure 8: the movement of carbon through the microbial food web in an open cryoconite hole.  POC 

is particulate organic carbon and refers to carbon within the cell structure. DOC is dissolved organic 

carbon and includes algal exudates and compounds such as carbohydrates and proteins which are 

released via cell lysis. Sourced from Cook (2016).  
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13 µg C m-2 h-1 has been recorded, ~ 30 times lower than primary production (Yallop et al., 

2012). This suggests that the surface ice may act as an important sink of CO2 and a source of 

organic carbon for downstream ecosystems (Yallop et al., 2012; Cook et al., 2020). However, 

to include surface ice within estimates of supraglacial carbon cycling necessitates an 

understanding of spatio-temporal patterning in BP throughout ablation seasons, and potential 

interactions with strongly influencing abiotic conditions, e.g. photooxidative stress. To-date, 

very few studies have addressed this and consequently, current values of carbon fluxes through 

supraglacial environments are likely vastly underestimated (Stibal, Bradley and Box, 2017).  

 

1.3.4.  Nitrogen and phosphorus cycling in aquatic ecosystems  

Macronutrients (i.e. carbon, nitrogen and phosphorus) are vital for normal cell growth and 

required in relatively large quantities compared to micronutrients (e.g. iron). Although carbon 

is also a macronutrient, it is rarely limiting to production due to its solubility in water, which 

replenishes inorganic pools (Sigee, 2004). Nitrogen and phosphorus are therefore often found 

to limit primary and secondary production within aquatic environments (Dodds, 2010). The 

entry of nutrients into the food web is regulated by the uptake of inorganic forms by algae and 

bacteria after which carbon, nitrogen and phosphorus cycling are interlinked (Sigee, 2004). 

Phototrophs and heterotrophs predominantly consume nitrogen in the form of ammonium 

(NH4
+), nitrite (NO2

-) and nitrate (NO3
-) (Figure 9), which is utilised in the production of amino 

acids, proteins, nucleic acids and nucleotides (Curds, 2019; Sigee, 2004). In contrast, inorganic 

phosphorus is generally only available as phosphate (PO4
3-) and is utilised in the production of 

numerous compounds including nucleic acids and phospholipids (Dodds, 2010) (Figure 10). 

Phosphate concentrations are often undetectable and accordingly phosphorus is regularly cited 

as the key limiting nutrient to primary production (Dodds, 2010; Curds, 2019).  

 

Unlike photoautotrophic organisms, heterotrophic bacteria are able to utilise both primary 

inorganic sources of nutrients as well as secondary organic forms (Sigee, 2004). Bacteria 

decompose particulate organic matter (e.g. dead cells) and dissolved organic matter (e.g. amino 

acids) via the excretion of extracellular enzymes such as phosphatase. Enzymes cleave 

inorganic nitrogen and phosphorus from organic molecules, which restores inorganic pools 

through the process termed remineralisation (Figure 9). The addition to inorganic pools via 

remineralisation is essential to replenish nutrients that may otherwise be depleted via microbial 
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uptake and forms a key part of the microbial loop. Bacteria also cycle nitrogen via nitrification, 

ammonification and denitrification as energy can be gleaned from each of these 

transformations.  

 

 

Figure 9: A conceptual diagram of the nitrogen cycle in aquatic environments. Sourced from Dodds 

(2010). 

 

 

 

Figure 10: A diagram of the phosphorus cycle in aquatic environments. Sourced from Dodds (2010).  
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1.3.4.1. Nutrient cycling in the supraglacial environment  

The supraglacial is an ultra-oligotrophic (nutrient-limited) environment with particularly low 

concentrations of inorganic nitrogen and phosphorus (e.g. < 1 M P L-1 Hawkings et al., 2016; 

1.3 M DIN L-1 Wadham et al., 2016). Nitrogen is primarily scavenged from the atmosphere 

and stored within the snowpack (Hodson et al., 2005). The release of inorganic nitrogen from 

the snowpack is thought to stimulate primary and secondary production in downstream 

habitats, whereas phosphate is predominantly sourced from the chemical weathering of 

inorganic mineral particles deposited in the supraglacial environment (Hodson et al., 2005; 

Stibal et al., 2009). Nutrient cycling is particularly prevalent in cryoconite holes, where 

nitrogen and phosphorus are continuously reworked by bacterial communities (Figure 11). 

Genes for nitrogen fixation and nitrification have been identified in prokaryotic communities 

of Proteobacteria (alpha, beta and gamma), firmicutes and archaea (Telling et al., 2011; 

Cameron, Hodson and Osborn, 2012a, 2012b; Hodson et al., 2005) and  it is hypothesised that 

bacteria within cryoconite holes may mediate chemical weathering of mineral particles, 

enhancing the release of phosphate (Stibal et al., 2009). As well as accessing primary sources 

of nutrients, heterotrophic bacteria also play a key role in the degradation of organic matter, 

remineralizing nutrients and maintaining inorganic pools. Cryoconite holes could therefore 

represent important sources of nitrogen and phosphorus that could stimulate production in 

adjacent and downstream habitats. Outside of cryoconite holes, little is known about the role 

of heterotrophic bacteria in nutrient cycling. This is particularly true for the surface ice 

environment, where bacteria could play key roles in nutrient remineralization, supporting the 

blooms of both snow and glacier algae. 

 

1.3.5.  Microbial interactions  

Microbial interactions within ecosystems dictate the partitioning of essential resources, such 

as nutrients, light and space. In particular, interactions between microbes are pivotal in securing 

bioessential micro- (e.g. vitamins and phytohormones) and macro-nutrients (e.g. carbon, 

nitrogen and phosphorus), which cannot be produced intracellularly (Maccario et al., 2015; 

Croft et al., 2005; Cooper and Smith, 2015). Microbial interactions can span multiple trophic 

levels and involve a network of organisms which thus influences the flow of carbon and 

nutrients through the community. The nature of interactions can range from beneficial for all 



 

 41 

organisms involved (mutualism) to negatively influencing all organisms involved 

(competition). Establishing microbial community in which a range of organisms interact is 

essential to the survival of life in extreme environments, such as the supraglacial environment 

(Maccario et al., 2015). 

 

1.4. THE GREENLAND ICE SHEET  

1.4.1.  Melting of the Greenland Ice Sheet  

The Greenland Ice Sheet (GrIS) is the largest permanent area of ice in the Northern Hemisphere 

and holds ~ 10 % of the freshwater on Earth (IPCC 2014). Since the 1990s, the GrIS has 

experienced ~ 2 oC warming and exhibited a strongly negative mass balance (Figure 12) (van 

den Broeke et al., 2017; IMBIE, 2019; Cazenave et al., 2018). Subsequently, the GrIS 

accounted for 37 % of global sea level rise between 2012 and 2016, and as such was the single 

largest cryospheric contributor (Bamber et al., 2018; van den Broeke et al., 2017; Tedesco et 

al., 2016). The rate of mass loss from Greenland is currently double that of the Antarctic ice 

sheet, and increased surface melt and runoff are the dominant drivers of loss (van den Broeke 

et al., 2017; Nghiem et al., 2012). The melting of the GrIS has severe implications on 

Figure 11: Biogeochemical cycling in an open cryoconite hole. Primary sources of bioavailable inorganic 

nutrients include phosphate (PO4
3-); nitrate (NO2

-) and ammonium (NH4
+). Carbon dioxide (CO2) and 

nitrogen (N2) are soluble in water and CO2 is consumed in photosynthesis. Secondary sources of 

bioavailable organic nutrients include dissolved organic phosphorus (DOP); dissolved organic nitrogen 

(DON); dissolved organic carbon (DOC) which are present due to lysis or excretion by photoautotrophs. 

Sourced from Stibal and Tranter (2007). 
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circulation in the atmospheric and oceans, influencing global climate, sea level rise as well as 

ecosystem and biodiversity losses (IPCC, 2019).  

 

1.4.2.  Supraglacial albedo  

The main source of energy driving snow and ice melt is direct solar shortwave radiation, which 

over recent years has been enhanced over the ablation zone due to persistent anticyclonic 

summer conditions that has reduced cloud cover (Fettweis et al., 2013; Hofer et al., 2017). 

Shortwave radiation is predominantly modulated by albedo (surface reflectivity) such that 

darker snow and ice with lower albedos absorb more shortwave radiation and melt faster 

(Tedesco et al., 2016; van den Broeke et al., 2017; Box et al., 2012). Albedo itself is spatially 

and temporally variable (Stroeve, Nolin and Steffen, 1997; Klok, Greuell and Oerlemans, 

2004) with the largest shift occurring at the retreat of the snowline. Excluding impurities, the 

albedo of freshly deposited snow is > 0.85, wet snow is ~ 0.7 and bare glacier ice has the lowest 

albedo of ~ 0.55 (van den Broeke et al., 2017). Surface ice albedo is subsequently influenced 

by multiple processes including meltwater generation and ponding; ice surface melt and the 

deposition and/or melt out of light-absorbing impurities (LAIs). LAIs include mineral dust 

(Wientjes et al., 2012), soot from the incomplete combustion of anthropogenic sources (black 

carbon) and forest fires (brown carbon) (Hansen and Nazarenko, 2004; Polashenski et al., 

2015) as well as biological impurities (e.g. photoautotrophs within the surface ice habitat) 

(Uetake et al., 2010; Yallop et al., 2012; Williamson et al., 2018).  

 

Figure 12: Cumulative ice sheet mass change 1992-2016 (left) and the GrIS mass change components 

from surface mass balance (orange) and dynamic thinning (blue) from 2000 to 2016.  Sourced from 

IPCC (2019).  
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Over the past 20 years, albedo in the ablation zone has been decreasing by 0.03 - 0.06 per 

decade (Tedesco et al., 2011; Alexander et al., 2014; Tedesco et al., 2016). This is particularly 

conspicuous in the West and South West quadrants, termed the ‘Dark Zone’(Figure 13; 

Shimada, Takeuchi and Aoki, 2016; Tedesco et al., 2016), where surface ice albedo has been 

observed to decrease to 0.2 - 0.34 during the ablation season (Ryan et al., 2018; van den Broeke 

et al., 2017). The early retreat of the snowline (Shimada, Takeuchi and Aoki, 2016) as well as 

the presence of non-biological LAIs (Wientjes et al., 2012) have all been cited as causes of the 

albedo reduction; however, there is a growing consensus that biological LAIs are the dominant 

drivers of albedo reduction on the surface of the GrIS (Tedstone et al., 2017, 2020; Cook et al., 

2020).  

 

1.4.3.   Biological LAIs in the dark zone  

Observational and modelling studies indicate that biologically driven albedo reduction is the 

single largest contributor to albedo decline on the GrIS (Tedstone et al., 2017; Yallop et al., 

2012; Stibal et al., 2017; Ryan et al., 2018). Although cryoconite holes were initially 

hypothesised to contribute to surface darkening (Cook et al., 2016a; Chandler et al., 2015; 

Shimada, Takeuchi and Aoki, 2016), their relatively low spatial coverage (~ 0.6 %)  results in 

a minimal influence on overall surface albedo (Ryan et al., 2018). Subsequently, the 

accumulation of highly pigmented glacier algae within the surface ice has been highlighted as 

Figure 13: The change in summer albedo between 2000 and 2017 for Greenland glaciated areas 

(left) and a photo of the impurity rich bare ice along the western margin where summer surface 

albedo is a minimum of 0.20 (right). Sourced from Van den Broeke et al., (2017). 
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the primary driver of biologically driven albedo reduction (Stibal et al., 2017; Yallop et al., 

2012; Williamson et al., 2020). Glacier algal blooms can cover up to 78 % of the surface ice 

(Cook et al., 2020) visibly darkening the surface at local scales (Yallop et al., 2012; Lutz et 

al., 2014) as well as reducing overall albedo in the dark zone by up to 13 % (Cook et al., 2020; 

Tedstone et al., 2017, 2018; Williamson et al., 2020). This is due to the high concentration of 

the secondary phenolic pigmentation (11 times the cellular content of chlorophyll a) that allows 

glacier algae to tolerate extreme irradiance (up to ~ 4000 µmol photons m-2 s-1) within the 

surface ice (Williamson et al., 2020; Remias et al., 2012b). This phenolic pigment is strongly 

absorbing over UV and visible wavelengths and thus increases total cellular energy absorption 

by ~ 50 times (Williamson et al., 2020). As result, algal blooms substantially increase melt, 

contributing an additional ~ 1.86 cm water equivalent in surface ice containing a high algal 

abundance (~ 104 cells mL-1), which represents an ~ 26 % increase (Williamson et al., 2020; 

Cook et al., 2020). This translates to an additional 4.4 – 6.0 Gt of runoff from bare ice in the 

dark zone which represents ~ 10 % of the total runoff from the 2017 ablation season (Cook et 

al., 2020).  

 

Despite the substantial influence of glacier algal blooms on GrIS surface albedo and melt, 

research into glacier algae and bloom dynamics is still in its infancy. This has been further 

hindered by the reluctance of glacier algae to be cultured under laboratory conditions, 

necessitating in situ observations and/or experimentation with freshly collected glacier algal 

communities sampled from the surface of the ice sheet (Williamson et al., 2019). 

Consequently, top down (e.g. consumption by grazers) and bottom up (e.g. nutrient limitations) 

controls on bloom dynamics are as yet unknown, and the importance of interactions between 

glacier algae and other key microbial groups (i.e. heterotrophic bacteria and fungi) remain 

unaddressed.  
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1.5. AIMS AND OBJECTIVES  

1.5.1.  Primary research aim  

To assess heterotrophic bacterial community dynamics and interactions with glacier algal 

blooms within the surface ice habitat of the Greenland Ice Sheet.  

 

1.5.2.  Objective 1 (Chapter 2)  

Constrain the spatio-temporal dynamics of heterotrophic bacterial communities in 

supraglacial habitats and in relation to glacier algal blooms on the Greenland Ice Sheet.  

 

The Greenland Ice Sheet (GrIS) is the largest permanent area of ice in the Northern Hemisphere  

and the largest supraglacial ecosystem on Earth (Mernild et al., 2010). Diverse and active 

prokaryotic and eukaryotic communities have been identified across a range of supraglacial 

habitats capable of influencing both the physical and chemical environment (Anesio et al., 

2017; Anesio and Laybourn-Parry, 2012; Stibal et al., 2015a; Edwards and Cameron, 2017). 

This is particularly evident in the South West quadrant where blooms of highly pigment glacier 

algae reduce the surface albedo enhancing ice melt, with significant implications for sea level 

rise (Bamber et al., 2018; Williamson et al., 2018; Yallop et al., 2012; Cook et al., 2020). 

Consequently, glacier algae have received substantial attention from the scientific community; 

however, the abundance and production of heterotrophic bacterial communities remain 

relatively understudied.  

 

Supraglacial environments of ice sheets are active sites for the storage, transformation and 

transport of carbon (Anesio et al., 2010; Hodson et al., 2007; Cook et al., 2012). Heterotrophic 

bacteria play a fundamental role in carbon cycling through the degradation of organic matter 

and remineralisation of carbon and nutrients, replenishing inorganic pools (Sigee, 2004; Curds, 

2019). The majority of knowledge surrounding heterotrophic bacterial dynamics is limited to 

cryoconite holes where abundant bacteria consume dissolved organic carbon (DOC) produced 

by cyanobacteria. Primary production and bacterial production (BP) are well constrained 

within cryoconite holes and are often used to estimate carbon cycling across the supraglacial 
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environment; however, these holes account for less than 10 % of the ablation zone surface 

(Hodson et al., 2007). Across the expansive ice surface, glacier algal blooms dominate primary 

production (Williamson et al., 2018; Yallop et al., 2012) but thus far, only one study has 

measured BP in parallel. Consequently, the potential for carbon cycling in the surface ice is yet 

to be fully constrained and it may well represent a more productive habitat than cryoconite 

holes. A key objective of this thesis is therefore to understand spatio-temporal patterns in 

bacterial abundance and secondary production throughout a complete ablation season and in 

relation to prevailing glacier algal blooms. 

 

1.5.3.  Objective 2 (Chapter 3)  

Characterise the nature of relationships and/or interactions between glacier algae, 

bacteria and fungi within the surface ice habitat of the Greenland Ice Sheet 

 

Microbial community interactions are fundamental for survival and pivotal in securing 

bioessential micro- (e.g. vitamins and phytohormones) and macro-nutrients (e.g. carbon, 

nitrogen and phosphorus), which cannot be produced intracellularly (Maccario et al., 2015). 

Relationships are often assumed to be beneficial; however, interactions can range from 

mutualism, where both organisms benefit, to parasitism, where one organism benefits to the 

detriment of the other (Cooper and Smith, 2015; Curds, 2019). Symbiotic relationships are 

often not constrained to two organisms and can represent a complex network of 

interconnections of multiple organisms across different trophic levels (Hunter, 2006). These 

interactions form the microbial food web (‘microbial loop’), which defines the movement of 

carbon and nutrients through microbial biomass (Dodds, 2010; Pomeroy et al., 2007).  

 

Community interactions are particularly important under extreme conditions such as those 

experienced in the supraglacial environment (Maccario et al., 2015). Surface ice in the south 

west of the Greenland Ice Sheet (GrIS) has been found to host widespread blooms of glacier 

algae during summer ablation seasons, which darken the ice surface and enhance melt (Ryan 

et al., 2018; Tedstone et al., 2018; Williamson et al., 2020). Currently, little is known about 

the role of bacteria or fungi that reside within the surface ice habitat for the propagation of 

glacier algal blooms (Yallop et al., 2012; Perini et al., 2019; Stibal et al., 2015a), and the nature 
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of community interactions remain unconstrained. For example, bacteria and fungi could 

represent influential top down controls on algal blooms through predation or parasitism, or 

conversely could aid the growth of algal cells through the remineralisation of macronutrients. 

This may influence the magnitude and extent of glacier algal blooms across the GrIS with 

significant consequences for surface melt. A key objective is therefore to characterise the 

nature of interactions between glacier algae, bacteria and fungi within GrIS surface ice and 

identify their importance for glacial algal bloom development.  

 

1.5.4.  Objective 3 (Chapter 4)  

Assess the influence of photodegradation and biodegradation on the composition and 

quantity of dissolved organic matter within surface ice.   

 

Photodegradation can strongly influence carbon cycling within aquatic ecosystems that are 

exposed to high levels of solar radiation (Stefan et al., 2000; Tranvik and Kokalj, 1998; Tranvik 

and Bertilsson, 2001; Anesio and Granéli, 2004). Transformations can degrade complex, 

recalcitrant organic matter into more bioavailable compounds, stimulating bacterial production 

(Amado et al., 2015; Lindell, Granéli and Tranvik, 1995; Zepp and Moran, 1997). However, 

bioavailable carbon can also undergo transformations that may diminish the pools of carbon 

available for heterotrophic consumption (Tranvik and Kokalj, 1998), and degradation of carbon 

by solar radiation can produce highly reactive oxygen species that can damage cells (Ravanat, 

Douki and Cadet, 2001; Holzinger and Lütz, 2006). As such, solar radiation may either enhance 

or disrupt the transfer of carbon through the microbial loop in high light environments.  

 

The surface of the Greenland Ice Sheet is exposed to extreme levels of photosynthetically 

active radiation (PAR; ~ 1700 µmol photons m-2 s-1 on a cloudless day; Yallop et al., 2012) 

and UV radiation during summer ablation seasons. Intense radiation can cause irreversible cell 

damage (Ravanat, Douki and Cadet, 2001); however, microbes inhabiting surface ice are likely 

well adapted to cope with this high-light environment (Williamson et al. 2020). For example, 

glacier algae have been shown to produce significant secondary pigmentation strongly 

absorbing in UV and lower visible wavelengths, protecting the cells from excessive PAR and 

UV radiation (Williamson et al. 2020). Primary production in surface ice is dominated by 
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glacier algae, with bacterial production ~ 30-times lower (Yallop et al., 2012; Williamson et 

al., 2018). This may indicate a lack of organic carbon or the presence of poor-quality carbon 

that cannot be readily consumed. High concentrations of dissolved organic carbon (DOC) of 

at ~ 242 µM have been recorded from the surface ice (Holland et al., 2019); however, the 

quality of the DOC present has not been characterised. An objective of this thesis is thus to 

quantify the potential for photochemical transformations of DOC within the surface ice and 

subsequent influences on rates of bacterial production. 
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2. BACTERIAL DYNAMICS IN SUPRAGLACIAL HABITATS OF 

THE GREENLAND ICE SHEET  

 

Nicholes, M. J., Williamson, C. J., Tranter, M., Holland, A., Poniecka, E., Yallop, M. L., & 

Anesio, A. (2019). Bacterial Dynamics in Supraglacial Habitats of the Greenland Ice 

Sheet. Frontiers in Microbiology, 10(July). 

 

2.1. INTRODUCTION  

Bacteria play a key role in carbon cycling within every ecosystem on earth and the surfaces of 

ice sheets are no exception (Stibal et al., 2012a; 2012b). The Greenland Ice Sheet (GrIS) is the 

largest permanent area of ice in the Northern Hemisphere and the most expansive supraglacial 

ecosystem on Earth (Mernild et al., 2010). Once considered devoid of life, high surface melt 

on the GrIS provides habitats for diverse and active prokaryote and eukaryote communities 

which strongly influence both physical (melt) and chemical (carbon and nutrient cycling) 

surface characteristics (Nghiem et al., 2012; Anesio et al., 2017). In particular, heterotrophic 

bacterial communities impact carbon cycling on both local and regional scales via the 

remineralisation of organic carbon (Stibal et al., 2008; Anesio et al., 2010; Telling et al., 2012; 

Cook et al., 2012).  

 

To date, studies investigating bacterial abundance and production from the surface of the GrIS 

have predominantly focused on snow-pack environments and cryoconite holes; water-filled 

depressions in the ice surface formed by preferential melt-in of dark organic and inorganic 

particles (Hodson et al., 2007; 2010; Anesio et al., 2010; Stibal et al., 2012b; Cook et al., 2012; 

Chandler et al., 2015). Cryoconite holes have been identified as ‘hot spots’ of carbon cycling, 

in which heterotrophic bacteria, at abundances ranging 106 – 109 cells g-1 sediment, play a key 

role (Anesio et al., 2010). Autotrophs (predominantly cyanobacteria) produce dissolved 

organic carbon (DOC) which is assimilated by heterotrophic bacteria and converted to biomass, 

hereafter referred to as bacterial production (BP; Ducklow, 2000; Kirchman, 2001). Carbon is 

either respired (remineralised to carbon dioxide) or retained within bacterial cells and 
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transferred up the food chain via grazing (Ducklow, 2000; Pomeroy, 2007). Carbon fluxes 

through cryoconite holes are well defined within the literature and indicate that carbon cycling 

in the supraglacial environment occurs on globally significant scales (Hodson et al., 2007; 

2010; Cook et al., 2012).  

 

In comparison to cryoconite holes, which constitute 0 – 8% of the GrIS supraglacial 

environment (Cook et al., 2012), bacterial dynamics in the expansive surface ice remains 

relatively understudied (Hodson et al., 2015), and therefore largely neglected within estimates 

of carbon cycling. Recently, research has focused on blooms of Streptophyte microalgae 

(hereafter ‘glacier algae’) which occur in surface ice during summer ablation periods. These 

highly pigmented cells, often mistaken for dust or impurities, drive reductions in ice surface 

albedo (reflectance) (Yallop et al., 2012; Lutz et al., 2014; Stibal et al., 2017) with significant 

implications for accelerating melt (Ryan et al., 2018; Tedstone et al., 2017, van de Broeke et 

al., 2017). Bacterial abundance in surface ice has been shown to range 1.9 – 28 x 103 cells mL-

1 (Stibal et al., 2015); however, only one study has quantified bacterial production within this 

habitat, indicating rates of BP were 30-times less than net primary production of supraglacial 

glacier algal communities (Yallop et al., 2012). Thus far, no integrated study has determined 

both bacterial abundance and production within the surface ice environment, or the relationship 

between bacterial and glacier algal communities throughout summer ablation seasons. 

Understanding the role of bacterial communities in one of the most expansive habitats on the 

GrIS surface is fundamental to accurately determining the flux of carbon through every habitat 

of the supraglacial environment.  

 

To this end, the aim of the present study was to investigate bacterial abundance and production 

in the surface ice on the south-western GrIS, throughout summer ablation seasons, and in 

relation to glacier algal bloom dynamics. Our data provide the first integrated assessment of 

heterotrophic bacterial production across the surface ice environment and demonstrate the 

relative contributions of different supraglacial habitats to the wider carbon cycling on the 

surface of the GrIS. 
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2.2. MATERIALS AND METHODS  

2.2.1.  Study area 

Sampling of surface ice habitats of the Greenland Ice Sheet (GrIS) to determine bacterial 

abundance and production was performed during July and August 2016 and June 2017. This 

allowed us the capture bacterial dynamics at different growth phases of the algal bloom during 

the relatively short ablation season (Table 1). All sampling and incubations were performed at 

a primary ice camp, established within the GrIS ablation zone approximately 35 km from the 

south-western ice sheet margin (67o 04’43.3” N, 49o 20’29.7” W), adjacent to the S6 PROMICE 

weather station (Figure 14).  

 

 

Figure 14: A map of Greenland highlighting the camp at which sampling was conducted (A); images 

of surface ice with visible algal bloom (B); an example ice core (C); cryoconite holes (D); clean 

surface ice with no algal bloom (E) 
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Table 1: Sampling dates for bacterial abundance and production of each habitat categorised by time 

as pre- snowline retreat (i.e. snow covered the surface ice), early ablation period (June 2017), mid 

ablation period (July 2016), late ablat ion (August 2016). 

Ablation period Habitat Sampling date 

Pre-snow line retreat Snow pit 02.06.17 

Early ablation season 

Surface ice 
13.06.17 

24.06.17 

Ice core 
11.06.17 

22.06.17 

Mid ablation season 
Cryoconite sediment 

16.07.16 

22.07.16 

Surface ice 16.07.16 

Late ablation season 
Cryoconite sediment 

31.07.16 

15.08.16 

Surface ice 15.08.16 

 

2.2.2.  Sampling procedure  

To examine bacterial dynamics prior to the retreat of the snowline, n = 3 snow pits were dug 

at the primary ice camp location using a clean metal shovel, and discrete snow pack layers (i.e. 

snow layers separated by superimposed ice) transferred into sterile Whirl-Pak bags. During the 

early ablation season, i.e. shortly after the retreat of the snowline (see Table 1), 1 m deep ice 

cores (n = 2), were sampled using a KOVACS ice corer (Roseburg, USA). Ice cores were 

sectioned using a clean hand saw into visually discrete layers (e.g. weathering crust, previous 

years cryoconite layer, dense sub-surface ice, see Figure 14) and placed into sterile Whirl-Pak 

bags for melting. Given that snow line retreat resulted in a highly heterogenous surface that 

included snow patches, clean bare ice and ice supporting algal blooms, samples were taken at 

random across surface ice to capture bacterial dynamics across this heterogeneity during the 

early ablation period (n = 6). In contrast, during the middle and late ablation periods, surface 

ice was categorised following Yallop et al. (2012) and Williamson et al. (2018). Glacier algae 

are highly pigmented and darken the surface ice (Figure 14; Yallop et al., 2012; Williamson et 

al., 2018) therefore depending on the visual darkness of ice, 1m2 sections were categorised as 

containing a low, medium or high coverage of glacier algae (Figure 14, Table 1). Triplicates 

of surface ice of each algal coverage was sampled by using a clean ice saw to remove the top 
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2 cm of ice (approximately 1068  364 mL of ice), which was subsequently melted at ambient 

temperatures in the dark in over ~ 24-hour period. Sampling tools were washed between 

samples with Milli-Q water. Finally, to contrast bacterial abundance and production between 

surface ice environments and the better studied cryoconite holes, cryoconite sediment was 

sampled in triplicate from cryoconite holes on 4 occasions across the mid – late ablation period 

(Table 1), with sediment transferred into sterile Whirl-Pak bags using a large sterile pipette.  

 

2.2.3.  Bacterial and algal cell enumeration  

To enumerate bacterial abundance, 15 mL subsamples were taken from all melted snow and 

ice samples following homogenisation and fixed with 25% glutaraldehyde at 2% final 

concentration. For cryoconite sediment, a small subsample was removed and placed with 1 mL 

of Milli-Q water into a 2 mL Eppendorf tube, and fixed with glutaraldehyde as above. All fixed 

snow, ice and cryoconite sediment samples were transported back to the University of Bristol 

under chilled conditions. Bacterial abundance was determined from 1 mL of snow and ice 

samples or approximately 100 mg (wet mass) of cryoconite sediment by epifluorescence 

microscopy following staining with 4’, 6-diamidino-2-phenylindole (DAPI, Sigma) at a final 

concentration of 10 g mL-1 (Porter and Feig, 1980). Prior to staining, samples were vortexed 

for 10 seconds and sonicated at 30 oC for 1 minute to facilitate cell detachment from particles 

(Duhamel and Jacquet, 2006). The staining, filtering and mounting procedure was conducted 

as outlined by Bradley et al. (2016). Bacterial cells were counted using an Olympus BX41 

microscope at 1000x magnification. A minimum of 300 cells or 30 randomly selected grids 

(each 104 m2) were counted. For all snow and ice samples, enumeration of glacier algal 

abundance was performed using a Fuchs-Rosenthal haemocytometer (Lancing, UK) on a Leica 

DM 2000 epifluorescence microscope.  

 

2.2.4.  Bacterial product ion  

2.2.4.1. Incubation  

Bacterial production within all snow, ice and cryoconite sediment samples was estimated by 

the incorporation of 3H-leucine using the microcentrifuge method (Kirchman, 2001). For snow 

and ice cores and surface ice samples, 1.5 mL of melted sample was added to a 2 mL sterile 
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microcentrifuge tube and incubated in triplicate in vitro on the ice sheet under the same 

environmental conditions as in the habitat of origin for 3 hours  20 minutes. For cryoconite 

sediment samples, ~ 100 mg wet weight sediment and 1 mL water were incubated in 2 mL 

sterile microcentrifuge tubes. Incubations were initiated by addition of 3H-leucine at a final 

concentration of 40 nM and terminated by the addition of 90 L 100 % trichloroacetic acid 

(TCA).  

 

2.2.4.2. Processing  

Samples were transported back to the University of Bristol and processed after Kirchman 

(2001). All samples were centrifuged at 16,000 x g for 20 minutes and the supernatant 

aspirated. Each sample was washed twice, first with 1.5 mL of 5 % TCA followed by 1.5 mL 

of 80% ethanol. After washing, samples were left for 24 hours to allow the ethanol to evaporate. 

Cryoconite sediment samples were weighed to determine the dry weight of the sediment used 

in the incubation for normalisation of rates.  All samples were analysed by liquid scintillation 

counting (Beckman LS 6000 IC, Beckman Instruments, Fullerton, CA, USA).  Disintegrations 

per minute (DPM) were corrected using a linear relationship between sediment weight of 

cryoconite and the DPM. 

 

2.2.4.3. Data processing  

To estimate bacterial production, the DPM from killed controls were subtracted from live 

samples and converted to bacterial production (BP) after Smith and Azam (1992), assuming an 

isotope dilution of two (Simon and Azam, 1989). BP for surface ice samples were converted 

from units of volume (L-1) to area (m-2) after Williamson et al. (2018). Briefly, the top 2cm of 

ice was removed, as outlined previously, from one meter squared of ice (5 replicates) with 

varying algal coverage and melted in WhirlPak bags. A graduated cylinder was used to measure 

1068  364 mL of water per m2 of surface ice sampled. Similarly, bacterial production in 

cryoconite sediment (g-1) was converted to units of area (m-2) using mean cryoconite mass 

across a square meter (255 g m-2) from a study site at a similar distance from the ice margin as 

our primary field camp, reported by Cook et al. (2012). 
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2.2.5.  Data analysis  

All analyses and plotting of data were performed using R v.3.4.1 (R Core Team, 2017). 

Levene’s test for Homogeneity of Variance and Shapiro-Wilks Normality Test were performed 

on all data prior to the application of parametric analyses. Parametric assumptions were not 

met for data across all ablation periods; however, assumptions were valid when bacterial 

production was analysed per ablation period. Consequently, one-way Analysis of Variance 

(ANOVA) was conducted in relation to algal coverage (3 levels) for each ablation period. Post-

Hoc Tukey HSD was performed on all significant ANOVA analyses. Least squares linear 

regression was applied to examine the relationships between bacterial and algal abundance, 

and bacterial production.   

 

2.3. RESULTS  

2.3.1.  Bacterial  abundance  

Bacterial abundance in the snowpack environment (prior to the retreat of the snowline) 

averaged 5.5 ± 0.6 x 103 cells mL-1 (Figure 15), with no significant difference in bacterial 

abundance between snowpack layers (i.e. snow layers separated by superimposed ice) evident. 

In contrast, bacterial abundance was ten-fold greater in surface ice and ice core samples during 

the early ablation period. Whilst no significant difference in bacterial abundance was apparent 

between different ice core layers, higher abundances were generally associated with core layers 

containing cryoconite sediment from previous ablation seasons. During the mid and late 

ablation periods, bacterial abundance varied in concert with algal coverage on the surface ice, 

whereby significantly higher bacterial abundance was apparent in ice with a high algal 

coverage (mid: F8 = 5.16, p < 0.05; late: F8 = 70.39, p < 0.01). From the mid to late ablation 

period, bacterial abundance increased significantly in ice with a high algal coverage (t5 = -4.04, 

p < 0.05), reaching an overall maximum of 3.3 ± 0.3 x 105 cells mL-1 by the end of the ablation 

period.  



 

 56 

 

Figure 15: Bacterial and algal abundance (mean ± SE) across the ablation season (sectioned as Pre: 

Pre-snowline retreat; Early, Mid and Late ablation periods) in snow (Sn); Ice cores (C); Surface ice 

(Su); and surface ice with a low (L), medium (M) and high (H) algal coverage. Numbers above bars 

represent the n of the sample. Letters above bars represent homogenous groups determined by a one -

way ANOVA (abundance ~ algal coverage) and capital letter denote homogenous group determine by 

a t-test between surface ice with a high algal coverage between mid and late ablation periods. 

 

2.3.2.  Glacier algal abundance  

Comparative monitoring of glacier algal assemblages demonstrated the presence of two main 

species, Ancylonema nordenskiöldii and Mesotaenium berggrenii, consistent with the findings 

of Williamson et al. (2018) and Lutz et al. (2018). Whilst glacier algal cells were absent from 

all snowpack samples (Figure 15) an average of 2.2 ± 0.8 x 102 cells mL-1 were found in ice 

cores, with no significant difference in glacier algal abundance between different core sections. 

In the exposed bare ice surface during the early ablation period, glacier algal abundance was 
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an order of magnitude greater than abundance in ice cores, averaging 2.1 ± 0.8 x 103 cells mL-

1. As with bacterial abundance, glacier algal abundance was significantly different between ice 

surfaces visually categorised as containing a low, medium or high algal coverage (mid: F8 = 

5.6, p < 0.05; late: F8 = 95.5, p < 0.01; Figure 15). The highest glacier algal abundance of 1.7 

± 0.1 x 104 cells mL-1 was observed at the end of the ablation period, with a significant increase 

in glacier algal abundance apparent from the mid to late ablation period (t5 = -8.74, p < 0.01). 

No significant relationship was apparent between glacier algal and bacterial abundance in 

snowpack, surface ice or sub-surface ice environments prior to snow-line retreat or during the 

early ablation period. However, during both the mid and late ablation periods, significant linear 

relationships were apparent between glacier algal and bacteria abundance (R2 = 0.62, p < 0.05; 

R2 = 0.78, p < 0.001, respectively, n = 9 in both cases). As a comparison to the ice surface, 

bacterial abundance was determined within cryoconite sediment. Abundances were found to 

average 3.0 ± 1.0 x 107 cells g-1 (dry weight) during the mid-ablation period and 1.8 ± 0.3 x 

107 cells g-1 (dry weight) during the late ablation period. Unlike the ice surface, there was no 

significant change in bacterial abundance in cryoconite across the ablation season.  

  

2.3.3.  Bacterial product ion  

Bacterial production (BP) was negligible (i.e. less than 0.04 g C L-1 h-1) in snowpack, surface 

ice and sub-surface ice sampled prior to snow line retreat and during the early ablation period 

(Figure 16), reflecting the low bacterial abundance apparent. During the mid-ablation period, 

bacterial production ranged from 0.03 – 0.6 g C L-1 h-1.  Whilst BP was generally increased 

in ice with a medium or high algal coverage, as compared to a low cover, these differences 

were not statistically significant, and no significant relationship was apparent between BP and 

bacterial or glacier algal abundance during the mid-ablation period. In contrast, there was a 

significant difference in BP between ice containing a low, medium or high algal coverage 

during the late ablation period (F8 = 603.4, p < 0.01 between different algal coverage), with 

maximal BP apparent in areas of medium algal coverage (0.50 ± 0.12 g C L-1 h-1). In contrast 

to bacterial abundance, no significant change in BP was observed in surface ice with high algal 

coverage from the mid to late ablation period, with cell normalised rates of activity (data not 

shown) decreasing by approximately 96% over this period.  
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Figure 16: Bacterial production (BP), (mean ± SE) across the ablation season  (sectioned as Pre: Pre-

snowline retreat; Early, Mid and Late ablation periods) in snow (Sn); Ice cores (C); Surface ice (Su); 

and surface ice with a low (L), medium (M) and high (H) algal coverage. Numbers above bars 

represent the n of the sample. Lower-case letters above bars represent homogenous groups determined 

by a one-way ANOVA (abundance ~ algal coverage) and a capital letter denote homogenous group 

determine by a t-test between surface ice with a high algal coverage between mid and late ablation 

periods. 

 

Bacterial production in cryoconite sediment was negligible (< 0.01 µg C g-1 h-1) during the 

mid-ablation period, with a significant increase (F5 = 8.061, p < 0.05) to 0.02 ± 0.002 µg C g-1 

h-1 apparent during the late period. At the cellular level, BP in cryoconite sediment increased 

from an average of 1.0 ± 0.5 fg C cell-1 h-1 during mid – ablation to 2.8 ± 0.3 fg C cell-1 h-1 by 

the end of the ablation period. Cryoconite sediment accounts for approximately 2.30 ± 0.80 µg 

C m-2  h-1 and 5.1 ± 0.51 µg C m-2  h-1 of bacterial production across the ice sheet surface during 

the mid and late ablation period respectively, representing at least a ~ 4-fold greater BP in 

cryoconite sediment than in surface ice containing a high algal coverage.  
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2.4. DISCUSSION  

Previous research into heterotrophic bacterial dynamics within the supraglacial landscape has 

predominantly focused on cryoconite holes as opposed to the more expansive surface ice 

environment. This study provides the first integrated assessment of bacterial abundance and 

production in surface ice of the south-western Greenland Ice Sheet (GrIS), demonstrating the 

development of bacterial communities from pre-snow line retreat, to the end of the ablation 

period, in tandem with glacier algal bloom monitoring. Overall, our data demonstrate that 

bacteria in the surface ice are likely consuming organic carbon produced by blooms of glacier 

algae; however, carbon cycling by heterotrophic bacteria in surface ice is significantly less 

efficient than in cryoconite sediment.   

 

At the start of the ablation season, snow samples contained bacteria at abundances comparable 

with those previously reported for snow from the south western GrIS (102 – 103 cells mL-1; 

Cameron et al., 2015). Bacteria in snow can originate from soil particles and marine aerosols 

deposited by the wind, which are transported from predominantly local terrestrial, marine and 

glaciated regions (Cameron et al., 2015; Santl-Temkiv et al., 2018). Genetic similarities 

between bacterial communities in snow and surface ice were previously identified by Musilova 

et al. (2015), who inferred that the snowpack likely inoculated the supraglacial environment. 

The bacterial abundances in ice cores demonstrated here, particularly in layers containing 

cryoconite particles, suggests a retention of bacterial cells in shallow sub-surface ice from the 

previous year’s ablation seasons that likely also seed surface ice environments with the onset 

of melt. In contrast, an absence of glacier algae from snowpack environments at the start of the 

ablation season suggests that, unlike bacteria, aeolian deposition is not likely an important 

source of cells. Currently, very little is known about the initiation of supraglacial glacier algal 

blooms on the Greenland Ice Sheet, including the source of cells. We demonstrate here the 

presence of glacier algae within shallow sub-surface ice cores at the very start of the ablation 

period, suggesting the retention of glacier algal cells between ablation seasons. Meltwater 

flushing of these cells to the ice surface may serve to initiate glacier algal blooms with the 

onset of melt, though further research is required to confirm this assertion.  
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Bacterial abundance in surface ice during the middle of the ablation season was 10-100 times 

greater than abundances identified by Stibal et al. (2015) from sites within the same region of 

the GrIS. By deliberately sampling surface ice visually containing a range of algal coverage, 

we were able to demonstrate that substantial heterogeneity is apparent in bacterial abundance 

across supraglacial environments. Bacterial communities in supraglacial environments of the 

GrIS predominantly comprise of Actinobacteria, Proteobacteria and Bacteriodetes (Musilova 

et al., 2015; Cameron et al., 2016; Smith et al., 2018; Perini et al., 2019). These bacteria rely 

on external sources of organic carbon which, in glacial landscapes, typically originate from a 

variety of allochthonous (terrestrial) and autochthonous (in-situ photosynthesis) sources, with 

varying levels of bioavailability (Hood et al., 2009; Bhatia et al., 2010; Lawson et al., 2014; 

Anthony et al., 2017). Inputs of allochthonous carbon decrease with distance from the ice sheet 

margin (Stibal et al., 2012a) therefore organic carbon at our study site is likely sourced from 

in-situ photosynthesis. Glacier algae residing within surface ice have been shown to actively 

fix carbon (Yallop et al., 2012; Williamson et al., 2018) and, although no studies have been 

conducted on the quantity of dissolved organic carbon (DOC) exuded from glacier algae, it has 

been found that 20-50% of carbon fixed by microalgae can be released as DOC (Zlotnik & 

Dubinsky, 1989; Hulatt & Thomas, 2010). It is likely that such DOC sources play a significant 

role in supporting the BP observed here, particularly during the middle of the ablation season. 

Carbon is incorporated into bacterial biomass, stimulating growth and cell division, results in 

the highly significant linear relationship identified here between algae and bacterial abundance.  

 

During the mid-ablation period, bacterial production in surface ice was found to be 

substantially lower than glacier algae primary production. Surface ice with a high algal 

coverage had a net primary production (NPP) 35 times higher than BP (Table 2; Williamson et 

al., 2018), likely indicating that more organic carbon is produced by glacier algae than is 

consumed by heterotrophic bacteria. It is possible that bacteria in surface ice, particularly those 

deposited by the wind, may not have necessary adaptations required to thrive in this extreme 

environment (Smith et al., 2018). For example, some species of bacteria may not produce 

photo-protective pigments therefore, unlike glacier algae, the cell is exposed to harmful levels 

of radiation (Ravanat et al., 2001; Remias et al., 2012a; 2012b). Intense radiation may also 

influence glacier algal derived DOC through photochemical transformations (Anthony et al., 

2018). In freshwater environments, UV radiation has been shown to either inhibit BP, through  
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Table 2: The net primary production (NPP; sourced from Williamson et al., 2018) and the ratio of 

NPP to bacterial production (BP) from surface ice containing low, medium and high algal coverage 

for the mid and late ablation periods 

 

the production of hydrogen peroxide (Tranvik & Kokalj, 1998) and recalcitrant DOC 

compounds or stimulate BP by degrading large compounds into more bioavailable species 

(Lindell et al., 1995; Bertilsson & Tranvik, 2000; Amado et al., 2015). It is therefore possible 

that algal derived DOC is made unavailable to heterotrophic consumption through 

photochemical alteration, though further research is required to confirm this hypothesis.   

 

Consistent with the mid-ablation period, the highest abundances of bacteria were observed in 

areas with high algal coverage during the late ablation period. However, BP in surface ice with 

a high algal coverage was substantially lower than during the mid-ablation period with rates of 

NPP 260 times greater than BP (Table 2). We suggest that this may reflect nutrient limitation 

and competition between microbial communities. During an algal bloom, the sheer biomass of 

algal cells likely intercepts and retains the majority of available nutrients resulting in severe 

nutrient limitation for bacteria, particularly towards the end of the season, where inputs from 

snowmelt are reduced (Holland et al., in review). Nutrient limited conditions may also alter the 

quality and composition of DOC excreted by glacier algae (Dodds and Whiles, 2010) resulting 

in less bioavailable species and a subsequent reduction in BP.  

 

Bacterial production measured in cryoconite sediment was found to be lower than BP 

previously recorded on other Arctic glaciers (Table 3). This likely represents the distance of 

the study site from the ice sheet margin and a lower input of allochthonous carbon compared 

to valley glaciers (Stibal et al., 2012a). Bacteria in cryoconite holes consume DOC fixed by 

Algal coverage 
Net Primary Production 

(mg C L-1 d-1) 

Ratio of NPP to BP 

Mid Late 

Low ~ 0.16 202:1 404:1 

Medium ~ 0.32 27: 1 28:1 

High ~ 0.52 35:1 260: 1 
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cyanobacteria (Anesio et al., 2009), with BP increasing significantly from the mid to late 

ablation period. It is possible that during the mid-ablation period, organic carbon is retained in 

surface ice along with glacier algae cells and particles; however, during the late period it may 

be washed into cryoconite holes, supplementing DOC produced by cyanobacteria sustaining 

higher BP. 

 

Our estimates of BP across a representative square meter of the supraglacial environment 

indicate that bacterial heterotrophic production in cryoconite holes is four times greater than in 

the surface ice, despite these habitats accounting for less than 8% of the GrIS ablation zone 

 

Table 3: Comparison of bacterial production (BP) in cryoconite sediment from Arctic glaciers 

measured using leucine incorporation. 

 

Location BP (ng C g-1 h-1) Reference 

South West 

Greenland 

Mid ablation period: 

9.0 ± 3.0 

Late ablation period: 

20 ± 2.0 
This study 

Midtre Lovénbreen, 

Svalbard 
40  19 

Hodson et 

al. (2007) 

Midtre Lovénbreen, 

Svalbard 
50   10 

Bellas et al. 

(2013) 

Austre Brogerbreen, 

Svalbard 
50   10 

Russell Glacier, 

Greenland 

70  1.0 

60  10 

Austre Brogerbreen, 

Svalbard 
9.0  6.0 

Anesio et 

al. (2010) Midtre Lovénbreen, 

Svalbard 
40  18 
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 (Cook et al., 2012). Bacteria in cryoconite sediment are protected from extreme levels of UV 

radiation, temperature and pH fluctuations which allows the development of a functionally 

diverse microbial community driving an efficient microbial loop (Musilova et al., 2015). 

Additionally, bacteria capable of nitrogen fixation (Telling et al., 2011) and phosphorus 

extraction from mineral particles (Stibal et al., 2009) supply additional inorganic nutrients and 

reduce nutrient limited conditions, compared to the ice surface. These factors result in 

heterotrophic carbon cycling exceeding that on the ice surface, confirming that cryoconite 

holes are truly ‘hot spots’ of heterotrophic activity (Anesio et al., 2009). 

 

2.5. CONCLUSIONS  

Despite the potential influence on carbon cycling within the supraglacial environment, bacterial 

abundance and activity within surface ice on the Greenland Ice Sheet has been largely 

understudied by the scientific community. This study aimed to identify spatial and temporal 

trends in the abundance and activity of heterotrophic bacteria within the supraglacial 

environment. Our results indicate that bacteria are spatially heterogenous across the surface ice 

environment with influxes of cells from aeolian deposition as well as melting surface ice. The 

significant linear relationship between bacterial and algal abundances suggests organic carbon 

produced by glacier algae is being consumed; however, our study indicates that net primary 

production significantly exceeds bacterial production. This suggests that the remineralisation 

of carbon by heterotrophic bacteria is inefficient on the surface ice, compared to cryoconite 

holes, and organic carbon accumulates within the surface ice. The fate of this organic carbon 

is currently unclear; however, several studies indicate extensive carbon export from ice sheets 

which could stimulate bacterial production in downstream environments (Bhatia et al., 2013; 

Hawkings et al., 2015; Musilova et al., 2017).  
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3. BACTERIAL INTERACTION WITH GLACIER ALGAE AND 

DOMINANT FUNGAL COMMUNITIES IN THE SURFACE ICE 

OF THE GREENLAND ICE SHEET  

 

This chapter was part of a collaboration project with Laura Perini from the University of 

Ljubljana. The fungal species used for this project were supplied by Laura who also helped 

with the set-up and sampling of the incubation experiment. All further analysis was conducted 

by the author.  

 

3.1. INTRODUCTION  

Microbial interactions within ecosystems dictate the partitioning of essential resources, such 

as nutrients, light and space. For example, interactions between organisms can help secure 

micro- (e.g. vitamins and phytohormones) and macro-nutrients (e.g. carbon, nitrogen and 

phosphorus) that cannot be produced intracellularly (Cooper and Smith, 2015; Kirchman, 

2018; Ramanan et al., 2016). Interactions range from mutualism, where both organisms 

benefit, to predation and parasitism, where one organism benefits to the detriment of the other 

(Table 4) (Cooper and Smith, 2015; Curds, 2019; Kirchman, 2018). A complex network of 

interactions between multiple microorganisms across trophic levels forms the microbial food 

web (‘microbial loop’) and defines the movement of carbon and nutrients through microbial 

biomass (Dodds, 2010; Pomeroy et al., 2007). For example, the production of organic carbon 

by photoautotrophs facilitates interactions between trophic levels as heterotrophic organisms 

require exogenous plant and animal organic matter (i.e. photosynthate) to meet their demands 

for oxygenic respiration (Cooper and Smith, 2015; Field et al., 1998). Heterotrophs in turn 

liberate inorganic carbon and macronutrients for consumption by the community (Dodds, 2010; 

Curds, 2019; Pomeroy et al., 2007). Interactions between organisms are therefore not only 

important for the survival of the microbial community but also influence biogeochemical 

cycling within ecosystems (Kirchman, 2018). 
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Table 4: Classification of the range of interactions between organisms. Adapted from  Dodds (2010) 

 

The majority of interactions that have been observed in nature are that of mutualism or 

commensalism (Cooper and Smith, 2015; Kirchman, 2018). Within aquatic ecosystems, 

microalgae have been widely observed to form mutualistic interactions with a variety of 

organisms including bacteria and fungi, enhancing growth and survival (Ramanan et al., 2016; 

Croft et al., 2005; Cooper and Smith, 2015; Amin, Parker and Armbrust, 2012). For example, 

cobalamin (Vitamin B12) is an essential micronutrient required for algal growth (Croft, Warren 

and Smith, 2006), yet approximately half of all algae require an exogenous source (Croft et al., 

2005). High concentrations of cobalamin frequently recorded across algal lineages are thus 

derived from heterotrophic bacteria residing within the muciferous layer, which have been 

revealed to synthesise cobalamin in exchange for photosynthate (Croft et al., 2005). 

Heterotrophic bacteria have also been observed to supply inorganic nitrogen (Lema, Willis and 

Bourneb, 2012; Ramanan et al., 2016; Kim et al., 2014) and phytohormones to algal hosts 

(Teplitski and Rajamani, 2011). Subsequently, growth rates of algal cultures are frequently 

reportedly up to 70 % higher in the presence of bacteria (Cho et al., 2015; Ramanan et al., 

2016). Algal photosynthate also acts as the stimulant for one of the most well-known 

mutualistic interactions that exists within nature; lichen. Within these complex structures, algae 

receive protection by fungal hyphae against desiccation and light stress in return for organic 

carbon (Wong et al., 1998; Gargas et al., 1995; Gadd, 2007; Grube and Berg, 2009). The 

formation of interactions between algae, bacteria and fungi therefore facilitates survival of both 

organisms whilst also dictating the flow of carbon and nutrients between organisms (Ramanan 

et al., 2016; Philippot et al., 2013).  
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In contrast, microbial interactions can also impose controls on growth and activity through 

competition or predation/parasitism (Ramanan et al., 2016; Gachon et al., 2010). Competition 

between organisms evolves due to the overlap in the requirement for finite resources within an 

environment, e.g. nutrients, light, space (Ghoul and Mitri, 2016). Microbes can either compete 

passively, by consuming resources faster than their competitors thereby restricting supply 

(Ghoul and Mitri, 2016), or actively via direct interference with competitors. Active 

competition can include the injection of toxins and other molecules directly into competitors 

cells causing lysis (Basler, Ho and Mekalanos, 2013) or poisoning through the production of 

antimicrobials (Riley and Gordon, 1999). For example, fungi in freshwater environments have 

been widely reported to release anti-bacterial compounds to reduce competition for organic 

matter  (Gulis, Kuehn and Suberkropp, 1999; Mille-Lindblom and Tranvik, 2003). Predation 

and parasitism between organisms also represents an important top-down control on microbial 

populations (Gerphagnon et al., 2015; Gachon et al., 2010). Bacteria such as Roseobacter have 

been observed to behave parasitically toward algae, providing a crucial control on the spread 

of algal blooms (Gachon et al., 2010). Roseobacter excrete enzymes that degrade plant matter 

and lyse algal cells, subsequently releasing intracellular compounds that are then available for 

consumption (Ramanan et al., 2016).  

 

The surface of the Greenland Ice Sheet (GrIS) hosts diverse algal, bacterial and fungal 

communities across several distinct habitats (Perini et al., 2019; Stibal et al., 2015a; Cameron 

et al., 2015). The presence of liquid water and sunlight during the ablation season stimulates 

high levels of primary and secondary production within the system (Williamson et al., 2018; 

Yallop et al., 2012). For example, blooms of Streptophyte microalgae comprising of highly 

pigmented Mesotaenium berggerenii and Ancylonema nordenskioldii (hereafter ‘glacier 

algae’) dominate primary production within the surface ice in the South West of the GrIS 

(Williamson et al., 2018; Yallop et al., 2012). Diverse bacterial communities also reside in the 

surface ice and are thought to consume predominantly algal-derived organic carbon, driving 

bacterial production and population growth concomitant with the algal bloom (Nicholes et al., 

2019). Though only recently identified, fungal communities are also present, with their 

abundance correlating positively with microalgal abundance (Perini et al., 2019). It is therefore 

likely that glacier algae, bacteria and fungi interact within the surface ice environment, and that 

these interactions may ultimately influence the progression and magnitude of glacier algal 
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blooms and their consequences for physical (melt) and biogeochemical (carbon and nutrient 

cycling) processes. 

 

The present study therefore aimed to characterise the interactions between glacier algae, 

bacteria and two dominant species of fungi that inhabit surface ice of the Greenland Ice Sheet. 

To this end, an incubation experiment was performed whereby the abundance and activity of 

supraglacial glacier algal and bacterial communities were assessed relative to manipulated 

community compositions. Biogeochemical conditions were also monitored to determine the 

influence of each functional group on carbon and nutrient cycling. This work adds to the 

growing effort to constrain bottom-up and top-down controls on GrIS glacier algal blooms; 

information critical to projecting future melt of the GrIS in a warming world (Williamson et 

al., 2019).  

 

 

3.2. METHODS AND MATERIALS  

An incubation experiment was performed to quantify interactions between glacier algae, 

bacteria and two dominant fungal species isolated from surface ice habitats of the Greenland 

Ice Sheet (GrIS) as detailed below.  

 

3.2.1.  Glacier algae and bacteria sampling  

Surface ice was sampled from the Greenland Ice Sheet between 31st May to 1st  July 2017 at a 

primary ice camp located within the GrIS ablation zone ~35 km from the south-western ice 

sheet margin (67o 04’43.3” N, 49o 20’29.7” W) and adjacent to the S6 PROMICE weather 

station. Surface ice containing a conspicuously high abundance of glacier algae was sampled 

using a clean ice saw down to 2 cm depth and transferred into a sterile WhirlPak bags. Samples 

were kept frozen and transported back to the University of Bristol upon which samples were 

stored in the dark at -20oC.  

 

Prior to experimental set up, surface ice was thawed at 3oC in the dark over 24 hours, 

homogenised within Whirlpak bags and decanted into vented 225 cm2 sterile cell culture flasks 
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(Corning Inc, USA) within a laminar flow hood. The presence of bacteria was confirmed from 

300 µL subsamples (n = 3) by epifluorescence microscopy following staining with 4’, 6-

diamidino-2-phenylindole (DAPI, Sigma) at a final concentration of 10 g mL-1 (Porter and 

Feig, 1980). The staining, filtering and mounting procedure was conducted as outlined by 

Bradley et al. (2016). Bacterial cells were counted using a Leica DM 2000 epifluorescence 

microscope at 1000x magnification. A minimum of 300 cells or 30 randomly selected grids 

(each 104 m2) were counted. Bacterial abundance averaged 1.2 ± 0.2 x 106 cells mL-1, 

consistent with in situ bacterial abundance that we have reported from the surface of the 

Greenland Ice Sheet (Stibal et al., 2015a; Nicholes et al., 2019). Enumeration of glacier algae 

was achieved from 1mL subsamples using a Fuchs-Rosenthal haemocytometer (Lancing, UK) 

on a Leica DM 2000 epifluorescence microscope (Leica, Germany) after Williamson et al., 

(2018). Microscopy revealed the presence of both Mesotaenium berggerenii and Ancylonema 

nordenskioldii at an average abundance of 1.6 ± 0.2 x104 cells mL-1 (comprising 61 % and 39 

% of the community, respectively), consistent with in situ glacier algal abundance reported 

from our primary ice camp location (Williamson et al., 2018).  

 

Once the presence of glacier algae and bacteria in surface ice samples was confirmed, cultures 

were established at 3oC under 181.45 ± 22.3 mol photons m-2 s-1 of photosynthetically active 

radiation (PAR) for 28 days prior to the experiment. Glacier algal cultures were monitored 

throughout using Pulse Amplitude-Modulation (PAM) fluorometry. A Walz Water-PAM 

fluorometer consisting of a PAM-control with attached cuvette emitter-detector WATER-ED 

unit (Walz, Germany) was used to perform rapid light response curves (RLCs) to determine 

the operational photophysiology of glacier algae from limiting through to saturating levels of 

irradiance (Perkins et al. 2006). A 5 mL subsample was removed from the flasks and dark 

adapted for ~ 5 minutes prior to light curves. RLCs were performed using a saturating pulse at 

a setting of ~ 8600 µmol photons m-2 s-1 of photosynthetically active radiation (PAR), for 600 

ms duration, and with nine 20 s incrementally increasing light steps from 0 to 3000 µmol 

photons m-2 s-1 PAR. Relative maximum electron transport rate (rETRmax), the light utilisation 

coefficient () and the light saturation coefficient (Ek) were calculated following Eilers and 

Peeters, (1988). The maximum quantum yield in the dark-adapted state (Fv/Fm; (Genty, 

Briantais and Baker, 1989) was calculated as: 
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Fv / Fm = (Fm – Fo) / Fm 

Where Fm is the maximum fluorescence yield, and Fo the minimum yield, in the dark-adapted 

state. During the incubation period, Fo and Fm values were attained from the initial light curve 

step of 30 s darkness.  RLCs confirmed active glacier algal assemblages within cultures prior 

to the start of the incubation (rETRmax = 57.6 ± 6.8, mean ± SE, n = 3). 

 

3.2.2.  Preparation of fungal cultures  

Two strains of fungi, Articulospora sp. EXF-13072 and Penicillium bialowiezense EXF-11445, 

were selected for the incubation experiment due to their respective dominance in cryoconite 

hole and the surface ice habitats (Sonjak, Frisvad and Gunde-Cimerman, 2006; Edwards et al., 

2013a). Fungal cultures were obtained from the same primary ice camp location during the 

2016 and 2017 ablation seasons and were filtered, processed and incubated as outlined in Perini 

et al., (2019). Pure cultures of the identified fungal isolates have been deposited in the ExF 

Culture Collection of the Infrastructural Centre Mycosmo (MRIC UL) at the Department of 

Biology, Biotechnical Faculty, University of Ljubljana, Slovenia. Cultures were kept at 5 oC 

and transported to the University of Bristol.  

 

3.2.3.  Incubation set up  

To examine potential interactions between glacier algae, bacteria and our two fungal isolates, 

an incubation experiment with 7 treatments was established. Treatments included bacteria (B); 

bacteria + glacier algae (B+GA); Articulospora sp. (As); Penicillium bialowiezense (Pb); 

bacteria + glacier algae + Articulospora sp. (B+GA+As); bacteria + glacier algae + P. 

bialowiezense (B+GA+Pb); and bacteria + glacier algae + Articulospora sp. + P. bialowiezense 

(B+GA+As+Pb). Across each of the treatments, the relative abundance of each target species 

was manipulated to provide differing combinations of dominant community members (Table 

5). All cultures were conducted in triplicate within 75 cm2 culture flasks (Corning, USA). To 

ensure homogenous distribution across treatments, initial glacier algae and bacterial cultures 

were pooled prior to redistribution across treatments. 
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Table 5: Species composition of treatments in the incubation with varying abundance of bacteria (B), 

glacier algae (GA), Articulospora sp. (As) and Penicillium bialowiezense  (Pb) (mean ± standard error, 

n=3).  

 

The bacterial control (B) was obtained from the mixed glacier algae and bacteria cultures that 

had been incubated for 28 days prior to establishment of our experiment. Aliquots of culture 

was filtered through a combusted (450oC for 4 hours) GF/D filter (Whatman, UK) to remove 

> 98% of glacier algal cells whilst retaining a mean bacterial abundance of 1.2 ± 0.2 x 106 cells 

mL-1, thereby establishing bacteria as dominant within this culture. The mixed glacier algae 

and bacteria culture was transferred directly into culture flasks for the treatment containing 

both bacteria and glacier algae (B+GA), maintaining the ambient abundance of both species. 

For Articulospora sp. and P. bialowiezense control treatments (As and Pb respectively), the 

glacier algae and bacteria culture was filtered through a sterile 0.22 µm PES filter to remove 

all glacier algae and reduce bacterial abundances to ~ 87 % in the Articulospora sp. control and 

~ 93 % in the P. bialowiezense control, whilst retaining the dissolved organic carbon matrix. 

This matrix was inoculated with 2 % v/v of P. bialowiezense spores (for treatment Pb) or 

Articulospora sp. mycelium (for treatment As), since the latter do not sporulate in culture.  

 

Treatment 

Bacteria 

(mean cells 

mL-1 ± SE) 

Glacier algae 

(mean cells mL-1 ± 

SE) 

Articulospora 

sp. 

Penicillium 

bialowiezense 

B (control) 2.0 ± 0.1 x 106 3.7 ± 3.7 x 101 No addition No addition 

B+GA (control) 0.6 ± 0.1 x 106 1.0 ± 0.3 x104 No addition No addition 

As (control) 7.1 ± 3.6 x 104 0 + 2 % No addition 

Pb (control) 3.8 ± 0.4 x 104 0 No addition + 2 % 

B+GA+As 1.1 ± 0.2 x 106 1.5 ± 0.1 x104 + 2 % No addition 

B+GA+Pb 0.6 ± 0.3 x 106 1.3 ± 0.2 x104 No addition + 2 % 

B+GA+As+Pb 2.0 ± 0.1 x 106 2.0 ± 0.4 x104 + 2 % + 2 % 



 

 72 

For mixed community treatments (i.e. those containing bacteria, glacier algae and either 

Articulospora sp. and/or P. bialowiezense), the glacier algae and bacteria culture was decanted 

into culture flasks and inoculated with either 2 % v/v Articulospora sp. mycelium (treatment 

B+GA+As); 2 % v/v of P. bialowiezense spores (treatment B+GA+Pb) or 2 % v/v of both 

species (treatment B+GA+As+Pb). Culture flasks for all treatments were randomly distributed 

under 181.45 ± 22.3 mol photons m-2 s-1 of photosynthetically active radiation (PAR) at 3 oC 

and incubated for 21 days, ensuring an even distribution of light throughout. Replicates were 

destructively sampled at 4 time points during the incubation for subsequent analyses; 0, 7, 14 

and 21 days. 

 

3.2.4.  Bacterial enumeration  

To constrain bacterial abundance, 1 mL subsamples were removed from each treatment flask 

following homogenisation and fixed with 25 % glutaraldehyde at 2 % final concentration. 

Bacterial abundance was determined as outlined previously. Due to the artificial manipulation 

of bacterial abundance across fungal controls, bacterial abundance was normalised by 

calculating absolute change in abundance relative to the start of the incubation period.  

 

3.2.5.  Bacterial Production  

Bacterial production was estimated by the incorporation of 3H-leucine using the 

microcentrifuge method (Kirchman, 2001). Briefly, 1.5 mL of sample was added to a 2 mL 

sterile microcentrifuge tube and incubated in triplicate under in situ conditions for 3 hours  

20 minutes. This relatively short incubation time has been found to limit the incorporation of 

leucine by fungi (Buesing and Gessner, 2003), therefore results specifically represent rates of 

bacterial production. Incubations were initiated by addition of 3H-leucine at a final 

concentration of 110 nM and terminated by the addition of 90 L 100 % trichloroacetic acid 

(TCA). After termination, samples were centrifuged at 16,000 x g for 20 minutes and the 

supernatant aspirated following the procedure outlined by Kirchman (2001). Each sample was 

washed twice, first with 1.5 mL of 5 % TCA followed by 1.5 mL of 80 % ethanol. After 

washing, samples were left for 24 hours to allow the ethanol to evaporate. All samples were 

analysed by liquid scintillation counting (Beckman LS 6000 IC, Beckman Instruments, 

Fullerton, CA, USA).  
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3.2.6.  Glacier algae physiology  

Glacier algae were monitored throughout using a combination of algal cell abundance, 

biovolume and photophysiology measurements. A 1 mL subsample was removed from the 

culture flasks for algal enumeration and analysis of biovolume, both performed using a Fuchs-

Rosenthal haemocytometer (Lancing, UK) on a Leica DM 2000 epifluorescence microscope 

with attached MC120 HD microscope camera (Leica, Germany). Images for cell biovolume 

quantification were taken in parallel to enumeration at 0, 7, and 21 days. Measurements of cell 

length and width were obtained using ImageJ software and biovolume (µm3 cell-1) calculated 

considering cells as regular cylinders after Hillebrand et al. (1999). Total glacier algal 

biovolume (µm3 mL-1) was calculated as the sum of the abundance (cells mL-1) multiplied by 

the average cellular biovolume (µm3 cell-1) for A.nordenskioldii and M.berggerenii, 

respectively.  Pulse Amplitude-Modulated (PAM) fluorometry was used to assess algal 

photophysiology between treatments throughout the incubation period using the RLC 

technique previously detailed.  

 

3.2.7.  Dissolved organic carbon  

Samples were filtered through a pre-flushed (3 times with 10 mL of Milli-Q) 0.22 µm 

polyethersulfone (PES) syringe filter (Whatman, England) into pre-combusted 1.5 mL 

chromacol vials and frozen until analysis. Prior to analysis, samples were gravimetrically 

diluted 1:20 times to ensure sufficient volume for analysis. Dissolved organic carbon (DOC) 

concentrations were quantified using a Shimadzu TOC-L Organic Carbon Analyser with a 

high-sensitivity catalyst. Non-purgeable organic carbon (NPOC) was measured following the 

acidification of samples with hydrochloric acid and catalytic combustion (680 oC) of DOC to 

carbon dioxide, which was then measured by infrared absorption. The limit of detection (LoD) 

was 5 µg L-1 with a precision of ± 0.9 % and an accuracy of -2.7 %; as defined by the 

comparison of a gravimetrically diluted 500 mg L-1 TOC certified stock standard to a 

concentration of 500 µg L-1 (Sigma TraceCERT). Procedural blanks were analysed alongside 

samples to monitor for any contamination that may have been introduced at any stage during 

the incubation and processing procedures.  
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3.2.8.  Dissolved inorganic nutrients  

Samples were filtered through a 0.22 µm polyethersulfone (PES) syringe filter (Whatman, 

England) into acid washed 30 mL Nalgene bottles and frozen until analysis. Dissolved 

inorganic nutrients were quantified spectrophotometrically using a Gallery Plus Automated 

Photometric Analyser (Thermo Fisher Scientific, UK). Nutrients analysed included ammonium 

(NH4
+), nitrate (NO3

-), nitrite (NO2
-) and phosphate (PO4

3+), with corresponding limits of 

detection (LoD) of 16.8, 5.7, 2 and 4.4 µg L-1 respectively.  

 

3.2.9.  Data analysis  

All statistical analyses and plotting of data were performed using R v.3.4.1 (R Core Team, 

2017). Prior to parametric analysis of datasets, Shapiro-Wilks Test combined with 

interrogation of frequency histograms was used to determine normality. Two-way analysis of 

variance (ANOVA) with the fixed factor of ‘time’ (4 levels) and ‘treatment’ (7 levels) was 

used to analyse differences between all measured variables. Principal Component Analysis 

(PCA) was used to explore underlying relationships within our datasets. PCA was used to 

summarise bacterial abundance, bacterial production (normalised to bacterial abundance), 

glacier algal biovolume, NH4
+ and DOC concentrations. Control treatment data (i.e. B, As and 

Pb) were not included in PCA analysis given that bacteria and/or glacier algae were artificially 

removed from these treatments. Nutrients below the limit of detection (NO3
-, NO2

-, PO4
3+) 

were also excluded from analyses.  

 

Due to the potential for multi-directional interactions, a series of multiple regressions were 

conducted between measured variables (i.e. bacterial abundance and production, glacier algal 

biovolume, dissolved organic carbon and dissolved inorganic nutrients) using linear mixed-

effects models with restriction maximum likelihood (REML) criterion. Data were first scaled 

and then regressed using the ‘lmer’ function of the ‘lme4’ package (Bates et al., 2020). The 

relative importance of variables was identified using the ‘relaimpo’ package (Groemping and 

Lehrkamp, 2018). Post hoc analyses of significance highlighted by lmer models were 

performed using the ‘lmerModLmerTest’ function of the ‘lmerTest’ package (Kuznetsova et 

al., 2019).  
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3.3. RESULTS  

3.3.1.  Bacterial abundance and production  

Bacterial abundance increased during the 21-day incubation period 7- to 58-times across all 

treatments (Figure 17), with the smallest increases (0.5 – 2.2 x106 cells mL-1) apparent in the 

bacterial (B), and fungal controls (As and Pb). In contrast, treatments that contained glacier 

algae (i.e. B+GA; B+GA+As; B+GA+Pb; B+GA+As+Pb) exhibited consistent increases in 

bacterial abundance on the order of 6.0 - 9.7 x106 cells mL-1 across the 21-day incubation 

period. In particular, 4- to 10-fold increases in bacterial abundance were observed during the 

first 7 days of incubation within all treatments containing glacier algae. Thereafter, bacterial 

abundance was seen to plateau in the bacteria plus glacier algae treatment (B+GA), whereas 

increases persisted until the end of the incubation period across treatments containing bacteria 

plus glacier algae and fungi, i.e. B+GA+Pb, B+GA+As, and B+GA+As+Pb. Increases in 

bacterial abundance after 21 days were significantly greater in B+GA, B+GA+As, B+GA+Pb, 

and B+GA+As+Pb as compared to B (F6,70 = 8.6, p < 0.01 for all treatments).  

Figure 17: Absolute change in bacterial abundance (x106 cells mL-1) relative to initial concentrations 

across treatments (mean ± standard error; n=3). Letters denote species compositions of respective 

treatments; B = bacteria, GA = glacier algae, As = Articulospora sp., Pb = Penicillum bialowiezense   
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To facilitate comparisons of bacterial production (BP) between fungal controls (in which 

bacterial abundance was artificially reduced) and all other treatments, BP was normalised to 

abundance assuming all cells to be active. BP in the presence of glacier algae (B+GA) was 12 

times higher than bacteria cultured alone (B) at the start of the incubation, though significantly 

decreased by ~ 98 % during the first seven days of incubation (F18,55 = 15.5, p < 0.01) 

concomitant with increases in bacterial abundance, and was highly comparable with rates 

measured in the B control after 21 days (Figure 18). BP was significantly higher in As 

compared to all other treatments at the start of the incubation (F18,55 = 4.7, p < 0.05) and 

remained consistently high throughout the incubation period. Mixed community treatments 

B+GA+As and B+GA+As+Pb exhibited significant decreases in BP of 92 – 98 % across the 

incubation period (F18,55 = 12.0, p < 0.01; F18,55 = 10.0, p < 0.01, respectively).  

 

 

Figure 18: Bacterial production (BP; ng C cell -1 h-1) normalised to bacterial abundance across all 

treatments during the incubation period (mean ± standard error, n=3). Letters denote species 

compositions of respective treatments; B = bacteria, GA = glacier algae, As = Articulospora sp., Pb 

= Penicillum bialowiezense 
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3.3.2.  Glacier algae  

Two thirds of glacier algal assemblages were comprised of Mesotaenium berggrenii with 

Ancylonema nordenskiöldii constituting the remainder. Across the incubation period, the 

abundance of glacier algae cultured in the presence of bacteria (B+GA) increased 1.5-fold to 

1.4 ± 0.1 x 104 cells mL-1 after 21 days. The biovolume of M. berggrenii and A. nordenskiöldii 

also increased 2.5 - and 1.8 - times respectively, resulting in an overall doubling of total glacier 

algal biovolume during the incubation period (Figure 19). In contrast, all treatments containing 

fungi (B+GA+As, B+GA+Pb, B+GA+As+Pb) exhibited a 10 to 45 % decrease in both algal 

abundance and biovolume. Notably by the end of the incubation period, total glacier algal 

biovolume was significantly lower in the presence of both fungal species (B+GA+As+Pb) as 

compared to the presence of bacteria (B+GA) (F3,75 = 4.2, p < 0.01). No significant change in 

any glacier algal photophysiological parameter (Fv/Fm, rETRmax, , or Ek) was apparent over 

the duration of the incubations across any treatment. 

 

Figure 19: Absolute change in total algal biovolume (x 107 µm3 mL-1) relative to the start of the 

incubation period by treatment (mean ± standard error , n=3). Letters denote species compositions 

of respective treatments; B = bacteria, GA = glacier algae, As = Articulospora sp., Pb = Penicillum 

bialowiezense 
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3.3.3.  Biogeochemistry  

Mean dissolved organic carbon (DOC) concentrations at the start of the incubation averaged 

15.7 ± 0.6 mg L-1 across all treatments (Figure 20). During the first 7 days, DOC concentrations 

significantly decreased in B, As and B+GA+As+Pb treatments (F3,75 = 22.6, p < 0.001; F3,75 = 

10.7, p < 0.01; F3,75 = 22.4, p < 0.001, respectively), with no subsequent change in DOC 

concentrations in both the B+GA+As+Pb and As treatments until the end of the study. In 

contrast, concentrations remained constant in B+GA, B+GA+As and B+GA+Pb treatments 

throughout the first 7 days, after which increases of 21 – 58 % were apparent. In stark contrast 

to all other treatments, DOC concentrations in the Penicillim control (Pb) showed a 6- fold 

increase across the incubation period. Ammonium (NH4
+) concentrations at the start of the 

incubation averaged 536 ± 11 µg L-1 across all treatments, remaining constant in B, B+GA and 

B+GA+Pb throughout (Figure 21). In comparison, treatments that contained Articulospora sp. 

(i.e. As, B+GA+As, B+GA+As+Pb) exhibited significant decreases in NH4
+ during the 

incubation period (F3,484 = 197, p < 0.001; F3,484 = 48.8, p < 0.001; F3,484 = 28.6, p < 0.001, 

Figure 20: Absolute change in dissolved organic carbon concentrations (DOC; mg L -1) relative to 

the start of the incubation period by treatment (mean ± standard error , n=3). Letters denote species 

compositions of respective treatments; B = bacteria, GA = glacier algae, As = Articulospora sp., Pb 

= Penicillum bialowiezense  
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respectively), whilst NH4
+ was observed to significantly increase in concentration in the P. 

bialowiezense control (Pb) between 0 and 14 days (F3 = 18.5, p < 0.01); though concentrations 

returned approximately to starting values by 21 days. Nitrate (NO3
-) was detectable in both 

fungal controls (As and Pb) with 3- to 5-fold increases in concentration apparent throughout 

incubations (Figure 21). Concentrations of phosphate and nitrite were below the limit of 

detection across all treatments throughout the incubation.  

 

3.3.4.  Community interactions  

Epifluorescence microscopy consistently revealed glacier algae and bacteria residing in close 

association to one another, with bacteria often adhered to the cell walls of glacier algae (Figure 

22.1). However, it was also noted that algal cells fluorescing red under epifluorescence 

microscopy, i.e. characteristic of the presence of significant secondary phenolic pigmentation  

Figure 21: Absolute change in ammonium and nitrate concentration (µg L -1) relative to the start of 

the incubation period by treatment (mean ± standard error , n=3). Note the different scales on the 

primary and secondary y axes for concentrations of ammonium and nitrate, respectively. Letters 

denote species compositions of respective treatments; B = bacteria, GA = glacier algae, As = 

Articulospora sp., Pb = Penicillum bialowiezense 
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Figure 22: Epifluorescence microscopy images of: (1) A glacier algal cell  surrounded by bacteria; (2) 

a glacier algal cell containing purpurogallin pigment with fewer surrounding bacteria; (3) fungal 

hyphae surrounded by bacteria in the B+GA+As treatment; (4) network of hyphae embedded with 

glacier algae and bacterial also in B+GA+As; (5) a fungal hyphae surrounded by bacteria in the 

B+GA+Pb treatment; (6) complex network of hyphae with embedded glacier algae and bacteria 

also in B+GA+Pb. B highlights examples of bacterial cells; A denotes an algal cell; FH denotes 

fungal hyphae. All samples were stained with DAPI. The scale bar is 20 µm.  
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and indicative of a healthy glacier algal cell, were typically surrounded by fewer bacteria 

(Figure 22.2). Equally, across all treatments containing Articulospora sp. and P. bialowiezense, 

epifluorescence microscopy revealed extensive, complex networks of hyphae (Figure 22). Both 

A. nordenskioldii and M. berggerenii were frequently embedded within the networks along 

with a substantial abundance of bacteria. Where individual hyphae extended from the network, 

bacteria were regularly found in close proximity to surface of the hyphae (Figure  22.3 - 22.6).  

 

To empirically examine potential interactions between bacterial, algal and fungal groups across 

our incubations, a series of linear mixed-effects models were constructed. Bacterial production 

showed a significant negative relationship with bacterial abundance, but showed a significant 

positive relationship with total glacier algal biovolume (R2 = 0.34, p < 0.05 and p < 0.001 

respectively, n = 83). The concentration of NH4
+, which was found to vary significantly across 

treatments containing Articulospora sp., was a significant negative predictor of bacterial 

abundance; however, only explained a lower portion of the variation (R2 = 0.13, p < 0.05, n = 

85).  

 

All data from mixed community treatments (i.e. B+GA, B+GA+As, B+GA+Pb, 

B+GA+As+Pb) were analysed using Principal Component Analysis (PCA) to summarise 

underlying patterns across treatments (Figure 23). Control treatments were not included in this 

analysis given that the composition of species in these treatments was artificially manipulated 

at the start of the study. PC1 described 40 % of the variance in the data and predominantly 

represented changes in glacier algal biovolume and bacterial production (Table 6). PC2 

accounted for 30 % of the variance and represented bacterial abundance and DOC 

concentration. There were no significant differences in PC1 between treatments; however, time 

was found to be a significant driver of PC1 (F9,31 = 27.6, p < 0.001 for all time points). In 

comparison, PC2 was significantly lower in B+GA+As+Pb (F9,31 = 13.7, p < 0.01), indicating 

higher bacterial abundance and DOC concentration in this treatment. Additionally, PC2 

changed significantly between days 0 and 21 (F9,31 = 35.9, p < 0.001), predominantly indicating 

increases in bacterial abundance and DOC concentration throughout the incubation period.  

  



 

 82 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Principal component analysis of experimental parameters showing principle component 1 

(PC1; 40.0 % of variance) in relation to principle component 2 (PC2; 30.0 % of variance) against 

treatment (top) and time (bottom). Variables are Glacier algal biovolume (GA); bacterial 

abundance (B); bacterial production (BP); ammonium concentration (Amm) and dissolved 

organic carbon concentration (DOC). Boxplots of PC1 and PC2 against treatment (top) and time 

(bottom). Letters denote homogenous groups determined by a two-way ANOVA (PC1 or PC2 ~ 

treatment*time). 
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 Table 6: Component loadings of PCA analysis 

 

 

3.4. DISCUSSION  

Blooms of glacier algae substantially increase surface melt on the surface of the Greenland Ice 

Sheet (GrIS) (Cook et al. 2020; Williamson et al. 2020); however, the drivers and controls of 

blooms are yet to be determined (Williamson et al., 2019, 2018). In particular, interactions 

between glacier algae and other microbial functional groups within the supraglacial 

environment, i.e. bacterial and fungal communities, have not been investigated despite 

evidence that the abundance of these organisms increases in parallel throughout the ablation 

season (Nicholes et al., 2019; Perini et al., 2019). This study incubated combinations of GrIS 

supraglacial glacier algae, bacteria and two dominant species of fungi to constrain interactions 

and potential outcomes for bacterial and algal growth kinetics. Our results suggest that glacier 

 PC1 PC2 PC3 

Proportion of 

variance 
39.7 % 30.0 % 18.7 % 

Cumulative 

proportion 
39.7 % 69.7 % 88.3 % 

 

Component loadings 

   

NH4
+ 

- 0.42 0.42 - 0.55 

DOC - 0.09 - 0.52 - 0.75 

Bacterial abundance 0.42 - 0.57 - 0.01 

Glacier algal 

biovolume 
- 0.57 - 0.30 0.26 

Bacterial production - 0.55 - 0.37 0.25 



 

 84 

algae, bacteria and fungi interact through the exchange of organic carbon and nutrients, though 

relationships are likely transient and dictated by external environmental conditions (e.g. 

nutrient concentrations). 

 

3.4.1.  Interaction between glacier algae and bacteria  

High bacterial production and increases in algal abundance and biovolume apparent within our 

B+GA treatment highlights either a commensalistic (one organism benefits; Table 4) or 

mutualistic (both organisms’ benefit) interaction, likely centred around glacier algal production 

of dissolved organic carbon (DOC) (Figure 24). Photophysiological measurements applied 

during our incubations revealed active glacier algal communities throughout, which combined 

with increased DOC concentrations apparent in our B+GA treatment, suggested the release of 

DOC fractions into the incubation water. Heterotrophic bacteria preferentially consume 

bioavailable, low molecular weight DOC such as proteins and carbohydrates, which are often 

either actively released or leaked from algal cells (Zlotnik and Dubinsky, 1989; Hulatt and 

Thomas, 2010; Ramanan et al., 2016). Although the composition of glacier algal derived DOC 

is yet to be constrained, it is likely that the phylogenetically diverse supraglacial bacterial 

communities (Perini et al., 2019) are able to consume a proportion of this DOC, establishing a 

Heterotrophic 

bacteria  Glacier algae 

Articulospora sp. 
Penicillium 

bialowiezense 

Parasitism 

Parasitism 

Commensalism / mutualism 

Commensalism 

Competition 

Commensalism  

Figure 24: A schematic of hypothesised interactions (dashed boxes) between bacteria, glacier algae, 

Articulospora sp.and P. bialowiezense during the incubation period. 
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commensalistic interaction. Bacteria degrade high molecular weight organic polymers via the 

release of extracellular enzymes which also liberate nitrogen and phosphorus compounds 

(Curds, 2019; Kirchman, 2018). Organic carbon consumed by bacteria is utilised for biomass 

synthesis or respiration, the latter of which further releases ammonium, phosphate and other 

inorganic nutrients into the environment (Kirchman, 2018). Thus, the mineralisation of bio-

essential nutrients via extracellular degradation and respiration by the heterotrophic 

community likely supported glacier algal growth in our B+GA treatment. This mutualistic 

interaction has been widely reported from aquatic ecosystems and is thought to support primary 

production (Croft et al., 2005; Cooper and Smith, 2015; Fuentes et al., 2016).  

 

At the onset of incubations, tight coupling between glacier algae and bacteria likely facilitated 

high growth and productivity within both communities. Although algal biomass continued to 

increase throughout the incubation period in the B+GA treatment, bacterial production 

substantially decreased and bacterial abundance plateaued. The lack of detectable phosphate, 

combined with the plentiful supply of nitrogen in the form of NH4
+, suggests that bacterial 

growth was probably phosphorus limited. Bacteria have very low C:P ratios and therefore 

require high concentrations of phosphorus for growth. Phosphorus is rapidly incorporated in 

P-rich compounds such as ATP and NADPH, thus a continuous supply is required to maintain 

high levels of production (Kirchman, 2018). As no additional nutrients were introduced during 

the incubation period, it is likely that the finite pool of phosphorus was increasingly depleted, 

causing nutrient stress. This may have been further compounded as algae grown under 

oligotrophic (nutrient-limited) conditions have been observed to increase the C:N and C:P 

stoichiometry of released DOC, reducing the availability of organic forms of these nutrients 

within the system (Dodds, 2010). We thus propose that nutrient limitation prevented further 

increases in bacterial abundance within our B+GA treatment, with re-release of nutrients into 

the dissolved fractions thereafter dependent on the lysis of cells. In contrast, glacier algae may 

be better equipped to retain and store nutrients (Dodds, 2010) and were therefore not as readily 

influenced by nutrient limitation as the bacterial community.  

 

Our incubations indicate that bacteria may also exhibit opportunistic parasitic interactions with 

glacier algae and as such, could impose a top down control on the algal population. Healthier 

algal cells (identified by retention of their secondary pigmentation) generally exhibited fewer 
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bacteria attached to the cell surface whereas degrading algal cells were heavily colonised by 

bacteria. As we have demonstrated, healthy algal cells are likely producing DOC which is 

excreted into the environment and rapidly consumed by bacteria residing within the 

phycosphere (the immediate area surrounding the algal cell) (Thomas and Duval, 1995; Jones, 

1999). However, it is possible that when the supply of DOC ceases, due to degeneration in 

algal health, the nature of the interaction shifts from mutualistic to parasitic (Ramanan et al., 

2016; Gachon et al., 2010). Bacteria degrading unhealthy algal cells then obtain organic carbon 

from intracellular compounds, thereby maintaining bacterial production. This behaviour is 

widely observed in members of the Roseobacter lineage which switch from mutualistic to 

pathogenic interactions upon the detection of by-products from degrading algal cell walls (Sule 

and Belas, 2013; Ramanan et al., 2016). This may therefore indicate an intuitive shift in the 

nature of bacterial interactions from mutualism to parasitism in response to glacier algal 

mortality.  

 

3.4.2.  Interaction between bacteria and Articulospora sp.  

The presence of Articulospora sp. in the control (As) and mixed community treatment 

(B+GA+As) during our incubations resulted in greater bacterial growth and production, 

suggesting a relationship of commensalism (Table 4, Figure 24). The overall consumption of 

DOC in As suggests that both bacteria and Articulospora sp. are capable of utilising organic 

carbon available in GrIS surface ice. Articulospora sp. is an aquatic fungus from the order 

Helotiales, predominantly isolated from temperate freshwater rivers and responsible for the 

decomposition of particulate organic matter, primarily leaf litter (Seena et al., 2012, 2018). 

Saprophytic fungi excrete enzymes that degrade cellulose, lignin and other more recalcitrant 

forms of organic matter, which are then absorbed across hyphae membranes (Bengtsson, 1992; 

Senga et al., 2018; Gulis, Kuehn and Suberkropp, 1999). This provides decomposition products 

and nutrients which would otherwise be unobtainable or energetically demanding for bacteria 

to access (Wurzbacher, Bärlocher and Grossart, 2010). Competition over carbon between fungi 

and bacteria is therefore likely limited as different organic substrates are utilised by each 

functional group thus facilitating bacterial growth. In addition, bacterial communities also 

likely benefitted from the decomposition of DOM by Articulospora sp. during our incubations 

(B+GA+As), providing an additional source of carbon and nutrients to maintain bacterial 

growth throughout. This is further corroborated by the observation of high BP in our As control 
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throughout the study; though we note that this may have be a feature of reduced competition 

resulting from the artificial reduction of overall bacterial abundance within this treatment. The 

presence of bacteria attached to or closely associated with fungal hyphal networks likely 

facilitated the consumption of decomposition products and interaction between these 

organisms.  

 

Although the presence of Articulospora sp. was observed to enhance bacterial growth, 

competition over nutrient resources may also arise between algal, bacterial and fungal 

communities. During the incubation, NH4
+ was rapidly consumed in all treatments containing 

Articulospora sp.. Species within the Ascomycetes phylum have been widely observed to 

directly absorb NH4
+ (Gulis, Kuehn and Suberkropp, 1999) and our results suggests this 

Articulospora sp. also possesses this capability. Concentrations of NH4
+ remained relatively 

consistent in bacteria (B) or both bacteria and glacier algae (B+GA) cultures suggesting a 

balance in production and consumption. The rapid consumption of NH4
+ by Articulospora sp. 

may introduce competition in mixed community cultures which may alter interactions between 

community members and likely require algae and bacteria to obtain nitrogen from alternative 

sources. As such, Articulospora sp. may outcompete glacier algae and bacteria and impose 

limits on the population growth of both organisms. However, some studies have revealed that 

nutrient limitation may in fact increase bacterial-fungal interactions (Velez et al., 2018; Gulis 

and Suberkropp, 2003).  

 

3.4.3.  Interaction between bacteria and Penicillium bialowiezense  

Penicillium bialowiezense is a globally ubiquitous genus often isolated on food, soil and 

airborne substrates and also plays a key role in the degradation of organic matter (Singh and 

Singh, 2012; Edwards et al., 2013a; Singh, Roy and Tsuji, 2016; Hassan et al., 2016). It is thus 

likely that P. bialowiezense adopted a similar role to Articulospora within our incubations, 

degrading organic matter into DOC (Frey-Klett et al., 2011) resulting in the observed rapid 

increases in DOC concentration in the P. bialowiezense control (Pb) treatment. Similarly, 

concentrations of DOC were observed in the mixed community (B+GA+Pb) treatment 

suggesting that DOC generation by P. bialowiezense likely exceeded heterotrophic bacterial 

demand. Bacteria were able to benefit from additional DOC in the form of decomposition 

products resulting in high BP and increases in bacterial abundance observed in Pb and 
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B+GA+Pb treatments at the start of the incubation. Additionally, the sustained rapid increases 

in bacterial abundance may have been stimulated by the availability of additional phosphorus 

nutrients. Penicillium species isolated from soil are reportedly capable of solubilising 

phosphate via the release of acid and alkaline phosphatase (Pandey et al., 2008). It is therefore 

possible that P. bialowiezense may act to generate additional phosphorus nutrients, supporting 

the observed high levels of BP and bacterial growth.  

 

3.4.4.  Interaction between glacier algae,  Articulospora sp.  and P. 

bialowiezense  

The presence of fungal species in mixed community treatments (B+GA+As, B+GA+Pb and 

B+GA+As+Pb) negatively influenced glacier algal growth, with decreasing abundance and 

biovolume consistently recorded throughout our incubation period. This may have resulted 

from intense interspecific competition for carbon and nutrient resources, especially given the 

increases in bacterial abundance observed in parallel. For example, in our B+GA+As+Pb 

treatment, where NO3
- and PO4

3- were undetectable, NH4
+ was rapidly consumed (likely by 

Articulospora sp.), and DOC consumption exceeded production. We hypothesise that this 

intense competition may have resulted in either or both fungal species developing a parasitic 

relationship with glacier algae. Fungi are opportunists and evidence suggests that interactions 

between algae and fungi can transition between mutualism and parasitism (Gargas et al., 1995). 

The fungal hyphal networks would offer a perfect opportunity for fungi to attack algal cells 

embedded within the network, releasing additional carbon and nutrients which benefit both 

fungi and bacteria.  

 

3.4.5.  The surface ice of the Greenland Ice Sheet  

Results from our incubation study indicate the potential for interactions between glacier algae, 

bacteria and fungi within GrIS surface ice. Specifically, we provide evidence for mutualism or 

commensalism between bacteria and glacier algae driven by algal-derived DOC, which have 

thus far only been theorised to occur on the ice sheet. During summer ablation seasons, glacier 

algae fix between ~ 0.2 – 1.0 mg C L-1 d-1 and although the proportion of DOC released from 

cells is unknown, DOC in surface ice has been measured at ~ 242 µM L-1 (Yallop et al., 2012; 

Williamson et al., 2018; Holland et al., 2019). Thus, glacier algae likely represent an essential 
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base of inorganic carbon fixation and organic carbon production within GrIS surface ice 

habitats (Yallop et al. 2012, Williamson et al. 2018). Bacterial communities consist of 

Proteobacteria (primarily alpha-proteobacteria), Bacteroidetes and Actinobacteria, with an 

observed shift in dominance towards Armatimonadetes in ice containing higher abundances of 

glacier algae (~ 104 cells mL-1; Larose et al., 2010; Cameron et al., 2016; Perini et al., 2019). 

Bacteria from the class alpha-Proteobacteria are found most frequently in association with 

algae (Cooper and Smith, 2015) and Armatimonadetes have been shown to degrade plant and 

microbial organic matter (Perini et al., 2019; Lee, Dunfield and Stott, 2014). We therefore 

predict that mutualistic interactions between glacier algae and bacterial communities within 

GrIS surface ice serves to stimulate bacterial growth and production, as observed in our study 

and in previous research (Nicholes et al., 2019). However, BP measured in-situ within GrIS 

surface ice has been shown to be ~ 30 times lower than primary production driven by glacier 

algae, suggesting that algal-derived DOC alone is not sufficient to sustain greater BP. This may 

be due to limitation of another resource, e.g. inorganic nutrients, as was apparent during this 

incubation study in our B+GA treatment, or relate to the bioavailability of the DOC within the 

system. For example, photodegradation of DOC has been observed to reduce the abundance of 

bioavailable components for heterotrophic consumption, reducing rates of bacterial production 

(Tranvik and Kokalj, 1998). Given the high-light environment characteristic of the GrIS 

supraglacial (Hodson et al., 2008), this degradation pathway warrants further investigation. 

 

The presence of fungi within surface ice has only recently been highlighted, with relatively 

little known about their role in glacial environments; though a saprophytic role has been 

hypothesised (Edwards et al., 2013a; Perini et al., 2019; Singh and Singh, 2012; Singh, Roy 

and Tsuji, 2016; Hassan et al., 2016; Sonjak, Frisvad and Gunde-Cimerman, 2006). Results 

from our incubations support this assertion, with evidence demonstrating that both 

Articulospora sp. and P. bialowiezense likely degrade organic matter and support bacterial 

growth and production. Within aquatic environments, fungi generally degrade recalcitrant, 

high molecular weight components of organic matter of terrestrial origin (Dodds, 2010). Fungi 

may therefore play a more influential role in organic matter degradation where terrestrial inputs 

are greater i.e. closer to the ice sheet margin (Stibal et al., 2010; Lawson et al., 2014; Shimada, 

Takeuchi and Aoki, 2016; Bhatia et al., 2010). We also note that fungal additions to our 

incubations were substantially higher than abundances observed with GrIS surface ice (Perini 

et al., 2019). It is therefore likely that only bacteria residing close to or attached to hyphae 
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benefit from decomposition products within the surface ice environment. Further information 

on the relative abundance of fungal taxa across the surface ice, particularly with distance from 

the margin, will help elucidate their role in carbon cycling. In addition, constraining the 

quantity and type of degradation products produced, and subsequent bioavailability to 

heterotrophic bacteria will further understanding of the role of fungi in carbon cycling.  

 

Under nutrient limited conditions our data suggest that parasitism by bacteria and/or fungi may 

represent a potential top-down control on glacier algal abundance and thus bloom progression 

on the surface of the GrIS. This mechanism would be particularly important during peak bloom 

when the scarcity of nutrient resources (Holland et al., 2019) may stimulate the shift in 

interaction from mutualism to parasitism. Algal cells may act as an essential source of nutrients 

(carbon, nitrogen and phosphorus) to heterotrophic communities during this period. We 

currently have no information of algal mortality rates during the ablation season and parasitism 

of glacier algal communities within GrIS surface ice remains unconstrained. Further research 

needs to address how changing nutrient conditions alter interactions between dominant 

functional groups within the surface ice.  

 

3.5. CONCLUSIONS  

Our findings suggest complex interactions between glacier algae, bacteria and fungi that 

inhabit surface ice of the Greenland Ice Sheet, with relationships most strongly defined by the 

availability of carbon and nutrient resources. Results indicated the prevalence of interactions 

between glacier algae and bacteria in which algal-derived DOC is exchanged for nutrients. It 

is highly likely that this relationship also exists on the surface of the Greenland Ice Sheet and 

may therefore support the propagation of glacier algal blooms. Bacterial abundance and 

production were positively influenced by the presence of Articulospora, which may indicate 

commensalism between fungal and bacterial communities. We further suggest that organic 

matter degradation by Articulospora releases organic products into the system that would 

otherwise be inaccessible to bacteria. This interaction may exist in surface ice; however, lower 

concentrations of Articulospora may limit the benefits to microhabitats. Conversely, P. 

bialowiezense formed a parasitic relationship with glacier algae, potentially representing one 

form of top-down control on glacier algal blooms.  
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4. PHOTODEGRADATION AND BIODEGRADATION OF 

DISSOLVED ORGANIC MATTER ON THE SURFACE OF THE 

GREENLAND ICE SHEET  

 

4.1. INTRODUCTION  

Dissolved organic matter (DOM) is ubiquitous across all aquatic systems and comprises a 

chemically diverse range of compounds (Baker and Spencer, 2004; Kellerman et al., 2018; 

Coble et al., 2014). DOM has multiple functions within ecosystems including the provision of 

substrates for heterotrophic organisms; mobilising organic and inorganic pollutants; and 

influencing the bioavailability of nutrients (Aiken, 2014; Baker and Spencer, 2004). DOM 

originates from either autochthonous (i.e. in situ production) or allochthonous (i.e. terrestrial) 

sources with varying levels of reactivity and composition. For example, autochthonous DOM 

typically comprises of low molecular weight (LMW) compounds such as amino acids and 

carbohydrates, which are highly bioavailable (Amado et al., 2015; Stedmon and Markager, 

2005; Murphy et al., 2008). In contrast, allochthonous carbon usually comprise of high 

molecular weight (HMW), aromatic compounds of a more recalcitrant nature (Murphy et al., 

2008; Amado et al., 2015). The composition and quantity of DOM fundamentally controls the 

flow of carbon and energy through aquatic ecosystems, shaping the structure of the food web.  

 

The composition and quantity of DOM in aquatic ecosystems is primarily controlled by two 

processes: photodegradation and biodegradation (Fasching et al., 2014; Hansen et al., 2016; 

Benner and Kaiser, 2011). Chromophoric DOM (CDOM) comprises a proportion of total DOM 

that is highly reactive on exposure to solar radiation (Coble, 2007).  Consequently, high energy 

ultra-violet (UV) radiation can strongly influence carbon cycling by degrading CDOM into a 

range of species including dissolved inorganic carbon, smaller organic carbon compounds and 

reactive oxygen species (ROS; e.g. hydroxyl radicals) (Lindell, Granéli and Tranvik, 1995; 

Stefan et al., 2000; Coble, 2007; Tranvik and Bertilsson, 2001). DOM is a vast resource of 

biologically available organic carbon that is consumed and transformed by heterotrophic 

bacteria (biodegradation) (Fellman, Hood and Spencer, 2010). Carbon is utilised by 

heterotrophic bacteria through two different processes: i) complete mineralisation of carbon to 
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obtain energy i.e. respiration; ii) incorporation into microbial biomass (Ducklow, 2000). 

Photodegradation of DOM can strongly influence the interaction between heterotrophic 

communities and carbon within ecosystems exposed to high levels of solar radiation (Stefan et 

al., 2000; Tranvik and Kokalj, 1998; Tranvik and Bertilsson, 2001; Anesio and Granéli, 2004). 

The photodegradation of complex, recalcitrant DOM into more bioavailable compounds has 

been found to stimulate bacterial production (Amado et al., 2015; Lindell, Granéli and Tranvik, 

1995; Zepp and Moran, 1997); however, radiation can also remove LMW, bioavailable 

compounds from the DOM pool (Tranvik and Kokalj, 1998). Additionally, the generation of 

ROS via photodegradation damages bacteria, reducing production (Ravanat, Douki and Cadet, 

2001; Holzinger and Lütz, 2006). It is thought that the relative influence of photodegradation 

on bacterial production is determined by the balance of these processes and relates to the source 

of DOM; i.e. photodegradation tends to reduces bioavailability of algal-derived DOM but 

increases bioavailability of allochthonous DOM (Amado et al., 2015). Thus, in ecosystems 

exposed to high levels of solar radiation, DOM composition and quantity is controlled by two 

highly interlinked processes.  

 

The surface ice of the Greenland Ice Sheet (GrIS) hosts abundant and active algal and bacterial 

communities which influence both regional and global carbon cycling (Perini et al., 2019; 

Nicholes et al., 2019; Williamson et al., 2018; Yallop et al., 2012). During the ablation season, 

the surface ice is exposed to extreme levels of photosynthetically active radiation (PAR; ~ 1700 

µmol photons m-2 s-1 on a cloudless day) and UV radiation. Solar radiation drives high levels 

of carbon fixation (0.35 – 1.12 mg C L-1 d-1) predominantly by blooms of highly pigmented 

glacier algae (Yallop et al., 2012; Williamson et al., 2018; Musilova et al., 2017) that are 

particularly prevalent in the so-called ‘Dark Zone’ in the south west of the ice sheet. Glacier 

algae are well-adapted to the extreme light conditions and synthesise an abundant secondary 

phenolic pigment (purpurogallin carboxylic acid-6-O--D-glucopyranoside) that exhibits 

maximal absorbance in UV-B wavelengths and thus protects the cells from photo-damage 

(Remias et al., 2012b; Williamson et al., 2020). This pigment comprises a relatively high 

proportion of glacier algal cellular content (~ 4 % of the dry weight; Williamson et al. 2020) 

and likely reaches high concentrations during bloom events when algal abundance peaks at 104 

cells mL-1 (Yallop et al., 2012; Williamson et al., 2018). Glacier algal pigment, comprised 

predominantly of phenolic based compounds (Remias et al., 2012b), could therefore represent 

a vast source of organic carbon within the GrIS supraglacial environment if released during 



 

 93 

cell lysis due to natural senescence or viral infection, providing an important energy source for 

the diverse and active bacterial communities that numerically dominate surface ice (Hodson et 

al., 2008; Nicholes et al., 2019; Stibal et al., 2015a). These communities are thought to utilise 

predominantly algal-derived DOM to achieve rates of bacterial production (BP) ranging 0.03 

– 0.6 µg C L-1 h-1 (Yallop et al., 2012; Nicholes et al., 2019); approximately 30-times less than 

primary production (Nicholes et al., 2019; Yallop et al., 2012).  

 

Despite the presence of active autotrophic and heterotrophic communities, there remains 

several critical knowledge gaps regarding carbon cycling within the high-light supraglacial 

surface ice environment. These include the potential impact of photodegradation on surface ice 

DOM and subsequent heterotrophic utilisation; the susceptibility of glacier algal secondary 

phenolic pigment to photodegradation (given its maximum absorbance in UV-B wavelengths) 

and its bioavailability to heterotrophic bacteria; and the components of surface ice DOM that 

are degraded by heterotrophic bacteria. Thus far, investigations into DOM cycling in glacial 

environments have revealed that photodegradation produces a slight increase in bioavailable 

DOM in Antarctic snow samples (Antony et al., 2018). However, DOM biodegradation was 

found to produce photoreactive compounds highlighting the interlinked nature of these two 

processes (Antony et al., 2018, 2017). Here, we hypothesise that photodegradation may alter 

the composition and bioavailability of organic carbon to heterotrophic bacterial communities, 

subsequently impacting biodegradation pathways in surface ice. This investigation therefore 

aimed to constrain changes in the composition and quantity of both ambient surface ice DOM 

and glacier algae secondary phenolic pigment (representing a potentially abundant and 

refractory DOM source) following exposure to UV and PAR radiation, and their subsequent 

bioavailability to surface ice bacterial communities.  

 

4.2. METHODOLOGY  

An incubation experiment was conducted to determine the degree to which glacier algal 

phenolic pigment (hereafter ‘pigment’) and surface ice dissolved organic matter (DOM) 

degrade when exposed to combinations of ultraviolet (UV) and photosynthetically active 

radiation (PAR) radiation. The bioavailability of pigment and surface ice DOM following 

photodegradation was subsequently assessed via incubations with a heterotrophic bacterial 

community isolated from surface ice samples.   
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4.2.1.  Surface ice preparation  

Surface ice was obtained during the 2017 Black and Bloom field campaign (31st May to 1st  

July 2017) from the primary ice camp established within the GrIS ablation zone approximately 

35 km from the south-western ice sheet margin (67 o 04’43.3” N, 49 o 20’29.7” W), adjacent to 

the S6 PROMICE weather station. The top 2cm of surface ice containing a high algal coverage 

(~ 104 cells mL-1) (Williamson et al., 2018) was sampled using a clean ice saw and transferred 

into 5 WhirlPak bags. Each WhirlPak bag contained approximately 1.5L of frozen surface ice 

and was transported back to the University of Bristol and stored at -20 oC. Prior to 

photodegradation, surface ice was thawed over 24 hours at 3 oC and filtered through a 0.2 µm 

polyethersulfone (PES) filter (pre-flushed with 50 mL Milli-Q) to remove bacteria, fungi and 

glacier algae. The filtrate was homogenised and decanted into 250 mL pre-combusted Pyrex 

crystallising basins (n = 20).  

 

4.2.2.  Pigment preparation  

Secondary phenolic pigment was extracted from glacier algal cells present in surface ice 

sampled from the primary ice camp as outlined previously. Between 100 - 200 mL of sample 

(n = 45) was filtered onto combusted GF/F filters, frozen and transported to the University of 

Bristol. Filters were freeze-dried for 24 hours and water-soluble pigments extracted in 5 mL of 

Milli-Q water, following Remias et al., (2012) and Williamson et al., (2018). A phase 

separation with n-hexane was performed to remove non-polar constituents from the raw 

extract, which was subsequently stored frozen at -20 oC until being defrosted over 12 hours 

prior to use. Pigment was added to Milli-Q water to a 1:100 v/v dilution, homogenised and 

divided into 250 mL pre-combusted Pyrex crystallising basins (n = 20).  

 

4.2.3.  Photodegradation  

To stimulate photodegradation in the pigment and surface ice, both carbon sources were 

exposed to combinations of UV and PAR over a 48-hour period. Short-wavelength, high-

energy UV-radiation is widely reported as responsible for inducing photodegradation in aquatic 

ecosystems (Amado et al., 2015; Bertilsson and Tranvik, 1998; Stefan et al., 2000; Tranvik 

and Bertilsson, 2001). Ultra-violet bulbs (25W, 220-240V, Exo Terra, Canada) and LED bulbs 

(Prolite, UK) were used to create 3 different light treatments: UV, PAR (432 µmol photons m-
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2 s-1) or UV plus PAR (UV+PAR). Pigment and surface ice were exposed to UV, PAR and 

UV+PAR (n = 5 per light treatment per carbon source) at 3 oC for 48 hours. Light exposure for 

48 hours produced 840 kJ m-2 of UV-A, 412 kJ m-2 of UV-B and 16,456 kJ m-2 of PAR, 

equivalent to approximately 2, 10 and 4 days of exposure on the surface of the GrIS 

respectively (https://pvlighthouse.com.au/). To serve as a control, pigment and surface ice 

samples were wrapped in foil and kept in total darkness during the exposure period (“DARK”, 

n = 5). In addition, a Milli-Q control (n = 5 per light treatment) was incubated alongside 

pigment and surface ice to detect any contamination. Following photodegradation, dissolved 

organic matter composition (UV-Vis and fluorescence spectroscopy) and quantity (dissolved 

organic carbon concentration) was assessed.  

 

4.2.4.  Biodegradation  

To determine the bioavailability of photodegraded pigment and surface ice, carbon sources 

were inoculated with bacteria and incubated for 31 days. Bacterial cultures were established 

from surface ice from the primary ice camp, sampled as outlined previously. The surface ice 

was thawed at 3 oC over 48 hours, decanted into a pre-combusted 1000 mL beaker, covered 

with furnaced foil and sonicated for 2 minutes to facilitate cell detachment from particles 

(Bradley et al., 2016). To isolate bacteria, surface ice was filtered through a combusted GF/D 

filter (Whatman, USA) and stored at 3 oC. Bacteria were inoculated to pigment, surface ice and 

Milli-Q control at a 10 % v/v final concentration in pre-combusted 30 mL amber glass vials, 

maintaining a headspace. Bacterial abundance at the start of the incubation averaged 3.7 ± 0.2 

x 104 cells mL-1 and did not differ significantly across pigment, surface ice or Milli-Q control 

samples.  

 

To control for and examine the potential influence of nutrient limitation on carbon consumption 

and modification during incubations, half of all replicates received additions of inorganic 

nitrogen (NH4NO3) and phosphorus (KH2PO4) across all treatments at final concentrations of 

30 µM L-1 and 10 µM L-1, respectively; representing 10-times ambient concentrations reported 

from the surface of the GrIS (< 1 M P L-1 Hawkings et al., 2016; 1.3 M DIN L-1 Wadham 

et al., 2016).  Incubations proceeded at 3 oC in the dark for a period of 31 days, with destructive 

https://pvlighthouse.com.au/
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sampling at days 0, 3, 6, 10, 17 and 31 to assess biodegradation impacts to DOM composition 

and quantity within incubations, relative to bacterial abundance and biovolume. 

 

4.2.5.  UV-Vis spectroscopy  

Analysis of CDOM via spectroscopy can provide information regarding DOM aromaticity, 

sources and reactivity (Li and Hur, 2017). Accordingly, UV-Vis spectroscopy of the pigment 

and surface ice was conducted following both photodegradation and biodegradation steps of 

our experiment. Absorbance spectra were obtained using a Varian Cary 60 UV/Vis 

spectrophotometer (Agilent Technologies, USA) with scans run over wavelengths ranging 

from 200 – 800 nm at 2 nm intervals. Absorption data is expressed as absorption coefficients, 

calculated following: 

a () = 2.303 A()/l 

where a () is absorption coefficient (m-1), A() is the raw absorbance and l is the cuvette 

pathlength (m). Absorbance indices utilised are summarised in Table 7. Specific ultraviolet 

absorbance at 280 nm (SUVA280) is a proxy for total aromaticity as electron transition occurs 

within this absorbance region for phenolic arenes, benzoic acids, aniline derivatives, polyenes 

and polycyclic aromatic hydrocarbons with two or more rings (Uyguner and Bekbolet, 2005). 

Although SUVA indices give an indication of the relative proportion of aromatic DOM, the 

relative reactivity of these compounds cannot be  inferred (Weishaar et al., 2003). We therefore 

combined UV-Vis and fluorescence spectroscopy to provide information of composition and 

bioavailability of DOM.  

 

4.2.6.  Fluorescence spectroscopy  

A small fraction of CDOM, known as fluorescent DOM (FDOM), emits fluorescence energy 

when excited by photons at specific energies (Li and Hur, 2017). Fluorescence spectroscopy 

therefore characterises FDOM providing information on source, reactivity and composition 

(Coble et al., 2014, 1990; Coble, 1996; Aiken, 2014). To minimise the effects of temperature, 

samples were left to reach room temperature before measurements were undertaken 
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Table 7: Absorbance and fluorescence indices utilised. Adapted from Hansen et al., (2016).  

Indices Calculation Proxy Reference 

Specific ultraviolet 

absorption (SUVA) 

E.g. SUVA254, 

SUVA280, SUVA365 

(L mg-1 m-1) 

Absorption coefficient at 

given wavelength in the 

ultraviolet region 

divided by DOC 

concentration 

A higher number is 

generally associated 

with greater aromatic 

DOC content 

(Weishaar et al., 2003) 

Specific visible 

absorption (SVA) 

E.g. SVA440 

(L mg-1 m-1) 

Absorption coefficient at 

440 nm divided by DOC 

concentration 

A higher number is 

generally associated 

with greater aromatic 

DOC content 

(Chin, Alken and 

O’Loughlin, 1994) 

Absorption coefficient 

at 440 nm (A440) 

(m-1) 

Absorption coefficient at 

440 nm 

Indicates the colour and 

is therefore a proxy for 

concentration of humic 

acid 

(Fasching et al., 2014) 

Spectral slope 300-

700 nm (S300-700) (nm-1) 

Spectral slope within 

log-transformed spectra 

between 300 and 700 

nm 

Generally a higher value 

indicates LMW and/or 

decreasing aromaticity 

(Helms et al., 2008) 

Humification index 

(HIX) 

The area under the 

emission spectra 435- 

480 nm divided by the 

peak area 300-345 nm + 

435 – 480 nm, at 

excitation wavelength 

254 nm 

Gives an indication of 

the degree of 

humification. Higher 

values indicate an 

increasing degree of 

humification 

(Ohno, 2002) 

Fluorescence index 

(FI) 

The ratio of emission 

wavelengths at 470 nm 

and 520 nm, obtained at 

an excitation wavelength 

of 370 nm 

Identified the relative 

contribution of 

terrestrial and microbial 

sources to the DOM 

pool. Increasing values 

suggests a microbial 

source 

(McKnight et al., 2001) 
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Table 8: Summary of commonly identified fluorescence peaks of aquatic DOM adapted from Fellman, 

Hood and Spencer, (2010). Peaks were originally identified in (Coble et al., 1990, 2014; Coble, 1996; 

Coble, Del Castillo and Avril, 1998; Murphy et al., 2008).   

 HMW= high molecular weight; LMW= low molecular weight.  

 

Fluorescence scans were conducted using a Varian Cary Eclipse Fluorescence 

Spectrophotometer (Agilent Technologies, USA) scanning over excitation wavelengths 250 – 

450 nm at 5 nm intervals and 300 – 600 nm emission wavelengths at 2 nm intervals. Excitation- 

Emission Matrices (EEMs) were processed using the StaRdom package (Pucher et al., 2019) 

in R (R Development Core Team, 2019). EEMs were blank corrected using EEMs from daily 

Milli-Q scans, corrected for inner-filter effects using absorbance scans and Raman normalised. 

Fluorescence indices derived from EEMs are summarised in Table 7. The fluorescence 

intensity of commonly identified peaks in natural waters, summarised in Table 8, was identified 

in sample EEMs.  

Peak 

name 

Excitation and 

emission maxima (nm) 
Associated component Possible sources 

B 

ex 270 - 275, 

em 304 - 312 

Tyrosine-like (proteinaceous) 

Terrestrial, 

autochthonous 

production, microbial 

processing 

T 

ex 270 - 280, 

em 330 - 368 

Tryptophan-like (proteinaceous) 

Terrestrial, 

autochthonous 

production, microbial 

processing 

M 

ex 290 - 325, 

em 370 - 430 

UVA humic-like. LMW, common in 

marine environments and associated with 

biological activity 

Terrestrial, 

autochthonous 

production, microbial 

processing 

A 

ex < 260, 

em 448 - 480 

UVC humic-like. Often HMW and 

aromatic 
Terrestrial 

C 

ex 320 - 360, 

em 420 - 460 

UVC humic-like. Often HMW and 

aromatic 
Terrestrial 
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4.2.7.  Dissolved organic matter concentration  

DOM is comprised of organic compounds which are 50 % carbon by mass, therefore DOM 

concentration is regularly measured as DOC (Cory, Boyer and McKnight, 2011). DOM 

concentration was measured following photodegradation and biodegradation steps to 

determine the influence of these processes on the total quantity of carbon available. Samples 

were filtered through a pre-flushed (3 times with 10 mL of Milli-Q) 0.22 µm polyethersulfone 

(PES) syringe filter (Whatman, England) into acid washed 30 mL HDPE Nalgene bottles and 

frozen until analysis. Dissolved organic carbon (DOC) concentrations were quantified using a 

Shimadzu TOC-L Organic Carbon Analyser with a high-sensitivity catalyst. Non-purgeable 

organic carbon (NPOC) was measured following the acidification of samples with hydrochloric 

acid and catalytic combustion (680 oC) of DOC to carbon dioxide, which is subsequently 

measured by infrared absorption. The limit of detection (LoD) was 40 µg L-1 with a precision 

of ± 3 % and an accuracy of ± 2 % as defined by the comparison of a gravimetrically diluted 

500 mg L-1 TOC certified stock standard to a concentration of 500 µg L-1 (Sigma TraceCERT). 

Procedural blanks were analysed alongside samples to monitor for any contamination which 

may have been introduced at any stage during the incubation and processing procedures. The 

DOC concentration decreased by ~ 24 % in the control (Milli-Q inoculated with bacteria) and 

DOC concentrations in the pigment and surface ice were therefore normalised against the 

control. The percent of biodegradable or bioavailable DOC (%BDOC) was calculated as the 

difference in DOC concentration at the start and end of the 31 day biodegradation incubation 

period (Fasching et al., 2014).  

 

4.2.8.  Bacterial enumeration and biomass  

Bacterial enumeration was conducted at 0, 6, 17 and 31 days from 300 µL of sample (n = 3) 

by epifluorescence microscopy following staining with 4’, 6-diamidino-2-phenylindole (DAPI, 

Sigma) at a final concentration of 10 g mL-1 (Porter and Feig, 1980). The staining, filtering 

and mounting procedure was conducted as outlined by Bradley et al. (2016). Bacterial cells 

were counted using a Leica DM 2000 epifluorescence microscope at 1000x magnification with 

attached MC120 HD microscope camera (Leica, Germany). A minimum of 300 cells or 30 

randomly selected grids (each 104 m2) were counted. Abundance in the pigment and surface 

ice was normalised to the control (Milli-Q inoculated with bacteria).  
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Imaging for the estimation of cell volumes was performed in parallel and measurements of cell 

diameter and height made using ImageJ software. Cell volumes were calculated as: 

 V = (w2 * π/4) * (l - w) + (π * w3/6), 

where V (μm3) is the cell volume, and w and l are cell width and length (in μm) (Fasching et 

al., 2014). Estimated cell volumes were converted to individual cell carbon content according 

to Bratbak and Dundas (1984). Microbial biomass was then calculated as the product of 

bacterial abundance and the individual cell carbon content for each sample. Bacterial growth 

efficiency (BGE) is an indicator of the use of DOM for bacterial growth and gives an indication 

of the flow of carbon through the bacterial biomass (Del Giorgio and Cole, 1998; Anesio et al., 

2005). BGE was estimated as the change in biomass divided by the change in DOC 

concentration (assumed to represent the DOC incorporated into the bacterial biomass plus 

respiration) over the 31-day incubation period. This assumes carbon incorporated into the 

bacterial biomass was not utilised for respiration.  

 

4.2.9.  Data analysis  

All statistical analyses and plotting of data were performed using R v.3.4.1 (R Core Team, 

2019). Prior to parametric analysis of datasets, Shapiro-Wilks Test combined with 

interrogation of frequency histograms was used to determine normality. Three-way analysis of 

variance (ANOVA) with the fixed factors of carbon source (i.e. pigment or surface ice; 2 

levels); light (4 levels) and degradation type (i.e. photodegradation or biodegradation; 2 levels) 

was used to determine significant differences in the absorbance and fluorescence indices. 

Principal Component Analysis (PCA) was also used to summarise normalised and centred 

absorbance and fluorescence indices utilising the ‘factoextra’ R package (Kassambara, 2020). 

Differences within DOC concentration and bacterial abundance were described using a three-

way ANOVA with the fixed factors of ‘time’ (4 levels), ‘light’ (4 levels), nutrients (i.e. normal 

or +nutrients; 2 levels) for the pigment and surface ice.  
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4.3. RESULTS  

4.3.1.  DOM composition  

4.3.1.1. UV-Vis absorbance properties  

Glacier algal pigment DOM that was not exposed to radiation (DARK) displayed two 

prominent peaks in absorption at 285nm and 304nm as well as a secondary peak at 385nm (Figure 

25). These peaks were also evident in pigment exposed to PAR and UV+PAR, which exhibited 

spectra highly comparable to DARK. In contrast, UV-irradiated pigment revealed marked 

differences in absorption with a conspicuous depression in the peaks at 285nm and 304nm and 

10 % greater absorption at 250nm and between 325 - 600nm. This was reflected in average specific 

UV absorbance (SUVA) indices (Table 9) for UV-irradiated pigment which were 0.9 L m-1 

mg-1 lower than DARK for SUVA280 and between 0.8 - 1.0 L m-1 mg-1 higher for SUVA254 and 

SUVA365. For all light treatments, absorption decreased with increasing wavelength across 

visible wavelengths (400 – 700 nm). Average absorption at 440 nm (A440) was 16.9 ± 0.7 m-1 

in DARK and did not differ significantly across light treatments.  

 

The inoculation of DARK pigment with bacteria (biodegradation) resulted in pronounced 

differences in the absorbance spectra. For example, a conspicuous 33 % depression was evident 

in the peaks at 285nm and 304nm and the peak at 385nm was absent. In addition, a secondary 

peak at 330nm developed which was not evident in the initial DARK spectra. SUVA254 and 

SUVA365 indices were significantly higher following biodegradation whereas SUVA280 was 

significantly lower (F3,32 = 21.8, p < 0.001; F3,32 = 20.0, p < 0.001; F3,32 = 36.3, p < 0.001 

respectively). Spectral differences across light treatments were also apparent following 

biodegradation with the largest deviations in absorption occurring within UV wavelengths (200 

– 400 nm). In particular, UV-irradiated pigment retained the greatest absorption at 285nm and 

304nm therefore SUVA280 for this treatment was significantly larger than DARK (F3,32 = 1.7, p 

< 0.01). All light treatments exhibited an ~ 20 % increase in A440 following biodegradation.  
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Figure 25: Average absorbance spectra across light treatments for the pigment and surface ice after 
exposure to light regimes (photodegradation) and following 31 days incubation with bacteria 

(biodegradation) (n=3). Dashed lines indicate the wavelengths at which specific UV absorbance 

(SUVA) was calculated (254 nm, 280 nm, 365 nm) and the absorbance at 440 nm (A440). 
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Table 9: Specific UV absorbance values (L m -1 mg-1) at 254 nm (SUVA254), 280 nm (SUVA280) and 

365 nm (SUVA365) following photodegradation (Photo) and biodegradation (Bio) for the pigment 

and surface ice (mean ± SE, n=3). Highlighted values reflect trends on the absorbance spectra outlined 

previously. No significant differences were identified across light treatments per degradation type 

(i.e. photodegradation or biodegradation) per carbon source (pigment or surface ice), apart from 
SUVA280 indices for pigment. Letters to denote homogenous subsets (lower case) are only displayed 

for this exception. Upper case letter denote significant differences between photodegradation and 

biodegradation per light treatment per carbon source.  

 

DARK surface ice DOM exhibited absorption on average ~ 4 times greater than the DARK 

pigment DOM (Figure 25); however, distinct similarities in absorption were evident, 

particularly the corresponding peaks at 285nm, 304nm and 385nm. The average A440 was 62.6 ± 

2.4 m-1 which was 3 times larger than the DARK pigment. Photodegraded surface ice exhibited 

spectral differences, with the most striking disparities in the UV and PAR treatments. In 

particular, surface ice exposed to UV radiation exhibited ~ 5 % less absorption at 304nm and 

an average SUVA280 1.1 L m-1 mg-1 lower than DARK (Table 9). Equally, PAR-irradiated 

surface ice exhibited lower absorption at 250nm and 350 - 370nm and subsequently the average 

SUVA254 was 5 % lower than DARK.   

 

The biodegraded DARK surface ice absorption spectra exhibited similar trends to the pigment 

with a ~ 20 % depression in peaks at 285nm and 304nm; however, retained more defined peaks 

DOM 

source  

Light 

treatment 

SUVA254 SUVA280 SUVA365 

Photo Bio Photo Bio Photo Bio 

Pigment 

UV  9.8 ± 0.2A 12.5 ± 0.7 A 12.9 ± 0.2A a 14.2 ± 0.7 A 7.7 ± 0.1A 8.6 ± 0.7B 

PAR  9.2 ± 0.1A 13.4 ± 0.4 A 13.8 ± 0.1A ac13.4 ± 0.3 A 7.0 ± 0.1A 9.2 ± 0.5B 

UV + 

PAR 
 9.1 ± 0.3A 10.9 ± 0.3A 13.7 ± 0.3A bc11.0 ± 0.1B 6.8 ± 0.4A 7.4 ± 0.3B 

Dark  9.0 ± 0.2A 12.9 ± 0.4 A 13.8 ± 0.2A c11.7 ± 0.1B 6.7 ± 0.2A 8.9 ± 0.6B 

Surface 

ice 

UV 9.0 ± 0.4A 13.2 ± 0.2B 12.9 ± 0.6A 14.5 ± 0.3A 7.4 ± 0.5A 10.5 ± 0.3A 

PAR 8.1 ± 0.6A 12.8 ± 0.3B 13.7 ± 0.6A 14.4 ± 0.3A 6.4 ± 0.7A 10.7 ± 0.3B 

UV + 

PAR 
8.7 ± 0.1A 13.3 ± 0.4B 13.6 ± 0.1A 13.3 ± 0.2A 7.0 ± 0.2A 11.1 ± 0.4A 

Dark 8.4 ± 0.2A 14.1 ± 0.1B 13.8 ± 0.2A 14.8 ± 0.8A 6.8 ± 0.2A 11.2 ± 0.3A 



 

 104 

at these wavelengths compared to the DARK pigment. In addition, a much more pronounced 

secondary peak at 330nm was visible in the DARK surface ice. Although SUVA254 in the DARK 

treatment increased significantly by 65 % following biodegradation (F3,32 = 21.8, p < 0.001), 

the other SUVA indices were not significantly different. Deviations in the spectra across light 

treatments is largely confined between 200 – 350nm, with UV exhibiting the largest absorption 

over these wavelengths and UV and UV+PAR the lowest. Absorbance across visible 

wavelengths was highly consistent across light treatments and a ~ 20 % increase A440 was 

evident following biodegradation.  

 

4.3.1.2. Fluorescence properties  

Peaks commonly identified in the fluorescence spectra of natural waters (B, T, M, A, C) (Coble, 

1996; Coble et al., 2014) were all present in the DARK pigment treatment (Figure 26). We 

observed an approximate 50:50 ratio between peaks associated with fluorophores in 

proteinaceous (B and T) and humic-like (A, C and M) DOM in the DARK treatment. Following 

photodegradation of the pigment, the relative intensity of all peaks was comparable with 

DARK and only a slight increase in peak A was observed in the PAR treatment. Biodegradation 

was observed to alter the fluorescence signature of the pigment with humic-like fluorescence 

increasing by almost 25 % in the DARK treatment. UV and UV+PAR-irradiated pigment 

resulted in very little difference in fluorescence intensities compared to DARK. Only the PAR 

treatment exhibited noticeable changes with ~ 10 % greater fluorescence of peak B and a 

similar decrease in peak A compared to DARK.  

 

In contrast to the pigment, DARK surface ice was dominated by fluorescence associated with 

humic-like DOM (> 75 %) consisting predominantly of peaks A and C. Following 

photodegradation, the relative intensity of peaks deviated between light treatments. For 

example, the fluorescence intensities of humic-like peaks (A and C) was ~ 12 % lower in the 

UV treatment compared to DARK. In addition, PAR and UV+PAR exposed surface ice did not 

contain peak T fluorescence but exhibited almost double the fluorescence associated with peak 

M. The biodegradation of surface ice resulted in an ~ 10 % increase in fluorescence associated 

with humic-like DOM in the DARK treatment. Reductions in proteinaceous fluorescence in 

DARK was particularly evident for peak B which was almost undetectable following 
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biodegradation (Figure 27). Overall, PAR and UV treatments retained the largest proportion of 

proteinaceous peaks, predominantly due to increased fluorescence of peak T and M.  

 

  

Figure 26: The mean relative fluorescence intensity (R.U.) associated with commonly identified peaks 
(B, T, M, A and C) in the fluorescence spectra of natural waters (Coble, 1996; Coble et al., 2014) 

(n=3). Peaks B and T are often associated with protein 
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Figure 27: Excitation-emission matrices (EEMs) for the DARK pigment and surface ice before and 

after biodegradation. Peaks identified are those typically identified in natural water fluorescence 

spectra (Coble, 1996; Coble et al., 2014). Peaks A and C are generally associated with fluorophores 

in humic-like DOM whereas peaks B and T are associated with proteinaceous DOM.  

 

The average degree of humification (HIX) across all light treatments in the pigment was 0.51 

± 0.01 which was significantly lower than the surface ice average HIX of 0.57 ± 0.11 (F1,32 = 

46.8, p < 0.001). Following photodegradation, HIX was not significantly different across light 

treatments for either pigment or surface ice (Figure 28). However, HIX increased significantly 

by 29 % and 12 % in the pigment and surface ice respectively following biodegradation 

(pigment: F1,32 = 46.8, p < 0.001; surface ice F1,32 = 46.8, p < 0.01). The average fluorescence 

index (FI) was not significantly different between the pigment (0.51 ± 0.15) and surface ice 
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(0.57 ± 0.11). Following biodegradation, FI of the pigment increased significantly (F1,32 = 3.5, 

p < 0.05) whereas surface ice FI remained relatively constant.  

 

Principal component analysis (PCA) was utilised to summarise all absorbance and fluorescence 

indices and to elucidate underlying trends of the dataset (Figure 29). PC1 described 43 % of 

the variance in the data and shows strong positive loadings for parameters associated with high 

molecular weight, aromatic compounds (peak M fluorescence intensity, SUVA365 and peak A 

intensity; Table 10). PC2 accounted for 23 % of the variance and represented Specific visible 

absorbance at 440 (SVA440), spectral slope between 300 - 700 nm (S300-700) and SUVA254. 

There were no significant differences in PC1 or PC2 between light treatments; however, carbon 

source (i.e. pigment or surface ice) and type of degradation (i.e. photodegradation or 

biodegradation) were found to be significant drivers of change in PC1 (F1,46 = 31.8, p < 0.001; 

F1,46 = 35.6, p < 0.001 respectively) and PC2 (F1,46 = 48.7, p < 0.001; F1,46 = 18.9, p < 0.001 

respectively).  

Figure 28: Humification index (HIX) against the fluorescence index (FI) for pigment and surface 
ice after photodegradation (red) and after biodegradation (blue) across all light treatments.  

Increasing HIX indicates the presence of more humic compounds. Low FI has been associated with 

terrestrially derived DOM and high FI with microbial DOM.   
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 Carbon source Light Degradation type 

PC1 

   

PC2 

   

Figure 29: Principle component analysis (PCA) of the absorbance and fluorescence for photodegraded 

(yellow) or biodegraded (green) DOM. Points representing pigment DOM are circled in red and the 
remaining points represent surface ice DOM. PC1 accounts for 43 % and PC2 accounts for 23 % of 

the variability in the dataset. Absorbance indices include SUVA254, SUVA280, SUVA365, A440, 

spectral slope between 300 – 700 nm (S300_700) and fluorescence indices include fluorescence 

intensity of peaks B, T, M, A, C, humification index (HIX) and fluorescence index (FI).  
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Table 10: Component loadings of PCA analysis of absorbance and fluorescence indices . The largest 

component loading is highlighted in grey. Absorbance indices include SUVA254, SUVA280, 

SUVA365, A440, spectral slope between 300 – 700 nm (S300_700) and fluorescence indices include 

fluorescence intensity of peaks B, T, M, A, C, humification index (HIX) and fluorescence index (FI).  

 

  

 PC1 PC2 PC3 

Proportion of 

variance 
42.7 % 22.7 % 10.1 % 

Cumulative 

proportion 
42.7 % 65.4 % 75.5 % 

 

Component loadings 

   

B -0.12 -0.26 0.28 

T 0.10 0.03 0.63 

M 0.39 -0.07 0.07 

A 0.35 -0.31 -0.04 

C 0.33 -0.34 -0.01 

FI -0.04 0.20 -0.51 

HIX 0.33 -0.13 -0.45 

S300-700 -0.24 -0.39 -0.09 

SUVA254 0.31 0.36 0.05 

SUVA280 0.12 -0.25 0.18 

SUVA365 0.37 0.22 0.09 

SVA440 0.28 0.40 0.07 

A440 0.33 -0.34 -0.07 
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4.3.2.  DOC quantity  

Average dissolved organic carbon (DOC) concentration of the DARK pigment was 2.5 ± 0.04 

mg L-1 and photodegradation did not significantly alter concentrations in the UV, PAR or 

UV+PAR treatments. During the 31-days of biodegradation, DOC concentrations in the DARK 

treatment exhibited high levels of variability and by the end of the incubation period had 

decreased by ~ 0.25 mg L-1, but this was not significant (Figure 30). Concentrations across 

light treatments were equally variable decreasing by ~ 1 mg L-1 over 31 days; however, were 

not significantly different from DARK. The percent of biodegradable DOC (%BDOC) was ~ 

20 % and was not significantly different between UV and PAR exposed and DARK pigment 

(Table 11). The addition of nutrients (+Nutrients) to incubations did not affect the DOC 

concentration across any of the light treatments; however, overall %BDOC in +Nutrients was 

significantly higher than the normal incubations (F1,61 = 8.7, p < 0.01).  

 

The average DOC concentration (19.1 ± 0.03 mg L-1) in the DARK surface ice was ~ 8 times 

greater than in the pigment and no significant change in concentration was found across light 

treatments following photodegradation. Nevertheless, DOC concentrations did decrease 

significantly during biodegradation incubations across all light treatments (F5,212 = 432, p < 

Figure 30: Dissolved organic carbon (DOC) concentration (mg L -1) during the 31-day biodegradation 

period in the normal and nutrient addition (+Nutrients) incubations for the pigment and surface ice 

(mean ± SE, n = 5). 
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0.001). DOC concentrations in DARK were significantly lower than in other light treatments 

at 6 days (F3,36 = 41.4, p < 0.01 for all) and 10 days (F3,36 = 32.9, p < 0.001 for all). The UV, 

PAR and UV+PAR treatments followed similar trajectories during the incubation period; 

however, only the DOC concentration in the UV treatment was significantly higher than in 

DARK at 31 days (F3,36 = 4.7, p < 0.01). The BDOC of surface ice was ~ 30 % and was 

significantly higher than the pigment (F1,61 = 839, p < 0.001); however, there was no significant 

difference across light treatments. The DOC concentration in the normal treatment was not 

significantly different from the +Nutrients treatments following biodegradation.  

 

4.3.3.  Bacterial abundance and growth efficiency  

Bacterial abundance in pigment did not increase significantly over the 31-day incubation period 

across any of the light treatments (Figure 31). Indeed, when normalised against the change in 

Table 11: Bioavailable DOC (BDOC; %) and bacterial growth efficiency (BGE; %) for the pigment and 

surface ice across light treatments and in the normal and +nutrient treatments (mean ± SE, n=5 for BDOC 

and n=3 for BGE). Significant differences were only found in %BDOC for pigment across light treatments 

per nutrient treatment (i.e. normal or +Nutrients) denoted lower case letters and between nutrient treatments 

per carbon source, denoted by upper case letters. 

Carbon 

source 
Light 

BDOC (%) BGE (%) 

Normal + Nutrients Normal + Nutrients 

Pigment 

UV a 21 ± 8.1 A ab 27 ± 6.0 A 2.9 ± 3.7 7.9 ± 4.1 

PAR a 21 ± 4.2 A a 6.4 ± 17 A 1.9 ± 1.4 3.1 ± 1.1 

UV+PAR b 0 A ab 28 ± 3.0 B 7.8 ± 2.7 2.4 ± 1.4 

DARK ab 9.3 ± 6.2 A b 39 ± 8.6 B 0.1 ± 1.3 3.4 ± 2.5 

Surface 

ice 

UV 27 ± 0.9 32 ± 1.8 2.3 ± 0.8 4.1 ± 1.2 

PAR 33 ± 1.2 30 ± 2.3 11 ± 0.6 5.8 ± 2.8 

UV+PAR 31 ± 2.3 31 ± 2.0 7.0 ± 2.3 13 ± 7.2 

DARK 33 ± 2.5 35 ± 3.5 6.7 ± 2.5 3.5 ± 0.6 
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bacterial abundance in the Milli-Q control, abundance actually decreased in the PAR, 

UV+PAR and DARK treatments during the incubation period. In the +Nutrients treatment, 

abundance increased in the UV, PAR and DARK treatments to 0.7 ± 0.2 x106 cells mL-1; 

however, this was not significant. Average bacterial growth efficiency (BGE) for all pigment 

treatments was < 4 % and substantial variability was observed across light and nutrient 

treatments (Table 11).  

 

In contrast to the pigment, bacterial abundance across all surface ice treatments increased 

significantly between 3 and 9-fold during the incubation period (F3,61 = 18.4, p < 0.001). At 17 

days, the largest increases were observed in the UV and UV+PAR treatments which supported 

an abundance of 2.0 ± 1.1 x106 cells mL-1 and 1.7 ± 0.3 x106 cells mL-1 respectively. Rapid 

growth in PAR-irradiated surface ice was observed in the final 14 days and as such the final 

abundance of 9.0 ± 1.7 x106 cells mL-1 was significantly larger than DARK (F3,61 = 2.2, p < 

0.05). Average abundance at the end of biodegradation across all light treatments was 4.7 ± 1.5 

x106 cells mL-1 and was not significantly different in the +Nutrients treatment. Average BGE 

in the surface ice was 6.7 ± 1.3 % which was significantly higher than the pigment (F1,31 = 4.7, 

p < 0.05). However, BGE was not significantly different across light or nutrient treatments 

(Table 11).  

Figure 31: Bacterial abundance in pigment and surface ice coloured by light treatment across the 

nutrient and nutrient addition (+Nutrients) incubations (mean ± SE, n = 3)  
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4.4. DISCUSSION  

Active microbial communities store and transform carbon across the Greenland Ice Sheet 

(GrIS) supraglacial environment. Glacier algae residing within the surface ice contain a dark 

coloured photoprotective pigment, which comprises a large proportion of the cell (~ 4 % of the 

dry weight) (Williamson et al., 2020; Remias et al., 2012b), and may thus represent a vast 

source of carbon. Glacier algae are responsible for the majority of carbon fixation within the 

surface ice (Williamson et al., 2018; Yallop et al., 2012), which is an essential autochthonous 

carbon source for heterotrophic bacterial communities (Nicholes et al., 2019; Yallop et al., 

2012). Despite the surface ice receiving extremely high levels of irradiation, the role of 

photodegradation on carbon flows was yet to be constrained. This study assessed responses in 

the composition and quantity of glacier algae secondary pigment and surface ice DOM sources 

following exposure to UV, PAR, UV+PAR (photodegradation) and subsequent incubation with 

bacterial communities isolated from the ambient environment (biodegradation). Our results 

indicate that the composition of algal pigment and surface ice DOM is altered following 

exposure to radiation, but that the quantity of DOC remains constant. Biodegradation caused 

the greatest changes to DOM composition and DOC quantity, particularly for surface ice DOM 

sources.   

 

4.4.1.  Glacier algal phenolic p igment  

The secondary phenolic pigment extracted from glacier algae exhibited absorbance that was 

highly comparable with previous characterisations of this substance, displaying strong 

absorption particularly over UV-A and UV-B wavelengths, which decreased across the visible 

spectrum (Williamson et al., 2020; Remias et al., 2012b). Peaks in absorption observed at 

285nm, 304nm and 385nm likely reflect different moieties within the pigment structure 

(Williamson et al., 2020; Remias et al., 2012b). For example, peaks at 304nm and 389nm have 

previously been identified as purpurogallin carboxylic acid-6-O--D-glucopyranoside 

(C18H18O12), which is formed from the chemical oxidation of gallic acid or from a mixture of 

gallic acid and pyrogallol (Remias et al., 2012b; Polewski, Kniat and Sławińska, 2002). 

Equally, a peak at 278nm is thought to be gallic acid glycoside and may represent an important 

biosynthetic precursor to purpurogallin carboxylic acid (Remias et al., 2012b). Given the 

similarity in absorption peaks, it is likely these compounds are also present in the pigment 
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utilised for this experiment. The chemical composition and absorption of pigment likely 

reflects its primary role of protecting chloroplasts from damaging UV and high energy blue 

visible radiation, while transmitting longer, less damaging wavelengths for photosynthesis 

(Williamson et al., 2020).  

 

We observed structural changes to light-sensitive (chromophoric) regions of the glacier algal 

pigment following exposure to UV radiation; however, the quantity and bioavailability of 

compounds remained consistent across light treatments. UV-irradiated pigment exhibited a 

depression in absorption associated with purpurogallin carboxylic acid and gallic acid 

glycoside, suggesting that these compounds were subject to photodegradation. Ward and Cory 

(2016) highlighted that carboxylic acids in Arctic algal mats and permafrost were highly 

susceptible to photodegradation and form a variety of hydrocarbons. The concomitant increase 

in SUVA254 and SUVA365 may indicate the transformation into aromatic compounds, which 

absorb at 254nm and 365nm (Weishaar et al., 2003; Uyguner and Bekbolet, 2005). Alternatively, 

UV radiation may preferentially degrade aliphatic, low molecular weight (LMW) DOM 

resulting in a greater proportion of aromatic DOM (Ward and Cory, 2016). This is common in 

other aquatic environments and results in UV radiation effectively reducing the availability of 

LMW DOM sources to heterotrophic communities (Amado et al., 2015; Ward and Cory, 2016). 

Despite compositional changes to pigment DOM following UV exposure, bulk DOM quantity 

remained constant across light treatments. Photosensitive DOM (i.e. CDOM) accounts for only 

a fraction of the total DOM pool (Fleck et al., 2014), therefore structural alterations can occur 

without altering the bulk DOM quantity (Cory, Boyer and McKnight, 2011; Spencer et al., 

2007). Given that pigment DOM fluorescence also remained consistent across light treatments, 

our data are consistent with variation in pigment DOM composition but not quantity following 

exposure to potential photodegradation.  

 

Biodegradation incubations revealed that certain components of glacier algal pigment may be 

transformed by the heterotrophic bacterial community. Consistent with previous studies, 

SUVA254 and SUVA365 increased across incubations, concomitant with decreasing 

contributions of proteinaceous fluorescence and suggestive of preferential consumption of 

LMW aliphatic DOM by bacterial communities (Hansen et al., 2016; Antony et al., 2018; 

Kirchman, 2003). Most notably, reduced absorption associated with purpurogallin carboxylic 



 

 115 

acid and gallic acid glycoside indicates that these compounds may comprise a proportion of 

the bioavailable substrates consumed by the bacterial community. Carboxylic acids have been 

observed to be readily assimilated into bacterial biomass, thus these compounds are considered 

largely bioavailable (Bertilsson and Tranvik, 1998). Interestingly, irradiated pigment retained 

greater purpurogallin carboxylic acid and gallic acid glycoside absorption compared to DARK 

treatments, highlighting that UV and PAR exposure either reduces the bioavailability of these 

compounds or produces more bioavailable compounds that are preferentially consumed 

(Amado et al., 2015; Lindell, Granéli and Tranvik, 1995; Zepp and Moran, 1997). The 

humificiation (HIX) of pigment and the dominance of peak M indicated the production of 

LMW, humic DOM that is widely attributed to biological activity (Coble, 1996; Murphy et al., 

2008). This is corroborated by the increased FI following biodegradation confirming a greater 

dominance of DOM of a microbial origin (McKnight et al., 2001). Overall, biodegradation 

incubations revealed the potential for bacterial communities to transform a small proportion of 

bioavailable carbon (~ 10 %) sourced from glacier algal secondary pigment and demonstrated 

that UV degradation may influence which DOM components are degraded.   

 

Despite the marked changes in DOM composition following biodegradation, our results 

indicated that only ~ 3 % of carbon was incorporated into bacterial biomass and bacterial 

abundance thus remained relatively constant across all light treatments. This suggests that 

glacier algal pigment may be a low-quality carbon substrate for surface ice bacterial 

communities and the overall quality of carbon was not changed by photodegradation. We 

provide two explanations for this, both related to the polyphenolic nature of purpurogallin 

carboxylic acid and gallic acid glycoside (Figure 32). Polyphenols represent a variety of 

chemical substances found in algae and higher plants that have a range of ecological and 

physiological functions (Cannell, Farmer and Walker, 1988; Bhat, Singh and Sharma, 1998). 

Notably, polyphenols have antimicrobial properties and play an essential role in protecting 

cells against bacterial and fungal pathogens (Cannell, Farmer and Walker, 1988; Scalbert, 

1991; Nguyen et al., 2013; Lima et al., 2016). A range of bacterial species are susceptible to 

polyphenol inhibition (Taguri, Tanaka and Kouno, 2006; Scalbert, 1991) and we propose that 

the majority of the surface ice bacterial community are affected. Despite this, compositional 

changes to DOM outlined previously may suggest that some resistant species reside within the 

surface ice environment. Bacterial degradation or modification of polyphenols, as observed in 

our incubations, has been highlighted as an important mechanism for overcoming inhibition, 
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such as the ability of Achromobacter sp. to grow in a gallotannin media (Scalbert, 1991; Bhat, 

Singh and Sharma, 1998; Smith, Zoetendal and Mackie, 2005). It is possible that the inhibition 

of the majority of the bacterial community by the polyphenolic nature of pigment may have 

resulted in low bacterial growth efficiency. 

 

Figure 32: The chemical structure of purpurogallin carboxylic acid-6-O-ß-D-glucopyranoside 

(C18H18O12) as identified by nuclear magnetic resonance (Remias et al., 2012). This a polyphenolic 

compound due to presence of three phenolic hydroxyl groups (OH).  

 

In addition to the potential inhibition of bacteria by antimicrobial properties of glacier algal 

phenolic pigment, nutrient limitation may have also restricted bacterial growth. Nitrogen and 

phosphorus are essential macronutrients obtained by bacteria from both inorganic and organic 

sources (Sigee, 2004; Dodds, 2010). Organic sources include proteins, nucleic acids and amino 

acids, which are actively and passively released from cells via extrapolymeric substances and 

cell lysis (Sigee, 2004). Both purpurogallin carboxylic acid and gallic acid glycoside do not 

contain nitrogen or phosphorus and hence are easily synthesised in high light, low nitrogen 

environments, such as supraglacial surface ice (Remias, Holzinger and Lütz, 2009; Remias et 

al., 2012b). Accordingly, organic nutrient sources were likely very limited in the pigment 

incubations, potentially restricting bacterial activity, driving utilisation of ~ 20 % of carbon. In 

contrast, incubations spiked with nitrogen and phosphorus (+Nutrients) exhibited much greater 

bacterial growth and a ~ 10 % increased BDOC, thus additional nutrients likely facilitated a 

greater exploitation of carbon sources.  

 

Although glacier algal secondary pigment could represent a substantial carbon source within 

the surface ice during bloom events, the mechanism of pigment release remains unconstrained. 

Given the metabolic cost of producing this secondary pigment and its essential role protecting 
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the cell from photodamage, it is unlikely to be actively excreted by glacier algae. Alternative 

mechanisms of release may include passive leakage or lysis of cells due to natural senescence 

or viral/fungal attack (Zlotnik and Dubinsky, 1989; Sigee, 2004; Dodds, 2010); however, the 

degree of leakage and mortality rate of glacier algae remains unconstrained. Overall, 

biodegradation incubations revealed that glacier algal phenolic pigment is largely unavailable 

to heterotrophic bacterial communities from the surface ice of the GrIS. Despite this, algal 

pigment may represent a viable carbon source for Archaea or fungi within the surface ice 

community and further investigation is therefore required to reveal the fate of this carbon 

source.  

 

4.4.2.  Surface ice DOM 

To the best of our knowledge, this is the first spectroscopic characterisation of surface ice DOM 

from the Dark Zone of the Greenland Ice Sheet. Our results highlight remarkable similarities 

in absorption characteristics between surface ice and pigment DOM indicating the presence of 

purpurogallin carboxylic acid and gallic acid glycoside in surface ice. This may be a result of 

natural glacier algal cell lysis; however, we also acknowledge that algal cells may have lysed 

during experimental set up, releasing pigment and thus further in situ investigations are 

required to clarify whether this is representative. Despite this, purpurogallin carboxylic acid 

and gallic acid glycoside were some of the most strongly light absorbing compounds, therefore 

the release of even small concentrations of pigment to the ambient environment could 

substantially alter the optical properties of surface meltwater. Surface ice DOM exhibited 

predominantly humic-like fluorescence dominated by peaks A and C; both of which are often 

associated with the presence of HMW, aromatic DOM of terrestrial plant or soil origin 

(Fellman, Hood and Spencer, 2010; Coble, 1996; Coble et al., 1990). This is surprising given 

the high levels of primary production by glacier algae reported from the surface ice 

(Williamson et al., 2018; Yallop et al., 2012) and the relatively low input of carbon from 

allochthonous sources in our sampling region on the GrIS (Stibal, Šabacká and Žárský, 2012). 

However, peaks A and C have also been observed following bacterial degradation of 

autochthonous DOM (Stedmon and Markager, 2005) and it is therefore possible that surface 

ice DOM had already undergone a degree of biodegradation prior to sampling. Equally, the 

formation of humic-like DOM following photodegradation of algal-derived DOM is widely 

reported (Tranvik and Kokalj, 1998; Stefan et al., 2000; Amado et al., 2015). Carbon 
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transformation and cycling within the surface ice is thus highly dynamic, with rapid production 

and consumption of bioavailable compounds via biotic and abiotic processes.  

 

The exposure of surface ice to UV and PAR radiation resulted in a number of compositional 

changes to DOM. Purpurogallin carboxylic acid and gallic acid glycoside were susceptible to 

degradation on exposure to UV radiation and responsible for the major shifts in absorption and 

SUVA indices. An increased proteinaceous signature dominated by peak B in UV-irradiated 

surface ice indicated that UV radiation degraded high molecular weight (HMW) humic DOM 

into smaller, more bioavailable compounds. This is widely reported from other high-light 

aquatic environments and was found to stimulate bacterial production and growth (Amado et 

al., 2015; Lindell, Granéli and Tranvik, 1995; Zepp and Moran, 1997; Anesio et al., 2005). 

Along with UV radiation, PAR was also found to alter the chemical structure of surface ice 

DOM, with decreased SUVA254 and SUVA365 representing a lower proportion of aromatic 

DOM compared to DARK treatment samples. A greater proportion of humic- like fluorescence, 

characterised by a lack of peak T and a dominant peak M, in PAR- and UV+PAR- irradiated 

surface ice suggested that proteinaceous DOM is converted to LMW, humic-like DOM by 

PAR. It is likely that in the UV+PAR treatment, these opposing processes (the degradation and 

formation of humic-like DOM) are occurring simultaneously, with formation driven by PAR 

representing the dominant process. This contrasts with the findings of Antony et al., (2018); 

however, may simply represent the difference in DOM composition between surface ice of the 

GrIS and snow in Antarctica. Although DOC concentrations were consistent across light 

treatments, we have demonstrated that surface ice DOM undergoes structural and 

compositional changes following exposure to UV and PAR.  

 

Biodegradation incubations revealed that the heterotrophic bacteria community was able to 

extensively rework surface ice DOM. The DARK surface ice exhibited increased SUVA 

indices, confirming that bacteria primarily consume aliphatic, LMW compounds (Hansen et 

al., 2016; Antony et al., 2018; Kirchman, 2003). This was further corroborated by an increase 

in peak M fluorescence and humification (HIX), highlighting preferential bacterial 

consumption of proteinaceous surface ice DOM and production of LMW humic-like DOM 

(Murphy et al., 2008). Although purpurogallin carboxylic acid and gallic acid glycoside were 

degraded across all treatments, absorption was still evident demonstrating that these 
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compounds were less rigorously degraded than in the pigment incubations. This may indicate 

that degradation of these compounds is metabolically intensive and comparatively less 

attractive in the presence of alternative carbon sources. The degradation of these compounds 

within surface ice DOM supported substantial increases in bacterial abundance throughout 

incubations. It is likely that the greater diversity of DOM compounds in surface ice provided a 

plethora of substrates that facilitated growth across a broader range of bacterial species within 

the community (Antony et al., 2017; Smith et al., 2018). BGE in surface ice was highly 

comparable with that in glacier forefields (Bradley et al., 2016) and 3-times higher than within 

supraglacial streams (Foreman et al., 2013). Bacteria are thus capable of assimilating a greater 

proportion of bioavailable carbon from the surface ice compared to supraglacial streams. 

 

Following the biodegradation of photodegraded surface ice, substantial variability in 

absorbance and fluorescence across light treatments was observed, highlighting the impact of 

photodegradation on bacterial DOM consumption. For example, UV-irradiated surface ice 

retained the greatest proportion of aromatic DOM, whereas PAR and UV+PAR retained the 

least. Additionally, UV- and PAR-irradiated surface ice exhibited a greater proteinaceous 

signature than DARK, indicating that bioavailable DOM was not as readily consumed in these 

incubations. Bacterial communities in surface ice are genetically diverse (Perini et al., 2019) 

and as such, are likely capable of consuming a range of substrates (Fernández-Gómez et al., 

2013; Kirchman, 2003). Thus, the community may be consuming different DOM components 

across light treatments and it is possible that genetically distinct communities develop as a 

result (Smith et al., 2018; Mahmoudi et al., 2017). We also observed much greater increases 

in bacterial abundance in irradiated surface ice between 6 and 17 days of incubation compared 

to DARK. Solar radiation has been observed to increase nitrogen, sulphur and phosphorus 

bioavailability in organic compounds (Antony et al., 2018) and the formation of inorganic 

nitrogen on exposure to UV radiation has been widely reported (Xie et al., 2012; Bushaw et 

al., 1996; Wang et al., 2000). Irradiated surface ice may have contained a greater nutrient 

concentration that stimulated more rapid bacterial growth. Despite this, the quantity of carbon 

consumed by bacteria did not differ across light treatments indicating that consumption may 

be limited by a factor other than DOM composition, such as temperature; however, further 

research is required to understand this. Our results therefore indicate that although 

photodegradation does alter DOM composition, bacteria in the surface ice are adept at utilising 

a range of carbon sources to facilitate growth. 
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4.5. CONCLUSIONS  

The results from this study reveal the complex interaction between photodegradation and 

biodegradation in altering the composition and quantity of secondary phenolic pigment 

(purpurogallin carboxylic acid-6-O--D-glucopyranoside) extracted from glacier algae and 

surface ice DOM. Both carbon sources are susceptible to photodegradation, particularly on 

exposure to UV radiation, which caused the largest compositional changes to DOM. This is 

especially important given the potential for ozone holes over the Arctic and subsequent extreme 

levels of UV radiation that may result (Manney et al., 2011). Our results indicate that glacier 

algae secondary phenolic pigment contains components that can be degraded by surface ice 

bacterial communities; however, degradation may be metabolically intensive and therefore 

pigment is likely not the primary source of carbon within this system. We also hypothesise that 

glacier algal pigment may exhibit antimicrobial properties which inhibit the growth of specific 

bacterial species. In contrast, surface ice DOM supported extensive bacterial growth likely due 

to the wider variety of DOM compounds available. Despite compositional changes to both 

glacier algal phenolic pigment and surface ice DOM following photodegradation, we did not 

observe any difference in consumption by the bacteria community suggesting that the 

bioavailability of DOM was not influenced by exposure to UV or PAR. Photodegradation and 

biodegradation of surface ice DOM are likely intimately linked within the surface ice habitat 

and act as fundamental controls on the composition and quantity of DOM exported to 

downstream environments.  
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5. DISCUSSION AND CONCLUSIONS  

 

5.1. DISCUSSION  

This thesis aimed to assess heterotrophic bacterial community dynamics and interactions with 

glacier algal blooms within the surface ice environment of the Greenland Ice Sheet. Three 

major investigations were employed to achieve this aim, addressing: i) in situ spatio-temporal 

patterning in bacterial abundance and production relative to glacier algal bloom progression, 

across different supraglacial habitats, and throughout an entire ablation season (Chapter 2); ii) 

the nature of interactions between supraglacial bacterial, glacier algal, and dominant fungal 

communities within surface ice (Chapter 3); and iii) the roles and relative importance of photo- 

and bio-degradation on the composition and quantity of dissolved organic matter in surface ice 

and the consequences for bacterial abundance and production (Chapter 4). Results generated 

here demonstrate how abundant heterotrophic bacterial communities co-exist with glacier algae 

and actively partake in the storage and transformation of carbon within the surface ice 

(summarised in Figure 33).  

 

5.1.1.  Bacterial communities in surface ice  

Supraglacial surface ice hosts abundant and diverse microbial communities, of which bacteria 

are one of the most numerically dominant. Bacteria in surface ice likely originate from aeolian 

soil particles and marine aerosols sourced predominantly from local terrestrial, marine and 

glaciated regions (Cameron et al., 2015; Santl-Temkiv et al., 2018) that are deposited in snow 

at the start of the ablation season. As the snowpack melts, cells are redistributed across the 

supraglacial environment and onto the exposed bare ice surface (Musilova et al. 2015). In 

addition, this thesis has demonstrated the presence of high bacterial loading in shallow sub-

snowpack surface ice from the previous year’s ablation, demonstrating the potential for inter-

annual retention of cells in supraglacial systems to also seed surface ice communities. It has 

been proposed that the porous weathering crust acts as a filter, retaining cells that are 

transported in meltwater (Irvine-Fynn et al., 2012; Stibal et al., 2015a).  
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Heterotrophic bacterial communities in the surface ice predominantly consist of 

Proteobacteria (primarily alpha-proteobacteria), Bacteroidetes and Actinobacteria (Perini et 

al., 2019; Cameron et al., 2016). Here, bacterial abundance was observed to increase with the 

progression of the ablation season, peaking at 3.3 ± 0.3 x 105 cells mL-1 within the surface ice 

environment; ~ 60 times greater than initial bacterial abundances recorded from the pre-

ablation snowpack and sub-snowpack ice cores. However, bacterial communities were 

spatially heterogenous across the ice surface, showing a strong correlation with the similarly 

heterogenous abundance of glacier algae, highlighting the potential importance of bacterial - 

glacier algal interactions within the Greenland Ice Sheet supraglacial for supporting the 

propagation of both communities. 

 

5.1.2.  Carbon cycling in the surface ice  

5.1.2.1. Sources of dissolved organic matter  

Organic matter in the supraglacial environment originates from a variety of allochthonous 

(terrestrial) and autochthonous (in-situ photosynthesis) processes, with varying levels of 

bioavailability (Hood et al., 2009; Bhatia et al., 2010; Lawson et al., 2014; Anthony et al., 

2017). Allochthonous inputs decrease with distance from the ice sheet margin (Stibal et al., 

2012a) and as such, organic matter within the Dark Zone is likely sourced from in-situ 

photosynthesis, i.e. is autochthonous in nature. As ablation seasons progress, heavily 

pigmented glacier algae that bloom within the surface ice environment (Yallop et al. 2012; 

Stibal et al. 2017; Williamson et al. 2018) drive the GrIS supraglacial toward net autotrophy 

and organic carbon accumulation, with measured rates of primary production (PP) ranging 0.35 

– 1.12 mg C L-1 d-1 (Yallop et al., 2012; Williamson et al., 2018; Musilova et al., 2017). 

Consistent with observations from other aquatic environments whereby 20 – 50 % of carbon 

fixed by microalgae is released as dissolved organic matter (DOM; Zlotnik and Dubinsky, 

1989; Hulatt and Thomas, 2010), high concentrations of dissolved organic carbon (DOC) are 

associated with glacier algal blooms within surface ice, approaching ~ 242 µM L-1 (Holland et 

al., 2019). Glacier algae thus represent the essential base of inorganic carbon fixation and 

organic carbon production within GrIS surface ice (Yallop et al., 2012; Williamson et al., 2018, 

2019).  
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Figure 33: A conceptual diagram of the flow of organic carbon and nutrients (nitrogen and phosphorus) through dominant microbial communi ties in surface 

ice on the Greenland Ice Sheet.  Arrows highlight interactions (dotted lines) between dominant microbial communities (green boxes); dominant production 

(dashed lines) and consumption (solid lines) by abiotic processes (yellow boxes) and microbial communities. 
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5.1.2.2. Bacterial production  

Heterotrophic bacterial communities within surface ice likely primarily utilise algal-derived 

DOM to drive secondary production (Figure 33). This is evidenced by the shift in community 

composition during the ablation season and the dominance of Armatimonadetes, known for 

degrading microbial organic matter, in ice containing a high glacier algae abundance (~ 104 

cells mL-1) (Perini et al., 2019; Lee, Dunfield and Stott, 2014). Additionally, this thesis has 

shown a positive correlation exists between bacterial production (BP) and glacier algal 

abundance, suggesting glacier algal PP directly supports heterotrophic bacterial growth. BP 

within surface ice ranged between 0.03 – 0.6 g C L-1 h-1 with a ratio of BP:PP of ~ 0.04. 

Typical BP:PP ratios range 0.1 for open ocean systems to 0.5 in eutrophic lakes and estuaries 

(Kirchman 2018). For the GrIS supraglacial, BP:PP ratios demonstrated that only a small 

proportion of algal-derived DOM was consumed by the in situ heterotrophic community, 

reflecting BP:PP ratios reported from Antarctic and Arctic oceans (Kirchman, 2018; Kirchman 

et al., 2009; Rich et al., 1997). Of the carbon consumed, this thesis further demonstrated that 

only ~ 7 % was used for anabolism (biomass production) whilst the remainder was utilised for 

catabolism (energy generation). The ratio of active to inactive bacteria in surface ice is 

currently unconstrained; however, a proportion of bacteria may be more metabolically active, 

incorporating carbon into biomass whereas other cells are likely in a state of dormancy 

(Kirchman, 2018). This thesis has demonstrated that carbon consumption by bacterial 

communities within the GrIS supraglacial environment is limited as compared to production 

through primary production, resulting in net organic carbon accumulation.  

 

Bacterial production is often correlated with PP within aquatic environments (Kirchman, 2018; 

Ducklow, 2000), such that the composition and quantity of organic carbon imposes a 

fundamental control on BP. In this thesis, surface ice DOM predominantly exhibited 

fluorescence associated with high molecular weight (HMW), humic-like compounds. Despite 

this, biodegradation incubations revealed that GrIS surface ice heterotrophic bacteria were able 

to utilise ~ 30 % of surface ice DOM comprising a range of both low molecular weight (LMW) 

and HMW organic substrates. Bacteria primarily degrade LMW DOM such as free amino 

acids, which can diffuse directly through the cell membrane (Kirchman, K’nees and Hodson, 

1985; Kirchman, 2003). Whilst the concentration of LMW compounds is generally low in 

aquatic environments, these compounds are rapidly cycled (minutes to hours) to support high 
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levels of production (Kirchman, 2018). Although bacteria are capable of degrading HMW 

DOM via hydrolysis, this is a metabolically demanding processes that requires the release of 

polymer-specific extracellular enzymes (Kirchman, 2018, 2003). Furthermore, individual 

species of bacteria possess specific hydrolytic enzymes and can therefore only degrade certain 

organic substrates (Kirchman, 2018; Fernández-Gómez et al., 2013). This thesis has shown 

that surface ice bacterial communities utilise LMW and HMW substrates for growth; however, 

in situ utilisation of DOM in surface ice may differ from incubations performed under 

laboratory conditions given the constant redistribution of substrates and cells by meltwater. 

Further in situ investigations are therefore required to constrain the interaction of the 

heterotrophic community with DOM.  

 

During the ablation season, blooms of glacier algae can reach abundances of 104 cells mL-1 

within the surface ice (Yallop et al., 2012; Williamson et al., 2018). As such, arguably one of 

the largest sources of carbon consists of the secondary, phenolic pigment which comprise ~ 4 

% of the dry weight of glacier algal cells (Williamson et al., 2020). Although the mortality rate 

of glacier algae remains unconstrained, the release of pigment could represent a substantial 

source of organic carbon for heterotrophic communities. However, this thesis has revealed that 

glacier algal pigment is not consumed by heterotrophic bacterial communities within the 

surface ice. This may be due to the polyphenolic nature of the pigment which has been shown 

to widely inhibit bacterial production (Scalbert, 1991; Taguri, Tanaka and Kouno, 2006; 

Bianchi and Bauer, 2012). Pigment was present within surface ice DOM; however, further 

research is required to understand the mechanisms and rate of release from glacier algae and 

whether in situ heterotrophic consumption corroborate findings under laboratory conditions.   

 

The composition of DOM and subsequent consumption by bacteria is strongly influenced by 

photodegradation in high-light environments (Anesio and Granéli, 2004; Tranvik and 

Bertilsson, 2001; Stefan et al., 2000). Given that GrIS surface ice is exposed to extreme levels 

of PAR and UV radiation (Yallop et al., 2012), photodegradation has been highlighted as a 

potential abiotic factor influencing BP. Investigations in this thesis indicated that 

photodegradation may occur rapidly within the surface ice environment and result in structural 

changes to light-sensitive regions within surface DOM. Despite this, bacterial growth was not 

influenced over long-term (31 day) incubations. However, there remains several unanswered 
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questions surrounding the influence of photodegradation on BP within the surface ice. Firstly, 

photodegradation may influence carbon cycling over different temporal scales. Given the likely 

reliance and rapid turnover of LMW compounds and the potential competition between 

heterotrophic bacteria and UV radiation for these substrates (Tranvik and Kokalj, 1998), 

photodegradation may play a greater role over timescales of minutes to hours. Secondly, the 

production of reactive oxygen species (ROS) during the photodegradation of DOM was not 

assessed in our investigations but may have a substantial negative influence on bacterial growth 

(Ravanat, Douki and Cadet, 2001; Amado et al., 2015). The continuous exposure to solar 

radiation and likely generation of ROS may represent a constant threat to bacterial cells during 

the ablation season. Thirdly, although bacterial growth was not influenced in incubations 

conducted in this thesis, it is possible that the community composition may be altered as 

bacteria possessing more applicable enzymes outcompete others. Photodegradation may 

therefore play an important role in the evolution of surface ice communities during the ablation 

season. Finally, photodegradation of DOM has been shown to liberate bioavailable nitrogen, 

phosphorus and sulphur compounds (Antony et al., 2017, 2018) and may represent an 

additional unconstrained source of nutrients within the supraglacial environment.  

 

Bacterial production is also influenced by interactions with other functional groups (i.e. glacier 

algae and fungi) within the surface ice, the nature of which was largely dictated by the 

availability of nutrient resources. Heterotrophic bacteria are able to utilise both organic and 

inorganic sources of nutrients and often play a vital role remineralising nutrients via the 

oxidation of DOM (Curds, 2019; Kirchman, 2018). Glacier algae and bacterial cultures in this 

thesis indicate that the remineralisation of nutrients by bacteria may support glacier algal 

growth establishing a mutualistic relationship whereby algal-derived DOM is exchanged for 

nutrients. This mutualistic interaction may support the propagation of the algal bloom, 

providing an additional source of nutrients to glacier algae in the oligotrophic supraglacial 

environment. In addition, the presence of fungi in cultures led to increased bacterial growth 

likely due to the degradation of DOM by saprophytic fungi, which provided an additional 

source of carbon and nutrients. However, parasitic interactions were also observed between 

each of the functional groups, possibly stimulated by nutrient limitation exacerbating inter- and 

intra-specific competition. Bacteria and fungi were observed to degrade algal cells, likely 

utilising intracellular carbon and nutrients and relieving nutrient stress. Investigations into 

fungal dynamics within the surface is still in its infancy and further research is required to 



 

 127 

constrain the role of fungi and their influence on glacier algal and bacterial populations. Further 

in situ investigations will confirm the nature of interactions within the surface ice habitat and 

how interactions may evolve across the ablation season, particularly in relation to nutrient 

availability.  

 

5.1. CONCLUSIONS  

The surface ice represents one of the most expansive yet under-investigated habitats within the 

supraglacial environment of the Greenland Ice Sheet. This thesis has shown that bacteria are 

abundant within the surface ice likely seeded from snow and cells entombed within surface ice 

from the previous ablation season. Bacterial abundance and production increased concomitant 

with glacier algal abundance highlighting a potential interaction between these communities. 

BP in surface ice ranged between 0.03 – 0.6 g C L-1 h-1 with a ratio of BP:PP of ~ 0.04 

indicating a weak microbial loop and net organic carbon accumulation within the surface ice. 

This thesis has investigated whether this dichotomy reflects the composition and quantity of 

DOM and revealed that bacteria consume both LMW and HMW compounds from surface ice 

DOM. In addition, abundant secondary phenolic pigment within glacier algae cells, which 

could represent a substantial source of carbon during bloom events, was not bioavailable to 

surface ice bacterial communities. The role of photodegradation in altering the composition 

and quantity of DOM was assessed and highlighted the susceptibility of surface ice DOM to 

transformations by solar radiation; however, this did not influence heterotrophic consumption. 

This thesis also constrained potential interactions between glacier algal, bacterial and fungal 

communities from the surface ice habitat and the influence on bacterial and algal growth 

kinetics. Investigations revealed interactions ranging from mutualism to parasitism and the 

possibility that interactions shifted in response to nutrient stresses. Further research into 

interactions between glacier algae, bacteria and fungi is essential to constraining future algal 

bloom dynamics and thus surface melt on the Greenland Ice Sheet.  

  

5.2. PROJECT LIMITATIONS  

While this project constrained bacterial dynamics within surface ice from the dark zone of the 

Greenland Ice Sheet, the applicability of results to the rest of the ice sheet is unknown. Glacier 

algal blooms have been widely reported from both the northern and eastern margins of the ice 
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sheet (Uetake et al., 2010; Stibal et al., 2017; van den Broeke et al., 2017) and therefore it is 

possible that our findings may be applicable within these regions. To assess this would require 

intensive sampling across larger temporal and spatial scales; however, this introduces a number 

of logistical challenges, primarily gaining access to the ice sheet over protracted periods during 

the ablation season. These logistical challenges often limit studies of this nature; however, by 

sampling across the largest possible spatial scales and comparison across studies allows us to 

gain an idea of ice sheet wide processes. Additionally, glacier algae have been observed in 

other cryospheric environments such as glaciers in the Alps (Remias et al., 2012a; Di Mauro 

et al., 2020) that are more accessible. We could therefore use these environments to corroborate 

findings and conduct further research.  

 

This project assessed bacterial abundance and production within the surface ice environment; 

however, in order to conduct investigations, surface ice was first melted. This alters the 

distribution of cells, carbon and nutrients which would otherwise be held within the ice matrix. 

Measuring abundance and production in melted surface ice gives an indication of rates within 

surface ice; however, it dilutes the concentrations of DOM and inorganic nutrients. In 

particular, understanding bacterial abundance and production as well as the biogeochemistry 

of brine channels would give a better estimate of the dynamics in surface ice. The methodology 

and equipment to conduct this analysis in situ is currently unavailable and therefore melting 

surface ice remains the most feasible approach.  

 

Finally, this project utilised melted surface ice which was sampled across two field campaigns 

during consecutive ablation seasons. This is currently the best method for conducting 

laboratory incubation experiments due to the lack of reliable glacier algal cultures. Culturing 

glacier algae has proven complex, particularly as cells have been observed to rapidly lose their 

pigmentation when removed from in situ conditions. Establishing reliable culture collections 

remains a high priority and will facilitate a plethora of experiments which will help reveal algal 

physiology and ecology. In the meantime, metagenomic and single-celled sequencing 

approaches can provide a wealth of information glacier algal physiology, ecology and life 

histories. 
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