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Scientific background

Microorganisms, though already integral elements, are likely to play an increasingly import-
ant role in the Earth’s climate system (Falkowski et al., 2008) and are known to affect polar 
biogeochemical cycles (Larose et al., 2013a). In particular, they play important roles in the 
generation and decomposition of climate active gases. However, current climate models do 
not take into account the response of microbial activity and their influence in biochemical 
cycles (Incorporating microbial processes into climate models, ASM report). To improve the 
predictive ability of climate models, it is important to understand the mechanisms by which 
microorganisms regulate terrestrial greenhouse gas flux and to determine whether changes 
in microbial processes will lead to net positive or negative feedbacks on greenhouse gas 
emissions (Singh et al., 2010). This contribution has been particularly overlooked for the 
polar regions (Figure 1), where the environment has traditionally been considered too harsh 
for significant microbial activity to occur. It has long been considered that any life, if present 
at all, was either dormant or functioning sub-optimally, as living organisms have to be well 
adapted or highly resistant to extreme cold and desiccation, low nutrient availability and 
seasonally variable UV radiation levels in order to survive (Harding et al., 2011; Cameron 
et al., 2012; Goordial et al., 2013; Larose et al., 2013a). However, it is now clear that 
microbial presence is ubiquitous across the polar regions, and recent research into the 
polar aerobiome points toward a potentially dynamic polar microbial community and with 
it, the possibility of significant microbial activity within the snowpack (Redeker et al., 2017), 
even in the most remote locations (Pearce et al., 2009). Research into the aerobiome has 
also demonstrated that microorganisms in aerial fallout may remain both viable and active 
(Sattler et al., 2001; Harding et al., 2011). Furthermore, the presence of microbes in remote, 
low nutrient, low water, very cold environments such as polar glacial surfaces is now well 
established for a number of key sites (Hodson et al., 2008; Larose et al., 2010).

49Microbial activity monitoring by the Integrated Arctic Earth Observing System



Figure 1: Soil bacterial diversity studies across the Arctic region as evidenced by publications in the 
literature cited in SCOPUS (2017). Adapted from Malard and Pearce (2018).
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Polar terrestrial environments, including snow and ice, are dominated by microorganisms. 
Arctic soils are known to harbour significant microbial abundance and diversity, with huge 
potential to alter the global climate system. For example, Arctic soils alone are known to 
store over 1500 Pg of carbon (Koven et al., 2011) and, as the Arctic region continues to 
undergo drastic changes linked to human activities, the likelihood of release of greenhouse 
gases such as CO2, CH4 and N2O will continue to increase. Environments so far thought 
to be microbiologically inactive, such as ice caps and the polar firn, have increasingly been 
demonstrated to influence greenhouse gas cycling. These then present a huge potential 
for positive feedback effects on climate, highlighting the pressing need to understand and 
monitor changes in the abundance, diversity and particularly ecological function of microbial 
communities in the polar regions in order to produce more accurate greenhouse gas release 
models.

The polar cryosphere represents approximately 14% of the Earth’s surface (Morita, 1975; 
Larose et al., 2010; Boetius et al., 2015; Lutz et al., 2016).  In this region, microorganisms 
can thrive and are present in abundance. This includes the tundra (Lee et al., 2013), taiga 
(Neufeld and Mohn, 2005),  snow (Larose et al., 2013a), glaciers (Anesio et al., 2009), 
permafrost (Mackelprang et al., 2011) as well as marine (Ghiglione et al., 2012), freshwater 
(Crump et al., 2012) and aerial (Cuthbertson et al., 2017) ecosystems. 

Microbial metabolic activity can potentially influence climate and biogeochemical processes 
through: 
1.	 Physical albedo (through ice nucleation activity and cloud formation)
2.	 Biological albedo (through significant pigmentation associated with snow algal blooms)
3.	 Methane cycling – production (methanogenesis) 
4.	 Methane cycling - degradation (methane oxidation)
5.	 Carbon fixation (autotrophy and bacteriorhodopsins)
6.	 Carbon sequestration dynamics (in deep sea sediments)
7.	 Nitrogen cycling (in particular N2O production)
8.	 Sulphur cycling (dimethyl sulphide production in soil)
9.	 Permafrost thaw (and the microbial response)
10.	 Recent discoveries (such as methyl halide degradation)
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Figure 2: Diagram of microbial metabolic activities influencing climate and biogeochemical processes. 
Cloud condensation nuclei (CCN) and ice nucleating particles (INP) can come from all environments, 
including glacial ice, sea ice and snow. Sulphate aerosols such as Sulphur dioxide (SO2) and 
methanosulphate (CH3SO3) react with cloud condensation nuclei (CCN). 

Physical albedo (Ice nucleation)

Bacteria and other primary biological aerosol particles are now known to enhance cloud 
formation through acting as cloud condensation nuclei (CCN) or through the expression 
of ice nucleation proteins in their cell membranes, hence acting as ice nucleating particles 
(INP). Clouds play an important role in the global climate system (IPCC, 2013). Depending 
on their optical properties either their reflection of shortwave solar radiation dominates - 
hence exerting a cooling effect - or reflection of terrestrial longwave radiation dominates 
– resulting in a warming effect. The net radiative effect of a cloud is a function of its altitude, 
size, thickness, and the number of liquid droplets and ice crystals (Shupe and Intrieri, 2004). 
Furthermore, the brightness (albedo) of the underlying ground is decisive. This is particularly 
important in the Arctic, where snow and sea ice feature a very high albedo and clouds hence 
act as a ‘blanket’ increasing the temperature at the surface (Stramler et al., 2011). This effect 
is most critical in the transition from winter to spring time, when the Arctic becomes more 
cloudy and the net cloud radiative effect results in warming, moving the sea ice and snow 
closer to the melting temperature (Stramler et al., 2011). 
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With the recognition of the importance of cloud radiative effects on the Arctic cryosphere, 
it becomes apparent that improving the representation of cloud properties in climate models 
is essential. To date, however, a number of studies have shown that radiation biases through 
the misrepresentation of clouds in climate models are alarmingly high in the Arctic (Tjern-
strom et al., 2008; English et al., 2014; English et al., 2015), in the range 10 – 25 W m-2. For 
reference, an imbalance of +10 W m-2 is roughly equivalent to the annual loss of 1000kg 
of ice per m2. One of the uncertainties associated with cloud properties in the Arctic is the 
presence of CCN and INP that determine the liquid and ice water content of the clouds and 
hence their optical properties. 

The sources of aerosols for cloud formation in the Arctic are limited. Excluding situations 
in which long-range transport is present, for which it is known that the additional particles 
form clouds and modify their properties (Stohl et al., 2007; Maahn et al., 2017), microbial 
particles originating from the sea surface micro layer are thought to play an important role. 
The sea surface micro layer (SML) (Leck and Bigg, 2005) can contain aggregates of whole 
microorganisms, such as bacteria, viruses or phytoplankton, or their fragments, together 
with micro-gels or transparent exopolymer particles (Leck and Bigg, 2005; Hawkins et al., 
2010; Russell et al., 2010; Orellana et al., 2011; Quinn et al., 2015; Schwier et al., 2015; 
Wilson et al., 2015). Several studies have stressed the importance of SML biological material 
as marine CCN and INP (Leck and Bigg, 2005; Bigg and Leck, 2008; Alpert et al., 2011a; 
Alpert et al., 2011b; Knopf et al., 2011; Karl et al., 2013; Heintzenberg et al., 2015; Wilson 
et al., 2015). However, other studies showed that marine micro-gels and bacteria have a 
low hygroscopicity (Després et al., 2012; Dawson et al., 2016). In fact, microbial exudates in 
seawater were found to decrease the CCN activity of sea spray particles (Wex et al., 2010). 

Perhaps more important is the role of microorganisms to the Arctic INP population because 
of the presence of ice nucleating proteins on their cell surfaces. These ice nucleation pro-
teins serve to encourage the crystallization of ice outside the cell and thereby protect the 
cell itself from ice damage. The expression of such proteins leads to the condensation of 
liquid water and freezing and hence enhances cloud production (Amato et al., 2005; Amato 
et al., 2006; Burrows et al., 2009; Bowers et al., 2011; Joly et al., 2013; Amato et al., 2015; 
Moffett et al., 2015; Moffett, 2015; Mortazavi et al., 2015; Šantl-Temkiv et al., 2015; Wilson 
et al., 2015; Hara et al., 2016; Lu et al., 2016; Smets et al., 2016). To date the quantity and 
origin of airborne INP over the remote oceans in general remains elusive (Bigg, 1973; Fall 
and Schnell, 1985; Rosinski et al., 1986; Junge and Swanson, 2008; Burrows et al., 2013; 
Wilson et al., 2015), even though research in the 1970s already showed that laboratory 
cultured phytoplankton can produce large amounts of INP (Schnell, 1975). The scarcity of 
data is particularly true for the Arctic where only very recently the role of marine organisms 
has been elucidated and particles < 0.2 µm, likely ultra-microbacteria, viruses or extracellular 
material from phytoplankton or bacteria exudates, were identified as candidates for INP 
(Irish et al., 2017). For a long time, no marine organism had been unambiguously identified 
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as effective INP (Fall and Schnell, 1985; Junge and Swanson, 2008). Recently, Knopf et al. 
(2011) and Alpert et al. (2011a) were able to show that the marine diatom Thalassiosira 
pseudonana initiates ice formation under circumstances relevant to the marine mixed-phase 
and ice cloud regimes. Conversely, others attributed marine INP to the species’ exudates, 
heat-sensitive organic material < 0.2 µm (Wilson et al., 2015). While there are indications 
that marine INP are associated with decaying phytoplankton blooms (Wang et al., 2015; 
McCluskey et al., 2017), the origin of INP remains completely unclear over ice covered 
regions like the central Arctic Ocean.

From the above, it is evident that the sources and activity of Arctic INPs are not well 
understood. However, to estimate the radiative properties of Arctic clouds in the future, to 
enhance e.g. sea ice predictions, understanding the mix of liquid and ice water content in 
clouds is important. It is known that liquid-only clouds have a three times stronger longwave 
radiative effect (warming) than ice-only clouds in the Arctic (Shupe and Intrieri, 2004). As 
the Arctic becomes rapidly warmer, the cloud water phase might shift toward more liquid 
clouds, resulting in positive feedback. However, if Arctic microorganisms were efficient INP 
and become more abundant in a warmer Arctic, e.g. through more exposed open ocean, 
they could induce a negative feedback. Some biological particles are known to be very 
efficient ice nuclei, and they can nucleate ice at temperatures as high as – 4°C (Després et 
al., 2012). 

To understand what the source of INP in the Arctic are today, and how they will change and 
influence Arctic clouds in the future, dedicated studies need to be initiated. We suggest 
installing e.g. filter samplers at observatories and remote locations around Svalbard that 
represent marine and terrestrial aerosol sources. With these filters, ice nucleation studies 
can be conducted in parallel with microscopy and microbiological investigations that attempt 
to close the link between the presence of biological particles and INP concentrations. 

Biological albedo: snow algae 

Microbes can darken the surfaces of snow and ice, thus reducing its reflectance or albedo, 
and increasing the rate of ablation during the summer (Kohshima et al., 1994). The process 
is best understood in the context of the direct effects, which relate to the production of 
pigments in response to either high levels of irradiance or nutrient limitation (Cook et al., 
2017b). Pigment change to an existing surface population, the exposure of a previously 
buried community and the proliferation of cells as a result of biological growth all result in 
darker snow surfaces, and thus enhance the melt for a given solar irradiance value. Heavily 
pigmented snows have been described in some of the earliest scientific literature from 
the polar regions (Horner, 2017). Ongoing research in Svalbard and elsewhere has sought 
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a deeper understanding of the biosynthesis of pigments, in conjunction with work on cell 
physiology (Müller et al., 1998; Remias et al., 2005) and, more recently, molecular tech-
niques (Lutz et al., 2015). Until recently, biotechnology, rather than an interest in bioalbedo 
per se, has been the principal driver of such research (Leya et al., 2009).

The indirect effects of microorganisms upon albedo, linked to the feedbacks associated with 
snow grain metamorphosis and increased water content adjacent to the cells, have been 
largely overlooked. This means our understanding of so-called “bioalbedo” is incomplete. The 
most promising way forward, resulting in a predictive understanding of how microorganisms 
influence the rate of snow ablation through both direct and indirect processes, involves 
the application of radiative transfer theory, rather than empirical techniques. However, 
establishing empirical relationships between cell biomass and snow albedo are still valid for 
monitoring purposes (Stibal et al., 2017). The fully physically-based approach offered by 
radiative transfer theory has resulted in a first generation of models that predict the spectral 
albedo of snow under different physical and biological conditions, the latter incorporating 
snow algal cell counts and pigment concentrations (Cook et al., 2017a). More recent work 
has refined the underlying physical basis of the modelling and has also developed a work-
flow for the successful measurement of snow algae and other parameters during fieldwork 
and sample processing (Cook et al., 2017b). 

The links between cell biomass, albedo, and melting have led to great interest in the climate 
change feedbacks associated with snowpacks becoming wetter for longer periods during 
the summer, and therefore potentially darker on account of there being more opportunity 
for pigmented bloom development (Ganey et al., 2017). The direct link between pigment 
production and surface melt rate has been heavily exploited via the community response 
to funding calls. However, the spatial variability in snow biomass across large parts of the 
Arctic is poorly resolved and, hence, our understanding of the true impact of bioalbedo. 
Current work suggests that the direct influence of pigmented snow algae upon albedo is 
clear in some relatively large sub-Arctic ‘snowfields’ (Painter et al., 2001; Takeuchi et al., 
2006; Ganey et al., 2017). These sites are fascinating, but there is a risk that the data they 
generate will be used to over-generalise the global influence of biological albedo forcing. 
Establishing the regional distribution of snow biomass is, therefore, a clear research priority, 
and Svalbard can offer much in this context with respect to the development, ground truth-
ing and application of relevant techniques for addressing this problem. Furthermore, there 
also needs to be a better emphasis upon the vertical distribution of biomass, because solar 
radiation penetrates snow packs to enable sub-surface photosynthesis and biomass change 
(Hodson et al., 2017). The contribution made by the absorption of such light to snow grain 
metamorphosis and melt is almost completely unexplored.
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Biological albedo: ice algae

The exposure of bare glacier ice following the retreat of seasonal snow is the largest event 
in the seasonal albedo evolution of glacier surfaces. This is because the ablation area of 
glaciers accumulates dust and other debris over long periods, resulting in a heterogeneous 
veneer of debris aggregates called “cryoconite” (Cook et al., 2016). Microorganisms play a 
cardinal role in the persistence and impact of cryoconite because they induce aggregation 
through bioflocculation (Langford et al., 2010; Takeuchi et al., 2010), often using debris 
particles as a surface for attachment and growth. The attachment processes are often 
facilitated by the production of extra-cellular exudates and aggregate growth can last for 
several ablation seasons (Takeuchi et al., 2001; Hodson et al., 2010). Measurements of the 
reflectance of dry cryoconite from a range of locations (including Svalbard) typically show 
values of < 20% across the entire visible to near-infra-red spectrum in cases where the 
granules contain an appreciable amount of organic matter (Takeuchi, 2002). When wetted 
by meltwater, the albedo of cryoconite granules can be as low as 5%, an order of magnitude 
lower than bare glacier ice with no such impurities, and almost 20 times lower than fresh 
snow (Bøggild et al., 2010). However, the thermodynamics of enhanced melting beneath 
cryoconite are such that the aggregates melt into the ice to become shaded, thus reducing 
their impact until they are melted out by non-solar-derived energy (turbulent heat fluxes). 
Therefore quantifying the impact of cryoconite upon ablation is not a simple calculation, 
as it depends upon the ratio of turbulent to radiative heat (Tedstone et al., 2017). Fur-
thermore, the stronger the melt, the greater the probability that cryoconite and other dark 
impurities will be washed off the glacier (Takeuchi et al., 2003). However, one thing is clear, 
microorganisms are essential to the persistence and therefore the duration of biological 
albedo forcing on the ice surface. Svalbard research has been critical to the development of 
this realization and has been the location of many pioneering process studies (Cook et al., 
2010) and monitoring applications (Hodson et al., 2007; Irvine-Fynn et al., 2011) relevant 
to bioalbedo. For example, airborne UAV mapping was pioneered in Svalbard (Hodson et 
al., 2007) some ten years before it was undertaken in Greenland (Ryan et al., 2018), where 
interest in ice surface albedo has received considerable recent coverage. Here, cryoconite 
is a strong contributor to the lowest albedo surfaces found in the so-called “Dark Zone” 
(Wientjes and Oerlemans, 2010; Tedstone et al., 2017). Future research in Svalbard can add 
a much-needed addition to that on Greenland, especially if the emphasis is given to its ice 
caps, which offer an idealized, whole system perspective on the life cycle of dust and other 
albedo-reducing impurities at a very manageable spatial scale.

In recent years, there has been increasing attention to the influence of heavily pigmented 
micro-algae growing on the ice surface and often between the melt pools formed by the 
denser, mineral-rich cryoconite (Yallop et al., 2012; Stibal et al., 2017; Williamson et al., 
2018). Unlike cryoconite, algae such as Mesotaenium berggrenii do not melt into the ice and 
can develop strong purpurogallin pigmentation due to almost constant, direct illumination 
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(Remias et al., 2012). These algae, along with cryoconite, contribute strongly to albedo 
reduction in the important “Dark Zone” of the Greenland Ice Sheet, but research is required 
to understand their importance elsewhere. They are certainly present in Svalbard, but often 
not in high densities. Furthermore, the overlapping spectral reflectance characteristics of 
purpurogallins, dust, black carbon and other biological pigments such as chlorophyll, mean 
that unravelling their separate albedo influence will take some time and is beyond simple 
empirical techniques. 

Future research in Svalbard and other areas subject to intense mass loss by surface melting 
will, therefore, have to address this problem. In so doing, particular attention needs to be 
given to the extremely complex nature of the upper metre or so of melting glacier ice: the 
so-called “weathering crust”. Work in Svalbard and other regions has demonstrated that 
significant, additional complexity is associated with the transient water storage and ice 
crystal metamorphosis in the weathering crust (Cook et al., 2012; Irvine‐Fynn et al., 2012; 
Rassner et al., 2016; Stevens et al., 2018). This storage provides prolonged opportunities 
for biological processes, but its rapidly changing reflectance properties will make accurate 
predictions of bare ice albedo and surface biomass distribution a major challenge for some 
years. 

Methanogenesis (Methane cycling – production)

The active layer of permafrost is estimated to store 500 Pg of carbon while the permafrost 
in its entirety may store over 1000 Pg, giving an overall terrestrial Arctic carbon pool of over 
1500 Pg (Koven et al., 2011; Mackelprang et al., 2011). In summer, the active layer affects 
soils thawing, leading to a sharp increase in microbial activity and thus, to increased nutrient 
cycling activity (Mackelprang et al., 2011). Although CO2 will be released to the atmosphere 
upon permafrost thaw through increased microbial respiration, the release of methane in 
substantial amounts is more worrying to climate scientists, as it is a greenhouse gas over 
twenty times more potent than CO2 (Wagner et al., 2005; Madigan et al., 2010; Coolen 
et al., 2011; Mackelprang et al., 2011). Methane is produced through anaerobic microbial 
respiration, exclusively by methanogenic Euryarchaeota (Mackelprang et al., 2011). 

Research on methane biogeochemistry in Svalbard is dominated by the attention given to 
sea floor emissions (Sahling et al., 2014; Mau et al., 2017). This reflects the fact that very 
significant emissions of both biogenic and thermogenic methane occur along the continental 
shelf. Emissions also appear to have occurred in Svalbard fjords in response to deglaciation, 
resulting in multiple fjord floor features known as pockmarks (Crémière et al., 2016; Portnov 
et al., 2016). Recent research shows that the contemporary release of methane makes very 
little impact upon the methane content of the atmosphere on account of effective removal 
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processes that include an active methanotrophic community in the sea (Gentz et al., 2014; 
Myhre et al., 2016) and sediments (Hong et al., 2016). However, it is not known whether 
methanotrophy and other removal processes accounted for as much of the emissions during 
ice sheet retreat and the formation of the pockmarks.

Research on the terrestrial methane cycle associated with Arctic soils, wetlands and lakes 
is well documented on account of the globally important organic carbon resource in per-
mafrost and its sensitivity to climate change and permafrost thaw (Schuur et al., 2015). In 
Svalbard, research has therefore focused upon methanogenesis and methane oxidation in 
these habitats, albeit with less intensity than other Arctic regions such as Alaska and Siberia. 
One reason for this is the fact that yedoma-type sedimentary habitats, known for their very 
high organic carbon and methanogenesis potential, are not well represented in Svalbard, and 
especially near the international research station at Ny Ålesund. However, there have been 
meaningful emission studies in valley wetlands (Pirk et al., 2016; Pirk et al., 2017), glacier 
forefields (Adachi et al., 2006) and bird colonies (Zhu et al., 2012), as well as detailed studies 
of methanotrophy in Svalbard soils (Graef et al., 2011; Müller et al., 2018). These include 
molecular studies of both the methanogenic and methanotrophic communities (Wartiainen 
et al., 2003; Høj et al., 2005; Graef et al., 2011; Tveit et al., 2013; Tveit et al., 2014) and 
their response to climate change (Høj et al., 2006; Tveit et al., 2015). However, research on 
the source of atmospheric methane in the atmospheric boundary layer from Ny Ålesund 
has assigned little importance to local emissions, indicating instead that biomass burning, 
Siberian wetlands, and anthropogenic gas flares are the dominant sources (Fisher et al., 
2011). The inference, therefore, is that rates of local methanogenesis are either low, or 
methane oxidation, including methanotrophy, is sufficient to minimize its influence on the 
local atmospheric boundary layer. 

However, one significant issue that has been overlooked is that there are significant meth-
ane reserves beneath the permafrost with the capacity to by-pass methane oxidation in the 
active layer or water column. These include sub-permafrost ground water springs, which 
contain high dissolved gas concentrations up to the solubility limit for methane in water 
(ca. 41 mg L-1 at 0 °C) (Hodson et al, in review). The source of the sub-permafrost methane 
is a mixture of both thermogenic and biogenic methane. Strong relationships between the 
stable isotopic composition of the water and gas in the fluids escaping via springs point to 
an active methanogenic community of microorganisms beneath the permafrost that has yet 
to be characterized (Hodson et al, in review).
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Methane oxidation (Methane cycling – degradation)

Methanotrophs are a highly specialized group of Gram-negative bacteria widespread in 
various environments that use CH4 as the sole energy and carbon source (Hanson and 
Hanson, 1996). This functional group of bacteria therefore play an important role in mod-
ulating CH4 fluxes, as they are the only known biotic terrestrial sink of CH4 (Dedysh et al., 
1998; Bárcena et al., 2011; Knief, 2015; Chiri et al., 2017). The common view has been that 
aerobic methanotrophs can only utilize C1 compounds, and are unable to grow on organic 
compounds with carbon-carbon bonds. 

However, recent data have shown that Methylocella species can use compounds such as 
acetate as an energy source, this then suppressing their CH4 oxidation (Dedysh et al., 2005; 
Theisen et al., 2005; Degelmann et al., 2010). Therefore, facultative methanotrophs that 
can use multicarbon compounds may also be found in various environments in addition to 
the obligate methanotrophs (Dedysh et al., 2005).

Carbon fixation (autotrophy and more recently bacteriorhodopsins)

The biological carbon cycle is driven by the interactions between photosynthesis, respira-
tion, and decomposition (Horwath, 2015). The balance between these processes deter-
mines whether ecosystems are sources or sinks of carbon. In soils, cyanobacteria are largely 
responsible for CO2 uptake, in addition to plants. Although they can be free living in tundra 
soil, mainly Oscillatoriales and Nostocales orders (Steven et al., 2013) are often identified 
in biofilms or soil crusts, where they are likely protected against environmental conditions 
(Zakhia et al., 2008). In soil crusts, Synechoccales, Nostocales, and Oscillatoriales have been 
consistently identified as the dominating orders of cyanobacteria (Yoshitake et al., 2010; 
Steven et al., 2013; Pushkareva et al., 2015). Studies of glacial forefields have also shown 
that cyanobacteria are early colonizers of soils, and generally, Synechoccales and Nostocales 
are the dominant orders (Kaštovská et al., 2005; Yoshitake et al., 2010). 

Generally, Arctic cyanobacteria are psychrotrophic with specific adaptations to survive cold 
temperature, desiccation and UV radiation (Dodds et al., 1995). Increased polyunsaturated 
fatty acids in the membrane provide increased fluidity, complex DNA repair mechanisms 
allow UV damaged DNA to be repaired (Zakhia et al., 2008), while the production of akine-
tes facilitates survival when environmental conditions are not favourable (Olsson-Francis 
et al., 2009). Fixed carbon is then available for other microorganisms through the food web 
or through decomposition of organic matter.
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Decomposition of organic matter can be a large source of CO2 release to the atmosphere. 
Fungi are the main decomposers of organic matter in terrestrial ecosystems (Ludley and 
Robinson, 2008). Arctic studies have demonstrated that fungal communities are dominated 
by Ascomycota and Basidiomycota (Wallenstein et al., 2007; McGuire et al., 2013) and that 
communities are influenced by soil horizon, soil properties, depth, and vegetation (Wal-
lenstein et al., 2007; McGuire et al., 2013). Other large sources of CO2 release to the 
atmosphere include microbial aerobic respiration by heterotrophic organisms. The balance 
between photosynthesis, decomposition, and respiration will determine the amounts of 
CO2 and CH4 released to the atmosphere and consequently, their impact on Earth’s climate.  

Autotrophic CO2 fixation is arguably one of the most important biosynthetic processes 
globally, if not the most important, being responsible for the net fixation of 7 x 1016 g carbon 
annually (Berg, 2011). This process is especially critical in oligotrophic environments, such 
as those found in Arctic terrestrial ecosystems, and can constitute the main carbon source 
for microbial communities inhabiting them. The photosynthetic path of carbon (reductive 
pentose phosphate - Calvin-Benson Cycle) was first discovered in the 1940s and fully 
characterized in the 1950s and since then, five more pathways have been elucidated. In 
order of discovery, these pathways are: the CB cycle, the reductive citric acid cycle (Evans 
et al., 1966), the reductive Acetyl-CoA pathway (Fuchs and Stupperich, 1980), the hydroxy-
proprionate bi-cycle (3-hydroxyproprionate cycle) (Holo, 1989; Herter et al., 2002), the 
3-hydroxyproprionate/4-hydroxybutyrate cycle (Berg et al., 2007) and finally the dicar-
boxylate/4-hydroxybutyrate cycle (Huber et al., 2008). The enzymes, oxygen requirements 
and organisms involved in each pathway are summarized in Table I. The variety and the 
distribution of these pathways in the environment is a reflection of both the ecological 
niches available and the diversity of organisms that have evolved to carry out this process 
(Thauer, 2007; Berg, 2011).
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Table I: Summary of carbon fixation pathways (summarized from Thauer (2007) and Berg (2011))

Pathway Environmental 
conditions

Organisms

Calvin-Benson Cycle Aerobic, anaerobic Plants, algae, Cyanobacteria, 
Proteobacteria (anaerobes and 
aerobes, alpha, beta, gamma)

Reductive citric acid cycle Anaerobic, microaerobic Green sulfur bacteria, 
Proteobacteria (delta, epsilon), 
Nitrospirae, Thermoproteus 
(anerobic Crenarchaeota), Aquifex/
hydrogenobacter

Reductive Acetyl-CoA pathway Strictly anaerobic Methanogenic archaea, acetogenic 
bacteria, anaerobic ammonia-
oxidizing planctomycetes

3-hydroxyproprionate cycle Neutrophilic, alkaliohilic Green nonsulfur bacteria 
Chloroflexus 

3-hydroxyproprionate/4-
hydroxybutyrate cycle

Aerobic, microaerobic Microaerophilic Crenarchaeota 
(Metallosphaera, Sulfolobus, 
Acidianus, Nitrosopumulis, 
Crenarchaeum)

dicarboxylate/4-hydroxybutyrate 
cycle

Anaerobic Crenarachaeota, Thermoproteales, 
Desulforococcales

Aquatic environments - Carbon fixation has been identified and characterized in several 
aquatic- terrestrial ecosystems such as cryoconite (Stibal and Tranter, 2007), perennial cold 
springs (Perreault et al., 2008) and Arctic lakes (Markager et al., 1999). Microbial communi-
ties in cryoconite holes both respire and photosynthesize at rates comparable to microbial 
ecosystems in much warmer nutrient-rich environments (Hodson et al., 2007; Anesio et 
al., 2009; Anesio et al., 2010; Hodson et al., 2010; Telling et al., 2011). In cryoconite holes, 
laboratory experiments suggested that cyanobacterial photosynthesis (75–93%) was the 
main process responsible for inorganic carbon fixation, while heterotrophic uptake (6–15%) 
only accounted for a minor part. The major sources of primary production in Arctic lakes are 
phytoplankton, aquatic plants, benthic macroalgae, photosynthetic microbes, and chemo-
synthetic bacteria, but their photosynthetic yields have been shown to be three- to six-fold 
lower than for polar marine environments, which is likely due to nutrient limitation (Mark-
ager et al., 1999). Primary production by chemoautotrophs was shown to be an important 
process in perennial cold springs, and they represented up to 40% of the total microbial 
community (Perreault et al., 2008).  
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Snow - Snow algae are a group of freshwater algae representing several genera that are 
capable of thriving on semi-permanent to permanent snow and ice fields in polar and alpine 
regions (Kol and Flint, 1968). In a recent survey of 21 glaciers across the Arctic, Lutz et al. 
(2016), showed that snow algae were cosmopolitan, and that their biodiversity was low. 
In wet, carbon and nutrient rich green snow, Microglena spp. dominate, while dry, nutrient 
poor red snow is colonized by Chloromonas spp. In dry, cold snow packs, algae are rarely 
observed, however, autotrophic bacteria can be abundant (Harding et al., 2011; Larose et 
al., 2013a).

Soils - Carbon fixation is a critical process in Arctic soils, especially in recently deglaciated 
forefields. Prior to plant colonization, microorganisms use both autochthonously produced 
and allochtohonously delivered nutrients for growth (Bradley et al., 2014). Based on a com-
bined field, laboratory and modelling approach, Bradley et al. (2016) showed that initial 
microbial communities were dominated by bacteria outwashed from the glacial environ-
ment, while older soils were characterized by autotrophic and heterotrophic bacteria.  In 
older, established tundra soils, carbon fixation is also an important process. The presence of 
a permafrost layer, in addition to high soil moisture and low organic carbon concentrations, 
limits air diffusion in Arctic soils (Bockheim and Tarnocai, 1998), likely favoring carbon fix-
ation. Based on recent work by Šantrůčková et al. (2018), dark CO2 fixation appears to be 
a ubiquitous process in Arctic tundra soils, which becomes increasingly important with soil 
depth. This process, involving carboxylase enzymes, was shown to account for up to 16% of 
net respiration in permafrost soils and could be attributed to a broad range of heterotrophic 
microorganisms (Šantrůčková et al., 2018). However, dark inorganic carbon fixation was not 
linked to biomass production (Alonso-Sáez et al., 2010), suggesting that it may only enable 
microorganisms to maintain metabolic activity and not growth (Šantrůčková et al., 2018). 

There is consequently an urgent need to understand the balance between fixation and 
decomposition of organic compounds through the microbial community, and in particular, 
its seasonal variability and long-term change.
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Carbon sequestration (in deep sea sediment)

As the ice and snow retreat, soil formation leads to the creation of a standing carbon pool. 
Whilst this is dynamic, the average biomass of carbon remains locked in the solid phase. 
Fixation of atmospheric CO2 by marine phytoplankton is an important mechanism by which 
CO2 is drawn out of the atmosphere and sequestered in marine sediment (particularly deep-
sea sediment). The efficacy of the process largely rests on the ability of the microbial com-
munity in the surface waters to break it down again and release it back into the atmosphere.

The deep ocean represents the largest active carbon sink on Earth (~38,000 Pg), with 
sediments also forming a globally significant reservoir (~6000 Pg) (Houghton, 2007). Ocean 
fertilisation with increased primary production and carbon fluxes into the deep ocean has 
been suggested as a potential way of removing or offsetting increased levels of atmo-
spheric carbon dioxide. However, evidence suggests that in regions of high surface water 
productivity, most of the total primary production is consumed within the water column, 
where it either supports elevated biomass (Steinberg et al., 2008) or results in higher rates 
of microbial activity (Zubkov et al., 2007). Accordingly, carbon export from the surface layer 
and, in particular, the ability of the ocean and its sediments to sequester carbon for many 
years remains poorly understood. 

In shallow seas, evidence for a clear link between bacterioplankton diversity and surface 
water productivity has been widely reported and both benthic and mesocosm studies have 
demonstrated that temporal changes in sediment bacterial abundance and distribution can 
be linked to surface-derived labile organic matter. Conversely, in the deep-sea, bacteria do 
not show significant differences in biomass and abundance with changes in depth, regardless 
of the continual decrease of food supply with increasing distance from the sea surface and 
from land. However, some studies have suggested a rapid increase in deep sea sediment 
bacterial activity in response to particulate organic matter input from the euphotic zone 
(Lochte, 1992; Witte et al., 2003; Moodley et al., 2005). Resource availability (derived from 
primary production) as well as microbial biomass may also be a key determinant of benthic 
biodiversity in marine systems. It has, therefore, been suggested that deep-sea processes 
are likely to differ from those occurring in shallow waters and the processes that define 
species composition in deep-sea sediments are largely unknown (Moodley et al., 2005). 

High similarity between surface sediment bacterial communities from different productivity 
regimes reflects the stability of the deep-sea environment. Changes that occur in the water 
column and sediment contact water before reaching the sediment, however, suggest that 
additional carbon might be remineralized in the water column before it reaches the sea bed. 
This is mediated by combinations of changes in microbial community structure; microbial 
activity in the water column (Zubkov et al., 2007) and some two-fold higher respiration rates 
in the sediment. It is therefore possible that additional CO2 fixation in marine surface waters 
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will not lead to increased carbon sequestration in deep-sea sediment. 

The difference between sediment and water column bacterial communities beneath areas 
of contrasting productivity indicates that most of the POM produced at the ocean surface 
is remineralized before reaching the sea bed. This suggests that enhancing atmospheric 
CO2 sequestration through ocean fertilisation may not result in increased sediment accu-
mulation.

Nitrogen cycling (in particular N2O production)

Nitrogen is a key growth limiting nutrient in soil and can take many forms through various 
complex processes, driven by microorganisms. Nitrogen is often the limiting nutrient for 
plant growth, and thus, limits primary production (Chapin et al., 1991). Dinitrogen (N2) is the 
most abundant form of nitrogen, yet, plants are unable to use it and only a small proportion 
of prokaryotes are able to fix N2. Cyanobacteria, in addition to their role in CO2 uptake, are 
the main N2 fixers and thus, the main source of nitrogen in Arctic environments (Chapin et 
al., 1991). Specialized N2 fixing species form heterocysts, which are specialized cells with 
thicker cell walls to protect nitrogenase from O2 inactivation (Kumar et al., 2010). Nostoc sp. 
are found in abundance in Arctic soils (Dodds et al., 1995; Steven et al., 2013; Pushkareva 
et al., 2015), transforming N2 into organic N, which can then be used by plants and other 
microorganisms. As most microorganisms cannot fix N2, they use available organic nitrogen 
to produce ammonia/ammonium (NH3/NH4

+) through ammonification. NH3/NH4
+ can then 

be oxidized through nitrification to form nitrite (NO2
-) or nitrate (NO3

-). 

Some Betaproteobacteria, notably in the genera Nitrosomonas and Nitrosospira, are well 
known ammonia-oxidizing bacteria (AOB) (Fierer et al., 2007; Palmer et al., 2012) while 
Thaumarchaeota are ammonia-oxidizing archaea (AOA) (Alves et al., 2013). Studies have 
shown that, although AOB are often identified, AOA usually have a greater abundance 
(Leininger et al., 2006; Alves et al., 2013). Anaerobic oxidation of NH3/NH4

+ through ana-
mmox is carried out by Planctomycetes and leads to the production of N2 (Humbert et 
al., 2010; Robertson and Groffman, 2015). Planctomycetes inhabit marine and freshwater 
environments but have also been identified in low abundances in terrestrial environments 
(Humbert et al., 2010), including in Arctic soils (Wagner et al., 2009; Hultman et al., 2015). 

As only a limited number of studies have identified Planctomycetes in Arctic soils, whether 
they thrive there and are functionally active has not yet been investigated. Thus, rates of 
anaerobic ammonia oxidation in terrestrial Arctic environments are unknown. Some organ-
isms can, in turn, take in NO3

- and through denitrification, transform it to NO2
- or even gas-

eous forms such as nitric oxide (NO), nitrous oxide (N2O) or back to stable N2. Nitrous oxide, 
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a greenhouse gas, is 298 times more potent than CO2 (IPCC, 2007; Palmer et al., 2012) and 
is also released upon permafrost thaw. When released in the atmosphere, N2O reacts with 
ozone (O3) in the stratosphere, damaging the ozone layer while forming nitrite (NO2

-) which 
returns to the surface as nitric acid (HNO2) in rain (Madigan et al., 1997; Fierer et al., 2007; 
Marushchak et al., 2011; Palmer et al., 2012). N2O is produced through aerobic nitrification 
and anaerobic denitrification (Fierer et al., 2007; Elberling et al., 2010; Marushchak et al., 
2011; Palmer et al., 2012). Paracoccus denitrificans, Thiobacillus denitrificans and some Pseu-
domonas sp. (Baumgärtner et al., 1996) are known denitrifiers but their presence in Arctic 
soils is still to be investigated, although many studies have shown denitrification occurs and 
N2O is released to the atmosphere (Fierer et al., 2007; Elberling et al., 2010; Palmer et al., 
2012). N2O production seems to be strongly influenced by O2 availability as well as moisture 
content in soils (Fierer et al., 2007; Elberling et al., 2010; Marushchak et al., 2011). The 
Arctic region was not considered a large N2O producer until studies showed the potential 
release rate of N2O into the atmosphere. In fact, studies have shown a large increase in 
N2O production and subsequent release in the atmosphere following freeze-thaw cycles 
and rewetting of soils (Elberling et al., 2010). These rates of N2O release are equivalent to 
the release of N2O by tropical forests, which are among the top N2O producers (Elberling et 
al., 2010; Palmer et al., 2012). Studies suggest that hotspots of N2O production and release 
exist and further research should be conducted to provide estimations of N2O release in 
the context of climate change and permafrost thawing  (Elberling et al., 2010; Marushchak 
et al., 2011). The Arctic region should now be considered a potentially large source of N2O 
emission and further studies are required to estimate the amounts released associated with 
climate change and Arctic warming.  

There are currently four ongoing projects on N2O emissions in Svalbard (RiS). All projects 
involve air sampling to measure N2O levels in the atmosphere. However, no research is 
investigating sources and sinks of N2O and the processes by which it is produced and 
released to the atmosphere. Investigating the nitrogen cycle in Svalbard soils through mea-
surements of ammonium (NH4

+), nitrite (NO2
-) and nitrate (NO3

-) combined with the investi-
gation of microbial communities through 16S rRNA sequencing and shotgun metagenomics 
would provide information on the processes involved in N2O production and emissions. It 
would also allow the identification of emission hotspots in Svalbard, as with cryoturbated 
peat soils identified in the Russian Arctic (Palmer et al., 2012).
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Sulphur cycling (more recently the description of dimethyl sulphide 
production in soil)

Bacteria produce dimethyl-sulphide (DMS), traditionally considered to be an oceanic pro-
cess. It is becoming increasingly apparent, however, that they can also generate DMS in 
terrestrial environments such as the soil (Levasseur, 2013; Carrión et al., 2015). This implies 
that existing estimates of DMS production from marine sources could be an underestimate 
for the polar regions as a whole. Sulphur is released through weathering and can then 
be mineralized, oxidized, reduced or incorporated into organic compounds (Kertesz and 
Frossard, 2015). Thiobacillus and Acidithiobacillus are the main genera of bacteria using S or 
S-compounds as their primary source of energy. Many heterotrophic bacteria are able to 
oxidize S-compounds, including members of Bacillus, Micrococcus, and Pseudomonas (Kertesz 
and Frossard, 2015). The sulphur cycle has been particularly studied in the atmosphere in 
association with marine environments (Levasseur et al., 1994; Levasseur, 2013). The largest 
concentration of DMS is found in surface seawater, and is the product of the degradation of 
dimethylsulfoniopropionate (DMSP) by phytoplankton (Dacey and Wakeham, 1986; Lomans 
et al., 1997; Bopp et al., 2003; Cameron‐Smith et al., 2011). When DMS is released to the 
atmosphere, it can be oxidized into sulphur dioxide (SO2), sulphate (SO4

2-) and methanosul-
phate (CH3SO3) (Madigan et al., 1997; Ayers and Gillett, 2000; Bopp et al., 2003). Sulphate 
aerosols react with cloud condensation nuclei (CCN) and thus, participate in cloud formation 
over the oceans (Ayers and Gillett, 2000; Cameron‐Smith et al., 2011). Conversely, when 
DMS is released in anoxic environments, it can be fixed to yield dimethyl sulphoxide (DMSO) 
or it can be used for methanogenesis, yielding CH4 and hydrogen sulphide (H2S) which in 
turn, if not oxidized, play an essential role in climate alteration (Lomans et al., 1997; Madigan 
et al., 1997; Lomans et al., 1999). 

There are two ongoing projects investigating DMS concentration in the atmosphere around 
Svalbard (RiS) but none investigating production rates and emissions of DMS from terrestrial 
sources. Measurements of the different states of sulphur in soils such as reduced S (sul-
photanes), oxidized S (sulphate esthers) and intermediate redox states (sulfones, sulfoxides), 
would provide a better understanding of the sulphur cycle in soils. These should be comple-
mented by 16S rRNA and metagenomic studies to investigate the microbial communities 
actively involved in sulphur cycling. Measuring DMS concentration in the air over different 
regions of the Svalbard tundra would inform on the potential of soils for DMS production 
and emission.  

DMS emissions have been extensively studied in the marine environment but the produc-
tion of DMS by terrestrial systems has yet to be investigated. It is estimated that 80% of 
DMS emissions come from oceanic sources while the remaining 20% combine anthropo-
genic sources, potential terrestrial emissions and plant emissions (Schäfer et al., 2009). 
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Permafrost thaw (and the microbial response)

Polar environments represent some of the most extreme environments on Earth, and until 
recently the assumption of a biological inactivity was considered as well within reason. For 
example, Arctic average winter daytime temperatures range from -34° to 0° C, and available 
water, nutrients and sunlight are limited throughout the year (Przybylak et al., 2003). How-
ever, as the climate warms and the active layer of the permafrost starts to increase in depth, 
so this trapped carbon is increasingly being released leading to a positive feedback loop. 

The Arctic includes some of the most rapidly warming regions on the planet.  Arctic soils 
are thus currently the focus of intense research initiatives due to their recognized vul-
nerability to climate change, in particular with respect to the unknown consequences of 
warming on the enormous carbon reserves that are sequestered in permafrost. Permafrost 
is defined as material frozen for two consecutive years. Climate fluctuations in the Arctic 
are expected to have a major impact on soil microbial community composition and activity, 
and it is assumed that this will consequently affect nutrient turnover in Arctic soil environ-
ments. Measurements and monitoring of permafrost on Svalbard started seriously in 2000, 
although the surface few centimetre of soil where the large majority of microbial activity 
is, is not typically monitored in detail in permafrost studies (Convey et al., 2018), and since 
then the temperature has gradually increased. The year 2016 was measured as exceptionally 
hot, and in recent years, the rate of temperature increase has been very strong throughout 
the Svalbard region.  

Permafrost in Svalbard is up to 450 m thick in the mountains surrounding Adventdalen 
(Liestøl, 1977) and thins towards the shore in the valley bottom (Humlum et al., 2003). 
Mean annual ground temperatures in Adventdalen vary from -3.5 to -6.9 °C (Christiansen 
et al., 2010; Cable et al., 2018). In Adventdalen, the active layer reaches down to about 1 
m depth (Christiansen et al., 2010). Samples from the active surface layer are expected to 
have a higher microbial biomass and complexity compared to the deeper layers, including 
permafrost. In studies from permafrost cores collected in Adventdalen in 2012, a lower 
microbial diversity was found in permafrost compared to the active layer (Müller et al., 2018) 
and this is in agreement with studies reported from the Canadian Arctic (Mackelprang et al., 
2011). In the samples from Adventdalen a distinct shift in community composition along the 
depth profile was seen, with a high biomass and diversity in the upper 60 cm representing 
the active layer. A distinct shift in community composition with a dominance of the phylum 
Bacterioidetes was reported indicating a transition zone. A further shift in composition 
occurred in the permafrost layer, where a microbial community strongly dominated by one 
single Actinobacteria family (Intrasporangiaceae) was seen. The contrasting abundances of 
these two taxa caused a community difference of about 60%, within just 3 cm from the 
transition zone and into the permafrost layer (Müller et al., 2018). Samples from the three 
distinct layers were used for incubation experiments at 4 (±1) °C to measure the potential 
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for microbial activity response upon thawing using gas flux analysis (CO2, CH4, and N2O) to 
identify potential connections between the microbial community structure and greenhouse 
gas fluxes. Independent of soil layer and community structure, respiration rates were higher 
under aerobic than anaerobic conditions, with up to four times more CO2 produced. These 
results are in agreement with a permafrost study from Greenland  (Elberling et al., 2013) 
and a comparative study investigating aerobic and anaerobic permafrost incubations from 
different locations in Alaska and Siberia (Lee et al., 2012). 

Current studies focus on understanding the role of microbial communities in cycling of 
carbon and regulation of greenhouse gas fluxes. Although microbes are recognized as key 
players in these processes, their contribution is poorly incorporated into existing climate 
models. This deficiency is largely due to the difficulty in the study of largely uncultivated and 
unknown permafrost microbes. We need to improve our understanding of the underlying 
mechanisms that control microbial diversity in low temperature environments and the pos-
sible impact on these of climate variability in the Arctic. In order to properly understand how 
carbon processing is controlled by microorganisms in the Arctic and how these processes 
are impacted by climate change a combination of state-of-the-art sequencing and omics 
technologies to reveal the identities and functions of the key players in Arctic ecosystems 
is needed.  

In transiently cold environments, methanogen communities have been shown to rapidly 
respond to moderate short-term increases in temperature, but not necessarily to the sea-
sonal release of previously frozen organic carbon from thawing permafrost soils. As tem-
peratures increase such inputs of carbon will likely have a greater influence on methane 
production and methanogen community structure. Understanding the action and limitations 
of anaerobic microorganisms within cold environments may also provide important infor-
mation, which can be used in defining biogeographical differences in microbially-mediated 
processes, which ultimately control the methane flux to the atmosphere (Blake et al., 2015).

Recent discoveries (e.g. methyl halide degradation)

As frozen environments have increasingly become recognized as true habitats, their explo-
ration has revealed high levels of microbial diversity and complexity using a combination of 
both culture-dependent and culture-independent techniques. In 2006 a novel methane-ox-
idizing bacterium, Methylobacter tundripaludum sp. nov., was isolated from Arctic wetland 
soil on Svalbard. Tveit et al. (2013) then reported a population of CH4-oxidising bacteria 
closely related to M. tundripaludum to be the dominating active group of methanotrophs. 
Based on this in-depth characterisation of the microbes and their genes, they concluded 
that Arctic peat soils will in time become CO2 sources owing to increased active layer 
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depth and prolonged growing season. However, the extent of future CH4 emissions will 
critically depend on the response of the methanotrophic bacteria. Microbial diversity has 
been studied in various habitats such as soil (Zhou et al., 1997; Chu et al., 2010; Edwards 
et al., 2011; van Dorst et al., 2014), ice (Junge et al., 2002; Brinkmeyer et al., 2003; Yu et 
al., 2006; Bottos et al., 2008; Collins et al., 2010), permafrost soil (Hansen et al., 2007; 
Steven et al., 2007; Wilhelm et al., 2011), sediments (Lysnes et al., 2004; Li et al., 2006a; Li 
et al., 2006b; Perreault et al., 2007; Forschner et al., 2009; Li et al., 2009; Bienhold et al., 
2012; Zhang et al., 2014), snow (Larose et al., 2013b) and cryoconite (Edwards et al., 2011; 
Chrismas et al., 2016). Several organisms have also been cultivated, including a strain that is 
active at -15°C (Mykytczuk et al., 2013), thus challenging our perception of the limits of life. 
The desire to better understand the functioning of microorganisms in the cryosphere has 
led to discoveries of adaptations to conditions at both the molecular and cellular level, such 
as the synthesis of antifreeze proteins and cold-active enzymes (Feller and Gerday, 2003; 
Singh et al., 2014) that help them sustain metabolic activities of the cell at non-permissible 
temperatures.

High industrial/biotechnological interest has also been displayed in enzymes obtained from 
organisms living in extreme ecosystems because the harsh environments in which they live 
can provide analogous challenges to life to those found in certain industrial processes (San-
tiago et al., 2016). Psychrophilic enzymes have been shown to be advantageous over meso-
philic/thermophilic enzymes, because of their high catalytic efficiency at low and moderate 
temperatures, leading to shorter process times and lower energy costs. These features have 
garnered interest from a variety of industries, such as molecular biology, medical research, 
industrial food or feed technologies, detergents and cosmetics (Kuddus, 2015). Some cold-
adapted bacteria are already being used in waste water treatment (Margesin and Feller, 
2010). These microorganisms and their genes could be invaluable also in the development 
of low temperature technologies for temperate climates, for example, low temperature 
anaerobic digestion, which could help pave the way to the low carbon economies we will 
need in the future. As sequencing technologies become more accessible, the potential for 
new discoveries is growing. Future research directions include the search for new antibiotic 
molecule discovery but also using polar microorganisms for bioremediation of contaminated 
sites (Kuddus, 2015).

Elsewhere, methyl halides are known to be produced and degraded by photochemical 
processes in the snow. It has recently emerged, however, that methyl halides can also 
be degraded through the action of microorganisms in the polar snowpack (Redeker et al., 
2017). 
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Whilst it is clear that photochemical activity in the atmosphere is primarily responsible for 
climate processes, it is now becoming clear that microorganisms may have a significant role 
to play and our understanding of the extent of this role may be limited only by research 
activity in this area to date. 

Future directions

Priorities and opportunities (for development under SIOS):

1. Conduct a comprehensive census of both microbial biodiversity and functional diversity 
on Svalbard

Much of the work concerning microbial communities on Svalbard to date is focused at 
key sites or around specific functional questions. In order to fully understand the role and 
activity of microbial communities, it is necessary to conduct a full and broad-ranging bio-
geographical microbial biodiversity survey, taking into account the full range of microbial life, 
from viruses to prokaryotes (eubacteria including cyanobacteria, Archaea) and eukaryotes 
(fungi and protozoa to pico-eukaryotes).

Recommendation: A comprehensive microbial biodiversity study across Svalbard

2. Look at the distribution of this diversity in terms of habitat type

Svalbard contains a wide range of habitats for microbial growth, from the rock itself (endolith 
and sublithic communities), diverse soil types (Malard and Pearce, 2018), freshwaters (includ-
ing meltwater, streams, rivers and lakes but also the ice and snow itself), brackish and tran-
sitional waters to the marine ecosystem itself, and into the air. It also contains a wide range 
of ‘hotspots’ for specific diversity, such as hydrothermal systems, within and in association 
with animals and plants and acid mine drainage systems (to name but a few). A full habitat 
survey with respect to microbial communities would allow Svalbard to form a case study for 
the wider integration of microbial influences on climate active gas cycling across the globe. 

Recommendation: A comprehensive habitat classification study across Svalbard

3. Determine the stability of the communities in which this biodiversity exists

Microbial communities are not static and are subject to strong and cyclical selection pres-
sures in a relatively extreme environment. Coupled with this, microorganisms are raining 
down onto the surface from the atmosphere in precipitation and via air movements. For 
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this reason, measuring activity at one point in time may not be representative of the com-
munity as a whole. We need to understand how these communities change over time (and 
in response to which environmental signals) to put their activity into context.

Recommendation: A time series study at a series of key ‘indicator’ sites to establish stability

4. Link this biodiversity & active gene composition to climate active gas flux (as measured 
currently)

There are current studies ongoing that are measuring the flux of climate active gases. These 
fluxes need to be matched to microbial activity at the location through functional gene enu-
meration, functional gene expression studies and stable isotope probing to start to unpick 
how much of the observed gas flux is influenced by microbial activity.

Recommendation: Link current and future flux measurements to concurrent microbial activity

5. Use this raw data to construct preliminary models in order to open the debate with the cli-
mate change community more widely about the relative significance and potential of microbial-
ly-mediated processes to generate a paradigm shift in our understanding of climate processes.

In order to determine the effect on the climate system, the impact of microbial activity toward 
climate active gases needs to be incorporated into global climate models. The best approach 
to enable this to happen would be to develop a case study that would demonstrate unequiv-
ocally that the impact is significant at the regional scale. Svalbard is ideally suited for this 
initial study given its research infrastructure, current monitoring capability, and field logistics.

Recommendation: Develop a small-scale model including microbial activity for Svalbard

Capacity building - Much of this work could potentially be conducted at current research 
stations on Svalbard. To enable this to happen the further development of microbiology 
facilities and infrastructure (such as class II microbiological safety cabinets, autoclaves, clean 
rooms, and molecular biology facilities) is an essential and pressing need.
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