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The Arctic is melting at an unprecedented rate and key drivers are changes in snow and ice
albedo. Here we show that red snow, a common algal habitat blooming after the onset of
melting, plays a crucial role in decreasing albedo. Our data reveal that red pigmented snow
algae are cosmopolitan as well as independent of location-specific geochemical and miner-
alogical factors. The patterns for snow algal diversity, pigmentation and, consequently albedo,
are ubiquitous across the Arctic and the reduction in albedo accelerates snow melt and
increases the time and area of exposed bare ice. We estimated that the overall decrease in
snow albedo by red pigmented snow algal blooms over the course of one melt season can be
13%. This will invariably result in higher melt rates. We argue that such a 'bio-albedo’ effect
has to be considered in climate models.
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laciers are important components of Earth’s climate and

hydrologic system. The Arctic is being disproportionately

affected by global warming, which in turn provides a
strong feedback on the climate system!. One of the ke
parameters in the increase of glacial melt is albedo change”.
The physical and chemical characteristics of snow and ice have
been studied intensively; however, the field of glacial
microbiology is still in its infancy. Snow and ice surfaces have
been considered barren until recently, yet distinct habitats
harbour species of all three domains of life’, So far, most
attention has been paid to cryoconite holes*”, which are
dominated by bacteria®’. These are, however, only active once
the long-lasting snow cover has melted away, and their
coverage on glaciated areas usually reaches a maximum
of only 10% (refs 3,4,8). In contrast, little is known about the
diversity or function of snow algae, nor their global effect on
albedo and hence glacial melting. This is despite the fact that
coloured snow algal blooms have been known since Aristotle!’,
and that they dominate primary production on snow and ice
fields! 112,

For most of the year, the largest proportion of the glacial
surfaces in the Arctic is covered by snow. Moreover, permanent
and seasonal snow can cover up to 35% of the entire Earth’s
surface!>. We have recently shown that snow algae are critical
players in glacial surface habitats and the dominating biomass
immediately after the onset of melting'!. Snow algae are prolific
primary colonizers and producers that can form extensive blooms
in spring and summer. Such snow algal blooms can substantially
darken the surface of glaciers because of their red pigmentation
(secondary carotenoids), which the algae produce as a protection
mechanism (for example, from high levels of irradiation)!*!>. We
have shown that this phenomenon, known as ‘red snow’, can
reduce the surface albedo locally by up to 20%, which in turn
further increases melting rates of snow!!l. Previous studies have
been unable to generalize this effect because of a lack of
information on the distribution, and controls on red snow
ecology and physiology. These studies have so far focussed on
describing al%ae primarily through classical microbiological
approaches'®~18 (for example, microscopy). In contrast, in the
current study, we have employed high-throughput sequencing to
characterize these cryophilic micro-eukaryotes and their
associated microbiota, that is, bacteria and archaeca. We
evaluated the diversity and functionality of the red snow algal
habitat in four geographically well-separated glacial systems
across the Arctic, comprising of 40 red snow sites on 16 glaciers
and snow fields. This way, we have produced the first large-scale
biogeographical data set for red pigmented snow algae.
Knowledge of the global distribution of species and their
underlying spatial patterns and processes (that is, their
biogeography) has long been assumed irrelevant for microbial
communities. However, recently documented rapid changes in
diversity across many ecosystems have led to an increased focus
on biogeographical patterns and traits in microorganisms!®-2!,
Identifying patterns can help to better understand their ecology
within a specific ecosystem and make predictions about their role
on a larger scale. We cross-correlated the marker gene data with
geochemical and metabolic measurements. These parameters
were then used to evaluate the environmental forcing factors on
the snow microbial community composition.

Furthermore, recent snow-albedo models for Greenland??
suggest that melting accelerates largely due to increased
contributions from light-absorbing impurities, with impurities
being primarily considered to be anthropogenic, forest fire-
derived black carbon, Saharan or pro-glacial mineral dust?3,
However, the contribution of coloured algae to changing albedo
and melt rates has not previously been considered®*.

2

Here, based on our albedo measurements on red snow and
comparing with literature data for algae-free snow, we have
estimated the reduction of albedo caused by microbial darkening
of glacial surfaces (inferring higher melting rates). This will help
to improve our understanding of the response of glacial systems
to a warming climate.

Results

Cosmopolitan algal but local bacterial community structure.
We have assessed the biogeographical patterns for red snow
microbiomes across the Arctic by using high-throughput
sequencing of the small subunit ribosomal RNA genes
and characterized the species composition of 40 red snow
sites in four well-separated and physico-chemically diverse
Arctic settings (see Fig. 1 and Supplementary Table 1 for full
details).

Our results show that, similar to recent studies of other habitats
(for example, soil, marine)>>~?, the bacteria in our red snow
samples inherited a strong geographical separation, despite their
small cell size and therefore high potential for universal
distribution. Bacteria were mostly represented by the phyla
Bacteriodetes, Proteobacteria and Cyanobacteria (Supplementary
Table 2). These bacterial phyla have previously been described in
snow environments >“>*”. However, we found significant
differences (P<0.05) between locations for the major classes
within these phyla (Supplementary Table 3). Samples clustered
according to their geographic location (Fig. 2a), and the observed
differences were derived from large variations in the relative
abundance of Sphingobacteria, Saprospirae, Alphaproteobacteria,
Betaproteobacteria and Synechococcophycideae. Among these,
Saprospirae, Cytophagia, Betaproteobacteria and Synecho-
coccophycideae were dominant in Svalbard; Sphingobacteria in
Northern Sweden; Sphingobacteria and Saprospirae in Greenland;
Saprospirae, Betaproteobacteria and Alphaproteobacteria in
Iceland (Fig. 2b and Supplementary Table 2).

In contrast, these biogeographic patterns were not observed for
the snow algae. Our results demonstrate that the snow algal
community composition and their relative abundance in all
studied Arctic sites was highly similar (Fig. 2c,d), despite the large
distances, physico-chemical characteristics and associated bacter-
ial composition differences between sites. We show that the snow
algae are cosmopolitan. This is in contrast to recent molecular
studies, which suggest that in other terrestrial habitats, and even
within a sg)eciﬁc habitat, micro-eukaryotes show strong biogeo-
graphy?%2>=27_Our data reveal a very low algal diversity. Six taxa
make up >99% of the algal communities (Fig. 2c,d and
Supplementary Tables 3 and 4) and all have similar relative
abundance values across all samples. The uncultured
Chlamydomonadaceae (2) was the most abundant species
(39-75%, Fig. 2d), followed by Chloromonas polyptera
(10-26%), Chloromonas nivalis (3-13%), Chloromonas alpina
(0-1%), the wuncultured Chlamydomonadaceae (1) and
Raphidonema sempervirens (1-18%). The small variance in the
algal data between sites (Fig. 2c) was mainly caused by changes in
relative abundance of the uncultured Chlamydomonadaceae (2),
Chloromonas  polyptera and  Raphidonema  sempervirens.
However, none of the samples clustered according to locations,
and no significant differences were found between locations for
most of the algal species. The exceptions were Chloromonas
nivalis, which showed a higher relative abundance in samples
from Greenland in comparison to Svalbard, and the uncultured
Chlamydomonadaceae (2), which had a higher relative abundance
in Svalbard in comparison to Iceland (full details of the
eukaryotic and archaeal community compositions and diversity
indexes can be found in Supplementary Tables 5-8).
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Svalbard (SVA), Norway
78.9°N, 12.1° E, ~ 150-400 m a.s.l.

Mittivakat (MIT), Greenland
65.7° N, 37.9° W, ~ 200 m a.s.l.

.v '
-~ "T’i

Tarfala (TAR), Sweden
67.9°N, 18.6° E, ~ 1,150-1,400 m a.s.l.

Iceland (ICE)
65.5° N, 20.2° E, ~200-900 m a.s.l.

Figure 1 | Sample locations. Locations of the 16 glaciers and snow fields across the Arctic, where 40 sites of red snow were sampled: Svalbard (n=12),
Northern Sweden (n=24), Greenland (n=2) and Iceland (n=2). These localities were chosen as they represent different geographical settings including
low (67.9°N) versus high (78.9°N) latitude, low (150-400 m) versus high (~1,200-1,400 m) elevation, and maritime versus continental settings. Red dots
represent sampling sites and several sampling events within one site (for full details, see Supplementary Table 1). Map data: Google, DigitalGlobe.

The homogeneous algal community composition described
above was also mirrored in the similar composition of algal cell
biomass, fatty acids and pigments with no significant differences
between Svalbard and Northern Sweden (Fig. 3 and
Supplementary Tables 9-11). On average, between 10> and 10*
red pigmented algal cells per ml were present in our red snow
samples. Despite the large variations in environmental para-
meters, no significant differences were found for cell numbers,
cell sizes or total algal biomass (Supplementary Tables 3 and 9).
Similarly, the fatty acid compositions in all analysed samples were
similar with no statistically relevant differences between locations
(Supplementary Tables 3 and 10). On average, ~45-50% of all
fatty acids were made up of polyunsaturated fatty acids, whereas
saturated fatty acids comprised ~30-40% and monounsaturated
fatty acids were the least abundant (~10-15%; Fig. 3 and
Supplementary Table 10). The high content of polyunsaturated
fatty acids likely demonstrates their role as cryo-protectants,
helping algal cells to maintain membrane fluidity and preventing
intracellular ice crystal formation®°. The production of fatty acids
is often linked to pigments'4, which play the dominant role in
changing the albedo. All samples were characterized by a high
content of secondary carotenoids (~70-90%), which are
synthesized by the snow algae as a protection mechanism from

high levels of irradiation, and with no significant differences
between locations. The dominant secondary carotenoid was
trans-astaxanthin (Supplementary Table 11). The remainder of
the analysed pigments were typical primary carotenoids (up to
24%) or chlorophylls a and b (up to 55%; Supplementary
Table 11).

Local environment affects bacteria but not algae. Changes in
physico-chemical conditions are known to control variations in
microbial diversity in the environment?"*!, yet for snow settings
the importance or magnitude of these effects and whether they
cause any biogeographical patterning are largely unknown. Our
results show that the four chosen geographic locations differed
substantially in the concentrations of essential nutrients,
carbon species, trace elements (both dissolved and solid forms;
Supplementary Tables 12 and 13) and mineralogy (Supple-
mentary Table 14). Hence, they represent a good range of
differing local snow environments across the Arctic. Dissolved
organic carbon (DOC) concentrations varied significantly
between locations (Supplementary Fig. 1 and Supplementary
Tables 3 and 12), with up to five times higher values in snow from
Northern Sweden in comparison to Svalbard. In contrast,
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Figure 2 | Algal and bacterial community composition. Principal component analysis of bacterial classes (a,b) and algal species (¢,d) revealing taxonomic
distance between sampling sites and taxa causing separation. Algal species show homogenous community composition across all sites (¢), whereas
bacteria cluster according to locations, even on the higher taxonomic class level (a, dotted lines have been added to help guide the reader’s eye). Bar charts

show average community composition (Supplementary Tables 2 and 4 for i

ndividual values; Supplementary Table 3 for averages and P-values) for each

location and confirm similar composition for algae (d) but large differences for bacteria (b).

Fatty acids Pigments Albedo

B Polyunsaturated W Secondary carotenoids

H Monounsaturated Primary carotenoids
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(n=13) (n=16)
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Figure 3 | Algal fatty acid and pigment composition and albedo values.
Comparison between average fatty acid and pigment compositions with
average surface albedo (all in % of total) for all Svalbard and Northern
Sweden sites. Error bars are standard deviations (for full details see
Supplementary Tables 1, 3 and 10).
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concentrations of easily leachable elements (Ca, Cl, Mg, Mn, Na
and K) were on average 10 times higher in red snow from
Svalbard in comparison to Northern Sweden (Supplementary
Table 12), whereas in Iceland the red snow samples contained up
to 100 times higher iron concentrations than any of the other
localities. These differences appear to be linked to the higher
concentrations of more easily dissolvable mineral phases in
Svalbard in comparison to Northern Sweden, and the higher Fe
content in basaltic rocks from Iceland in comparison to the other
sites (Supplementary Table 3). However, none of the essential
nutrients (that is, NO3;, PO,) showed any statistically relevant
differences among locations (Supplementary Tables 3 and 12).
Mirroring the DOC trend, the total particulate carbon (TC)
values as well as the total solid phase carbon to nitrogen (C/N)
and carbon to phosphorous (C/P) ratios (Supplementary
Table 13) were on average two or three times higher in Northern
Sweden in comparison to Svalbard, whereas the 5!3C values of
bulk organic matter were significantly lower in Svalbard in
comparison to Northern Sweden. In both locations, the C/N
ratios were below the Redfield ratio but C/P values below
Redfield were only present in samples from Northern Sweden
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Table 1 | Integrated albedo change.

Average Minimum Maximum Reference
Dry (winter) clean snow 0.90 0.95 0.85 37
Wet clean snow 0.75 0.80 0.70 n
Red snow 0.65 0.77 0.53 " Supplementary Table 1

(Supplementary Fig. 4).

Average, minimum and maximum albedo values (in terms of decrease in albedo) for dry clean snow, wet clean snow and red snow used to derive the integrated albedo change over 100 days

(Supplementary Table 13). The high TC, DOC and §'3C values in
the snow samples from Northern Sweden likely document a
higher amount of allochthonous carbon potentially derived from
higher plants, and the large amounts of pine pollen blown onto
the glaciers and snow fields from the lower parts of the Tarfala
valley. However, all red snow samples, regardless of location, were
characterized by similar, predominantly negative organic 5!°N
values indicative of an atmospheric source (Supplementary
Table 13).

Geochemical and mineralogical parameters varied dramatically
between locations, yet no correlations between algal species
distribution and these characteristics were found (Supplementary
Fig. 2). This suggests that the uniform algal species composition
remained unaffected by and independent of the local geochemical
and mineralogical parameters in each site.

In contrast, our data show a clear links between the bacterial
community composition and geochemical parameters, with the
most positive correlation found between the carbon species
(TC and DOC; Supplementary Fig. 3) and Sphingobacteria. This
is not surprising as Sphingobacteria are known to be capable of
degrading complex organic structures®?, and their abundance in
Northern Sweden is consistent with the local high DOC and TC
values (Supplementary Tables 12 and 13). In all samples and in
total contrast to the algae, the bacteria are seemingly subjected to
a much higher location-specific selection pressure and appeared
more affected by the availability of allochthonous carbon and the
local geology.

Algae decrease surface albedo. The above documented high algal
biomass primarily made up of highly red pigmented algae, will
invariably affect the amount of light that is reflected from the
surface of snow fields. Our albedo measurements (Table 1 and
Supplementary Table 1) showed a clear decrease in surface albedo
in comparison to algal-free snow sites (0.90 £ 0.05; Table L33,
The measured decrease where red pigmented algae were present
was similar in all sites, independent of the local environment with
albedo values reaching between ~0.50 and 0.75 (Supplementary
Table 1). In addition, we found a significant (P =0.008) negative
correlation between algal biomass and surface albedo (Fig. 4),
which clearly supports our assertion of the crucial role of red
pigmented snow algae in decreasing surface albedo and increasing
melting. This is also on par with the results by Painter et al.>* and
Aoki et al.3®, who showed that the strong light absorption is due
to algal pigments in the 400-600nm (carotenoids and
chlorophylls) and 600-700nm (chlorophylls) range, which is
much stronger in comparison to absorption by mineral dust or
black carbon if biomass is as high as in our documented red algal
blooms.

The above described ubiquitous distribution, low diversity and
similarity in snow algal community compositions and metabolic
functions combined with the analogous values measured for the
red snow algae induced albedo reduction (Supplementary
Table 1), allow us to compare the impact that the red pigmented
snow algae have on albedo in comparison to snow surfaces free of

0.8 - B Sweden
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- 2
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Biomass (mm?L™")

Figure 4 | Algal biomass and albedo. Plot shows a significant negative
correlation (Pearson correlation factor: r= — 0.65, P=0.008) between
algal biomass and surface albedo measured in red snow sites in Svalbard
and Northern Sweden. This underpins the role of red pigmented snow algae
in decreasing surface albedo and in turn melting.

algae over an estimated 100-day scenario. At the beginning of a
melting season, we assume all glacier surfaces are covered by dry
clean snow. Using values for albedo for such snow from the
literature222-3637 (0.90 + 0.05; Table 1) allowed us to linearly
integrate the change in albedo of snow colonized by red
pigmented algae versus algae-free snow surfaces for the season-
long transition from dry clean snow to wet clean snow
(0.75+£0.05) and to red snow (0.65%0.12; Supplementary
Fig. 4). We show a square root dependence between albedo
values and time and applied a simple one-dimensional moving
boundary approach to our data’®.

Our fit of the integrated albedo change with time (100 days)
shows a 13% larger effect in the presence of red pigmented algal
blooms in comparison to clean snow that has undergone a purely
physical albedo change due to melting, and change of snow
crystal size and structure. This 13% integrated change in albedo is
an estimate for the overall effect of snow algal communities
during an entire melt season and compares well with the single
time-point albedo reduction of up to 20%, that we and others
have previously measured on red pigmented algal snow sites!"3°.
Moreover, with further melting dirty ice and cryoconite holes will
be exposed earlier and their albedo values can drop by an
additional ~20% to 0.34 £ 0.15. This will likely culminate in even
higher melt rates, which has also recently been shown in
laboratory experiments*.

A quantitative value for the area of Arctic glaciers and the
Greenland Ice Sheet covered by snow algae during a melt season
is still lacking. However, as we infer from our data, melting is one
major driver for snow algal growth. Extreme melt events like that
in 2012, when 97% of the entire Greenland Ice Sheet was affected
by surface melting*!, are likely to re-occur with increasing
frequency in the near future as a consequence of global
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warming®?, Moreover, such extreme melting events are likely to
even further intensify the effect of snow algae on surface albedo,
and in turn melting rates®’,

With this work, we show that snow algae are ubiquitous and
have little diversity across the Arctic, despite variations in
environmental parameters that significantly impact the bacterial
community composition. Although we may not have captured
all environmental parameters, the patterns we observed occur on
all studied glaciers regardless their geochemical and mineralogical
compositions. Further investigations are needed to explore the
validity of these findings for mid latitudes and the southern
hemisphere. However, red snow is a ubiquitous phenomenon in
Arctic sites (glaciers and permanent snow fields). The similarity
in snow algal community composition, metabolic function and
impact on albedo of snow habitats allows the upscaling of our
findings and make predictions about the influence of snow algae
on melt rates of glaciers across the Arctic. Our data show that the
overall decrease in snow albedo by red pigmented snow algal
blooms over an entire melt season can be 13%, likely leading to
earlier exposure of dirty ice with an even lower surface albedo
culminating in a further increase in melt rates. Our work paves
the way for a universal model of algal-albedo interaction and a
quantification of additional melting caused by algal blooms to be
included in future climate models.

Methods

Field sites. A total of 40 red snow samples was collected from four well-separated
Arctic locations on 16 glaciers and permanent snow fields: Svalbard (SVA, n=12),
Northern Sweden (TAR, n=24), Greenland (MIT, n=2) and Iceland (ICE, n=2;
Fig. 1; Supplementary Table 1). These localities were chosen as they represent
different geographical settings including low (67.9°N) versus high (78.9 N) latitude,
low (150-400 m) versus high (~1,200-1,400 m) elevation, and maritime versus
continental settings. Vestre Broggerbreen, Midtre Lovénbreen, Austre Broggerb-
reen, Pedersenbreen, Austre Lovénbreen and Feiringbreen in Svalbard were
sampled in July and August 2013. Samples from Storglacidren, Rabot, Lilje-
topsrannan, SE-Kasskasatjakka, Bjorling and nearby permanent snow fields in
Northern Sweden were collected in July 2013 and July 2014. Mittivakkat glacier
in Greenland and the glacier Drangajokull and permanent snow field Laugafell in
Iceland were sampled in July 2012. Red snow samples were collected late in the
melt season as those are the typical snow algal blooms that will have the largest
effect on albedo.

Field sampling and measurements. All sampling, field measurements and most
analyses have previously been described in full detail'!33, Here we summarize
previously employed methods and give full details of new methods. At each
sampling site, we measured pH, conductivity and temperature with a daily
calibrated metre (Hanna instruments, HI 98129) before sampling. Photosynthetic
active radiation, ultraviolet radiation and surface albedo (400-700 nm range) were
measured using a radiometer (SolarLight, PMA2100) with specific photosynthetic
active radiation (PMA2132), ultraviolet-A (PMA2110) and ultraviolet-B
(PMAZ2106) sensors. Albedo was calculated by taking the ratio of reflected to
incident radiation (400-700 nm range) and measuring the values always in the
same position to the sun. The reading of the sensor was not affected by shading by
the observer. Measurements were carried out with the sensors held at 30 cm above
the snow surface (field of view 160°). At first, the sensor was pointed upwards
(incident radiation) and then towards the snow surface (reflected radiation). Five
measurements for incident and reflected radiation were acquired each, and the
average was taken to avoid measuring bias. The standard deviations for each
measurement set was below 10%. Data of the relative contribution of pigments,
other light impurities (that is, mineral dust, black carbon) and snow
metamorphism is lacking*2. However, based on qualitative microscopic
observations in the field, particularly mineral impurities (most often light coloured
quartz and feldspars) were less important in changing albedo measurements in red
snow surface samples in comparison to the pigment distribution. Moreover, Aoki
et al.3> and Painter et al.3* showed that red snow has much higher light absorption
below 600 nm because of the algal pigments in comparison to mineral dust or black
carbon. Samples were collected in sterile centrifuge tubes or sterile Whirl-Pak bags
and in pre-ashed glass jars (450 °C, >4h) for organic analyses. All samples were
slowly melted at room temperature within ~6h, and processed and preserved
(for example, filtered, acidified) within ~ 8 h after collection. Samples for DNA and
organic analyses were flash-frozen in liquid nitrogen and stored at — 80 °C until
analysed. Inorganic samples were stored cold (4 °C) and in the dark. All analyses
were carried out in the Cohen Laboratories at the University of Leeds unless stated
otherwise.

Aqueous analyses. Aqueous analyses were carried out by Ion Chromatography
(Dionex, anions), by inductively coupled plasma mass spectrometry (Agilent,
cations, at the University of Sheffield), on a total organic carbon analyser
(Shimadzu, for DOC contents, DOC, at the Plymouth University), and by
segmented flow-injection analyses (AutoAnalyser3, Seal Analytical, dissolved
phosphate).

Particulate analyses. Particulates in the samples were analysed for §!°N and §!3C
by a Vario Pyro Cube elemental analyser (Elementar Inc) coupled to an Isoprime
mass spectrometer. Samples were combusted in tin capsules at 1,150 °C, and gases
were separated using temperature-controlled adsorption/desorption columns.
Carbon analyses were calibrated with in-house C4-sucrose and urea standards
assigned values of — 11.93%o and — 46.83%o, respectively via calibration with the
international standards LSVEC ( — 46.479%0), CH7 ( — 31.83%o), CH6 ( — 10.45%0)
and CO-1 (4 2.48%o). Nitrogen isotope values were calibrated using the interna-
tional standards USGS-25 and USGS-26 with assigned values of — 30.4%o and

+ 53.7%o, respectively. Total carbon, total nitrogen and total sulphur were derived
from the thermal conductivity detector in the elemental analyser and calibrated
using a sulphanilamide standard. Particulate phosphorus was extracted by ashing
of the samples at 550 °C for 2h and incubating in 1 M HCI for 16 h according to
extraction step V in Ruttenberg et al 4.

Algal biomass. Algal cells were imaged on a Leica DM750 microscope equipped
with a x 63objective and counted with a haemocytometer in triplicate. For cell size
analyses, 100 cell diameters per sample were measured in Image]J. Cell volumes
were calculated assuming a perfect spherical shape (V = 4/3*7*13). Total algal
biomass was calculated using the average cell volume and cell abundance.

Pigment analysis. Carotenoid and chlorophyll contents in the samples were
quantified by high-pressure liquid chromatography (HPLC) and a modified
carotenoid/chlorophyll-specific extraction protocol*’. Cells were disrupted

by shock freezing in liquid nitrogen for 10 min followed by grinding with

a Teflon mortar and pestle. The resulting powder was re-suspended in 1 ml of
dimethylformamide and 1.0 mm glass beads and horizontally shaken on a
laboratory shaker (MoBio Vortex Genie 2) at maximum speed (3,000 r.p.m.) for
10 min, followed by centrifugation for 5min at 10,000 r.p.m. The supernatant was
separated from the debris by filtering through a 0.45-pum Teflon filter and the
filtrate was mixed with methanol (25 vol%).

Extracted samples were analysed immediately on an Agilent Technologies 1200
Infinity HPLC instrument with a gradient pump, an autosampler, a variable
wavelength detector and ODS Hypersil column (250 x 4.6 mm?; 5 um particle size).
Two solvents were used: solvent A consisted of a mixture of acetonitrile/water/
methanol/hexane/tris buffer at ratios of 80:7:3:1:1, whereas solvent B was a mix of
methanol and hexane at a ratio of 5:1. The HPLC was run at a flow rate of
1 mlmin ~ !, with an injection volume of 25 pl. Spectra were recorded from 200 to
800 nm. Chromatograms were quantified at 450 nm for carotenoids and 660 nm for
chlorophyll a and b. Run time was 60 min. The protocol required a 15-min run
with 100% of solvent A followed by a linear gradient from 100% solvent A, to 100%
solvent B between 32 and 45min, and finally with 15 min of column re-
equilibration through a 5-min linear gradient from solvent B back to 100% solvent
to A, followed by a further column conditioning with 100% solvent A for 10 min.
The following commercially available standards were used for peak identification:
chlorophyll a, chlorophyll b (Sigma), violaxanthin, neoxanthin, antheraxanthin,
lutein, B-carotene, trans-astaxanthin and cis-astaxanthin (Carotenature).

Fatty acids analysis. Fatty acids were extracted according to the method described
by Wacker and Martin-Creuzberg*®. Briefly, 20 ng of internal standard (tricosanoic
acid methyl ester) were added to each sample, followed by ultrasonic extraction
using dichloromethane:methanol (2:1 (v:v)), and centrifugation to remove
particulates and evaporation of solvent from the supernatant. Fatty acids were
transesterified by adding methanolic HCI to the dried extract and heating at 60 ° C
for 20 min. After cooling, fatty acid methyl esters were extracted in isohexane, the
solvent was removed under nitrogen and the sample resuspended in isohexane for
analysis.

Analysis of fatty acid methyl esters was carried out using a Trace 1300 gas
chromatograph with flame ionization detector (Thermo Scientific), equipped with a
non-polar-fused silica capillary column (CPSil-5CB, 50 m x 0.32 mm X 0.12 mm,
Agilent Technologies). Samples (1 pl) were injected in splitless mode, with the
injector maintained at 200 °C. Carrier gas was helium, with a constant flow rate of
1.5 ml min ~ L. The following temperature programme was used: initial temperature
40 °C, rising to 140 °C at 20 °Cmin ~ !, then rising to 240 °C at 4°Cmin !,
holding at 240 °C for 5 min. Fatty acid methyl esters were identified by comparison
of retention time with those of reference compounds (Supelco) and by gas
chromatography mass spectrometry (GC-MS). GC-MS was carried out using the
gas chromatograph and column previously described, with identical operating
conditions, coupled to an ISQ mass spectrometer (Thermo Scientific). The transfer
line and the ion source were maintained at 300 °C. The emission current was set to
50 mA and the electron energy to 70 eV. The analyser was set to scan at m/z 50-650
with a scan cycle time of 0.6s.
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DNA sequencing. Total DNA was extracted from pelleted biomass using the
PowerSoil DNA Isolation kit (MoBio Laboratories). 16S rRNA genes were
amplified using bacterial primers 27F (5-AGAGTTTGATCMTGGCTCAG-3')
and 357R (5'-CTGCTGCCTYCCGTA-3'; tagged with the Ion Torrent adapter
sequences and MID barcode) spanning the V1-V2 hypervariable regions. 18S
rRNA genes were amplified using the eukaryotic primers 528F (5'-GCGGTAA
TTCCAGCTCCAA-3') and 706R (5'-AATCCRAGAATTTCACCTCT-3'; Cheung
et al., 2010 (ref. 48); tagged with the Ion Torrent adapter sequences and MID
barcode) spanning the V4-V5 hypervariable region. PCRs were performed using
Platinum PCR SuperMix High Fidelity according to the manufacturer’s protocols.
Initial denaturation at 95 °C for 5 min was followed by 30 cycles of denaturation at
95 °C for 305, annealing at 60 °C for 30 s and elongation at 72 °C for 30s. Final
elongation was at 72 °C for 7 min. Archaeal 16S rRNA genes were amplified
following a nested PCR approach. The first PCR reaction was carried out using
primers 20F (5-TCCGGTTGATCCYGCCRG-3') and 915R (5'-GTGCTCCCCCG
CCAATTCCT-3'). Initial denaturation at 95 °C for 5 min was followed by 35 cycles
of denaturation at 95 °C for 30's, annealing at 62 °C for 30 s and elongation at 72 °C
for 180s. Final elongation was at 72 °C for 10 min. The PCR product was used
as template for the second PCR reaction with primers 21F (5'-TCCGGTTGAT
CCYGCCGG-3') and 519R (5'-GWATTACCGCGGCKGCTG-3'; tagged with the
Ton Torrent adapter sequences and MID barcode) spanning the V1-V2
hypervariable region. Initial denaturation at 95 °C for 5min was followed by 30
cycles of denaturation at 95 °C for 30's, annealing at 60 °C for 30 s and elongation
at 72 °C for 30s. Final elongation was at 72 °C for 7 min. Detailed information on
the sequencing primers can be found in the Supplementary Information. All PCRs
were carried out in triplicates to reduce amplification bias and in reaction volumes
of 1 x 25 ul and 2 x 12.5 pl. All pre-amplification steps were done in a laminar flow
hood with DNA-free certified plasticware and filter tips. The pooled amplicons
were purified with AMPure XP beads (Agencourt) with a bead-to-DNA ratio of 0.6
to remove nucleotides, salts and primers. Quality, size and concentration were
determined on the Agilent 2100 Bioanalyser (Agilent Technologies) with the High-
Sensitivity DNA kit (Agilent Technologies). Sequencing was performed on an Ion
Torrent Personal Genome Machine using the Ion Xpress Template Kit and the Ion
314 or Ion 316 chips following the manufacturer’s protocols. All PCR amplifications
and sequencing were carried out at the Aberystwyth University and the University
of Bristol. The raw sequence data were processed in QIIME®. Barcodes and adapter
sequences were removed from each sequence. Filtering of sequences was performed
using an average cutoff of Q20 over the full sequence length (350 bp). Reads shorter
than 200 bp were removed. Operational taxonomic units (OTUs) were picked de
novo using a threshold of 97% identity. Taxonomic identities were assigned for
representative sequences of each OTU using the reference databases Greengenes for
bacteria and archaea. The Silva database (ref. 49; extended with additional 223
sequences of cryophilic algae kindly provided by Dr Thomas Leya from the
CCCryo—Culture Collection of Cryophilic Algae, Fraunhofer IZI-BB) was used for
eukaryotes. Data were aligned using PyNAST and a 0.80 confidence threshold.
Singletons were excluded from the analysis. For bacterial sequence matching, plant
plastids were removed from the data set before further analysis. For eukaryotic
sequence matching, Chloroplastida were pulled out of the data set and stored in a
separate OTU table. In order to focus upon algal diversity, sequences matching
Embryophyta (for example, moss, fern) were removed from the data set. For
archaea, sequences matching bacteria were removed. Finally, for further analyses,
samples were rarefied to the minimum library size and Shannon indices were
calculated in QIIME. All analyses were conducted at the 97% OTU level. A matrix
of each OTU table representing relative abundance (raw data) was imported into
PAST v3.06 (ref. 50) for multivariate statistical analyses (principal component
analysis, canonical correspondence analysis) and Pearson correlations. One-way
analysis of variance test was done in SPSS v19 (IBM).

Sequencing primers. Primers targeting the 18S rRNA gene were chosen because
there are more sequences in the databases for green algae (that is, Chlorophyta,
Charophyta) than for rbcL or internal transcribed spacer (ITS). Before sequencing,
we carried out an in-silico investigation including 18S rNRA sequences from 218
snow and permafrost algae in order to make sure that the chosen primers are
suitable for green algae and that there is enough variability in the chosen region
(v4-v5) to distinguish between species.

Previous studies®! have found that one primer pair is not sufficient to recover all
eukaryotic groups in one sample. However, we chose our primer pair based on one
group we were specifically targeting, that is, the green algae. We do not claim to have
equally recovered all other groups among the micro-eukaryotes such as fungi or the
‘SAR’-group. Furthermore, they found that libraries derived from different primer
pairs grouped together for individual samples with no significant differences. Based on
our in silico test of 218 snow and permafrost algae and the rarefaction curves
(Supplementary Fig. 6), we are fairly confident that the choice of our primer pair has
resulted in a good coverage of the algal diversity. However, we acknowledge that PCR-
based approaches will always introduce a certain amount of bias.

This is similar for the archaea, which show no biogeographical patterns in our
samples. The primers used are specific for archaea and since they are not the focus
of this study and only the associated microbiome, we did not explore other primer
possibilities. However, the results match what other studies have found before in
cryo-environments®®32,

Overall sampling design. All samples for DNA and aqueous analyses were
analysed in exactly the same way for all samples from Greenland, Iceland, Svalbard
and Sweden. Pigment and fatty acid data are only shown for the samples from
Svalbard and Sweden because for Greenland and Iceland these data have previously
been published!*3. The samples from Greenland have been excluded from the
comparison here because the pigment and fatty acid data have been collected
and quantified in a different way. The pigments were normalized to chlorophyll a,
whereas in all other study area they were quantified with the appropriate pigment
standards. The fatty acid components were analysed by GC-MS, whereas all
samples from Svalbard and Sweden were also quantified by flame ionization
detection. The pigment and fatty acid data from Iceland were also excluded from
the comparison, as in all samples large amounts of moss (identified by microscopy
and DNA sequences) that could not be separated from the algae before pigment
and fatty acid extraction were present. This moss contribution would strongly
‘skew’ the data and thus these were excluded.

In addition, only selected samples in Greenland!! and Iceland®® were included
in the comparison. This is because at both sites samples were collected at different
stages in the melt season. The study in Greenland was conducted at the onset of
melting and over a 3-week period when snow algae just started to bloom and a
decrease in relative chlorophyll content and increase in carotenoid content could be
observed. This led to our conclusion that there is a great heterogeneity in pigment
composition both in space and time'!. However, the few samples collected at the
end of the study showed similar carotenoid contents. This end-of-season
homogeneity in the red snow samples was the reason why in the current study we
focused solely on samples from late in the melt season, which is the dominant red
snow stage with the largest impact on albedo. Thus, we only included two DNA
samples from Greenland. Similarly in Iceland®3, most of the samples were collected
earlier in the year (June—July) and those samples were described as less ‘typical” of
red snow patches®*. Off all samples from Iceland again only the two samples that
were collected late in the melt season and therefore matched the conditions of the
samples in the current study were used for comparisons.

Integrated albedo change. Using our mean, minimum and maximum measured
albedo values for wet clean snow and red snow and literature data? for clean dry
snow, we used a simple one-dimensional moving boundary approach that allows us
to predict the effect of red pigmented snow algae on albedo. This approach is valid
under the assumption that the snow and ice surfaces melt downwards relative to a
fixed depth, and that at the same time such a change is accompanied by changes in
albedo®®. The parameters, equations and boundary conditions used are as follows:

Table 1 shows measured minimum, maximum and average albedo values for dry
clean snow before the onset of melting?, wet clean snow (no visual presence of algae)
at the onset of melting and red snow (full red pigmented snow algal bloom). We used
these values to derive linear regressions for albedo changes over a 100-day melt season
(Supplementary Fig. 4). A conservative 100-day scenario was chosen, as this encom-
passes all our albedo measurements in the current and previous studies (June—
August)>!133, In addition, this also corresponds to the number of days with mean air
temperatures above 0 °C in the same period (Ny Alesund: 116 days in 2013 and 105
days in 2014, kindly provided by Dr Marion Maturilli and Siegrid Debatin, AWT;
Storglacidren: 132 days in 2013 and 108 days in 2014; kindly provided by Dr Peter
Jansson, Stockholm University; data are also publicly available at http://bolin.su.se/
data/tarfala/). We compare a benchmark case of purely physical-driven albedo change
(that is, changes in snow crystal sizes and shapes and increasing water content,
scenario 1) with albedo change due to red pigmented algal growth (scenario 2).

Scenario 1 considers the transition over 25 days from clean snow to a wet
melting surface without algal growth and with an albedo of 0.80 (a minimum
value), which with continued melting results in an albedo of 0.75 (an average value)
after 50 days and 0.70 (a maximum value) after 100 days (Table 1). Our benchmark
case (scenario 1) shows albedo («) changes with time and fits the equation:

o = 0.8992 — 0.0203t%° (1)

Scenario 2 considers the transition from clean snow to a surface where the
growth of algae after 25 days produces light red snow with an albedo of 0.77
(a minimum value), and continued melting produces darker red snow with an
albedo of 0.65 (an average value) after 50 days and 0.53 (a maximum value) after
100 days (Table 1). The albedo changes with time for this scenario fit the equation:

o = 0.9177 — 0.0372t%° (2)

These two equations can be integrated to obtain the cumulative effects of albedo
() changes with time to give:

/ Oscenario 1-d = / (0.8992 —0.0203¢ *?).dt

= 0.8992t 4 0.0203t'° /1.5 = 0.8992¢ + 0.0135¢'

3)

/acsce,,am,z.dt: /(0.9177—0.0372t’°‘5).dt

=0.9177t +0.0372¢"° /1.5 = 0.9177t +-0.0248t'°  (4)
Subtracting equations (3) and (4) gives

Ao = 0.0185¢ +0.0113¢' (5)
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which represents the albedo changes attributable to algae growth alone. For a melt
season of 100 days Ao=1.85+11.3=13.15~13.

In order to assess the error of our analysis, we carried out a sensitivity analysis
using the data below (see also Supplementary Fig. 5 for details):

Drycleansnow (DCS) 0.95 — 0.90 — 0.85
Wetcleansnow (WCS) 0.80 — 0.75 — 0.70

Redsnow (RS) 0.77 — 0.65 — 0.53

Comparing minimum and average albedo values:

/ocmin.dt=/ (0.9458 — 0.0186¢ ~°*).dt

= 0.9458¢ +0.0186t'° /1.5 = 0.9458¢ + 0.0124¢"

/ Uaverage-dtf = / (0.9049 — 0.0243¢~°%).dt

= 0.9049¢ 4 0.0243¢"° /1.5 = 0.9049¢ 4-0.0162¢"

Subtracting gives Ax = 0.0409¢-0.0038¢>
So when ¢= 100, Axz=4.09-0.0038 x 1,000 = 4.09-3.8 = 0.29

Comparing average and maximum values:

/ average-df = / (0.9049 — 0.0243¢ ~°%).dt

= 0.9049¢t 4 0.0243¢"° /1.5 = 0.9049¢ 4-0.0162¢">

/ocmax.dtz/(0.8641—0.0300t’°'5)‘dt

= 0.8641t +0.0300¢'° /1.5 = 0.8641¢ + 0.0200¢'

Subtracting gives Ac = 0.0408¢-0.0038¢">
So when t =100, Ao =4.08-0.0038 x 1,000 =4.08-3.8 =0.28
So our sensitivity test is giving a crude range of ~0.3 about the mean.

Data availability. DNA sequences have been deposited to the European
Nucleotide Archive (ENA) under accession number PRJEB10548. All other data
are available in the Supplementary Information.
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Supplementary Figure 1: PCA of aqueous geochemical parameters
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PCA of aqueous geochemical parameters revealing differences between locations. Samples
cluster according to locations with Arctic Sweden showing a trend in higher DOC
concentrations whereas higher Ca, Cl, Mg, Mn, and Na concentrations are matching the

Svalbard samples.




Supplementary Figure 2: CCA for algal species and geochemistry
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Supplementary Figure 3: CCA for bacterial classes and geochemistry
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CCA for bacterial classes (grey diamonds) and geochemistry (arrows) showing a clustering of
samples according to locations and a positive correlation between Sphingobacteria and DOC.




Supplementary Figure 4: Integrated albedo change
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Output from the used one-dimensional moving boundary approach (based on our and
literature data; see Table 1 in the main document) with the derived equations for the changes
in albedo over 100 days of melting due to purely physical changes (blue diamonds) and due
to the blooming of red pigmented algae (red squares). Scenario 1 (blue diamonds) represents
a purely physical reduction in albedo values (o) due to melt induced changes in snow crystals
shape and size, with no input from red pigmented snow algae (dry clean snow — wet clean
snow). Scenario 2 (red squares) represents the changes in albedo over the same period, but
due to the reduction in albedo caused by the presence of red pigmented snow algae (dry clean
snow — red snow). For the origin of the used albedo data as well as the values used in our
scenarios see Supplementary Table 1 and Table 1.



Supplementary Figure 5: Sensitivity analysis for integration albedo change fits
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Sensitivity analysis for integrated albedo change fits as based on our and literature data (see
Table 1 in the main document and Supplementary Table 1) with equations for maximum,
average and minimum values for dry clean snow, wet clean snow and red snow (Table 1).
The full sensitivity analysis is provided in the methods section at the end of the manuscript.




Supplementary Figure 6: Rarefaction curves for algal sequences
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Rarefaction curves for all samples (algal sequences) suggesting a good coverage of the algal
diversity. Samples were rarefied to the smallest library size and alpha diversity was estimated
using Shannon indices.



Supplementary Table 1: Sample overview

Overview of samples, locations, coordinates and field measurements for red snow algae samples collected from Svalbard (SVA), Northern
Sweden (TAR), Greenland (MIT) and Iceland (ICE). Only a few samples from Greenland and Iceland have been included in this study for the
pan-Arctic comparison and many more data from other snow and ice habitat samples can be found in previous publications'~.

Sample ID Location Collection date  GPS location [UTM] Elev. pH Snow temp. PAR UV-A UV-B Albedo
[m a.s.l.] [°C] [W/m?] [W/m?] [W/m?]
Svalbard, Norway
SVA-13 2 Vestre Broggerbreen ~ 20/07/2013 33H 0433169 E, 8759838 N 265 7.03 0 48 0.63
SVA-13 4 Vestre Broggerbreen ~ 20/07/2013 33H 0432976 E, 8760004 N 254 6.10 0 39 0.67
SVA-13_10 Midtre Lovénbreen 21/07/2013 33H 0436410 E, 8757512 N 299 6.65 0 54 7.49 3.99 0.76
SVA-13_20 Austre Broggerbreen  24/07/2013 33X 0429286 E, 8761458 N 209 6.38 91 0.60
SVA-13 23 Austre Broggerbreen  24/07/2013 33X 0429448 E, 8761568 N 227 6.27 75 0.63
SVA-13_31 Austre Broggerbreen ~ 24/07/2013 33X 0430139 E, 8761706 N 146 8.07 70 0.62
SVA-13_33 Pedersenbreen 27/07/2013 33X 0441747 E, 8756068 N 320 22 24.7 1.07 0.55
SVA-13_36 Pedersenbreen 27/07/2013 33X 0441609 E, 8756682 N 262 115 0.55
SVA-13_43 Austre Lovénbreen 03/08/2013 33X 0439635 E, 8756676 N 413 6.3 0.1 182 19.6 0.66 0.66
SVA-13_48 Austre Lovénbreen 03/08/2013 33X 0438286 E, 8756948 N 345 36 0.60
SVA-13_54 Feiringsbreen 05/08/2013 33X 0446691 E, 8773282 N 401 5.68 88 11.8 0.35 0.51
SVA-13_65 Midtre Lovénbreen 05/08/2013 33X 0436693 E, 8759332 N 151 108 0.49
Tarfala, Sweden
TAR-13_1 Storglacidren 01/07/2013 34W 0398931 E, 7533637 N 1268 6.98 0 52 8.05 0.08 0.56
TAR-13_5 Storglacidren 01/07/2013 34W 0399260 E, 7534131 N 1221 5.56 0 30 0.66
TAR-13_8 Storglacidren 03/07/2013 34W 0397551 E, 7534187 N 1412 7.23 0.1 97 0.72
TAR-13_17 Rabot 05/07/2013 34W 0394929 E, 7534801 N 1350 6.13 0 112 16.5 1.05 0.75
TAR-13_21 Rabot 05/07/2013 34W 0394160 E, 7535197 N 1282 5.45 0 122 0.73
TAR-13_24 Rabot 05/07/2013 34W 0393074 E, 7534485 N 1165 95 0.54
TAR-13_27 Liljetopsrannan 06/07/2013 34W 0398423 E, 7533989 N 1119 5.41 0.2 54 11.1 0.4 0.65
TAR-13_28 Liljetopsrannan 06/07/2013 34W 0398656 E, 7536883 N 1209 6.35 0 51 0.56
TAR-13_30 SE-Kasskasatjakka 07/07/2013 34W 0399446 E, 7537111 N 1374 0.45 0.3 123 19.4 2.78 0.77
TAR-13_32 SE-Kasskasatjdkka 07/07/2013 34W 0399458 E, 7536982 N 1318 5.78 0 108 0.57
TAR-13_35 Storglacidren 09/07/2013 34W 0398849 E, 7534337 N 1308 5.41 0 88 0.76
TAR-13_36 Permanent snow field  09/07/2013 34W 0399453 E, 7534692 N 1167 5.68 0 85 0.65
TAR-13_37 Permanent snow field  09/07/2013 34W 0399376 E, 7534942 N 1163 5.73 0.4 82 0.62
TAR-13_39 Permanent snow field  10/07/2013 34W 0400256 E, 7535905 N 1318 199 18.4 3.86 0.66
TAR-13_41 Bjorling 11/07/2013 34W 0395764 E, 7532198 N 1295 5.44 0 127 20.3 4.49 0.66
TAR-13_42 Bjorling 11/07/2013 34W 0396623 E, 7531127 N 1156 6.1 0.3 100 0.57
TAR-14_1 Storglacidren 04/07/2014 34W 0398031 E, 7533618 N 1268 7.4 0.1
TAR-14_4 Storglacidren 07/07/2014 34W 0398886 E, 7533623 N 1277 7.35 0.1
TAR-14_5 Storglacidren 07/07/2014 34H 0399085 E, 7533632 N 1247 7.78 0.3
TAR-14_6 Storglacidren 07/07/2014 34H 0393734 E, 7535101 N 1226 6.17 0.1

TAR-14 7 Rabot 09/07/2014 34W 0394036 E, 7535053 N 1326 8.13 0.1




TAR-14_10
TAR-14_11
TAR-14_12

Liljetopsrannan
SE-Kasskasatjakka
Permanent snow field

Mittivakkat, Greenland

MIT-12_7
MIT-12_19

Iceland
ICE-12_3
ICE-12 4

Mittivakkat
Mittivakkat

Drangajokull
Laugafell

10/07/2014
10/07/2014
10/07/2014

10/07/2012
17/07/2012

27/07/2012
29/07/2012

34W 0398650 E, 7536880 N
34W 0399438 E, 7537029 N
34W 0400194 E, 7535878 N

24H 0551567 E, 7285460 N
24H 0551778 E, 7286368 N

27W 0442125 E, 7334250 N
27W 0632892 E, 7222179 N

1215
1340
1318

155
150

196
908

7.51
7.14
8.16

5.67
4.68

6.15
4.96

0.1
0.1
0.1
0 204 28.1 1.13
0.73 345 46.2 1.54

237 21.2 1.24

39

42




Supplementary Table 2: Bacterial community composition
Distribution of 97% clustered OTUs aligned and assigned to known bacterial species. Values are the relative abundance of the taxa in percentage
of total sequences and figure shows taxa with >0.01% abundance. It is important to note that values are rounded to one digit; therefore the
abundance of a taxon with a value of 0 in one sample can range between 0 and 0.04%.

Phylum Acidobacteria Actinobacteria Bacteriodetes Chlorobi Chloroflexi

Class Acidobacteriia  Solibacteres Acidimicrobiia  Actinobacteria | Cytophagia  Flavobacteriia ~ Sphingobacteriia ~ Saprospirae | Ignavibacteria | Anaerolineae  C0119 Ktedonobacteria
SVA-13 4 0 0 0 0.5 37.4 0 0.3 51.2 0 0 0 0
SVA-13_10 17 0 0 0 9 0 0 3 0 0 0 0
SVA-13_20 0 0 0 0 10.6 0 1.5 45.2 1.8 0 0 0
SVA-13 23 0 0 0 0.3 6.3 4.6 0 1 0 0 0 0
SVA-13 31 0 0 0 4.2 11.6 0.4 0 449 0 0 0 0
SVA-13_33 0.4 0 0 2.1 39 0 2.8 26.8 0 0 0 0
SVA-13_36 34 0 0 8.4 39 0.5 0.8 1.6 0 0 0 0
SVA-13_43 0.8 0 0 0.8 12.5 0 0.4 67.3 0 0 0 0
SVA-13_48 0 0 0 0.6 44.5 0.6 0 19.1 0 0 0 0
SVA-13_54 0.2 0 0 15.7 34 0.5 34.6 3.6 0 0 0 0
SVA-13_65 0.4 0 0 0.2 5.9 1 0.3 3.7 0 0.1 0 0
TAR-13_1 0 0 0 0.1 3.6 0 91.1 1.9 0 0 0 0
TAR-13_8 0.4 0 0 0 0 0 89.3 0 0.4 0 0 0
TAR-13_17 0.2 0 0 0 0.8 0 90.7 0.1 0 0 0 0
TAR-13_21 0 0 0 0 1 0 75.7 223 0 0 0 0
TAR-13_27 0 0 0 0 0.5 0 714 0.5 5.1 0 0 0
TAR-13_28 4.7 0 0 0 0 0 12.5 0 0 0 0 0
TAR-13_30 0.2 0 0 0 3.8 0 81.6 3.2 0.2 0 0 0
TAR-13_35 0.8 0 0 0.1 4.1 0.9 63 43 0 0 0 0
TAR-13_41 0 0 0 0.1 0.5 0 82.1 15.8 0.3 0 0 0
TAR-14_1 1.1 0 0 4.3 1.2 0 46.3 11.2 0 0 0 0
TAR-14_4 10.7 0.3 0 0 0 0 0.2 0 0 0.1 0 0
TAR-14_5 16.7 0.2 0 0 15 0 1.3 0 0 0 0 0
TAR-14_6 0.1 0 0 0.1 1.9 0.1 81.3 2.4 0 0 0 0
TAR-14_7 17.2 0.3 0 0 0 0.1 1.7 0 0 0 0 0
TAR-14_10 17.1 0.7 0 0.1 7.3 0 458 1 0 0 0 0
TAR-14_11 4.6 0.5 0 0.4 13.6 0 51.8 6.3 0 0 0 0
TAR-14_12 3.1 0 0 0.3 22 0 59.3 0 0 0 0 0
MIT-12_7 1.2 0 0 0.3 4.8 0 33.2 12.4 0 0 0 0
MIT-12_19 0 0 0 1.1 2.9 0 14.6 10.8 0 0 0 0
ICE-12_3 0.4 0 0 6.0 0.1 0 18.8 24.1 0 0 0 0
ICE-12 4 0 0 0 2.6 5.4 0 0 28.5 0 0 0 0




Supplementary Table 2 continued.

Phylum Cyanobacteria Fibrobacteres | Firmicutes | Gemmatimonadetes Proteobacteria TM7-3 | WPS-2 | Thermi
Class Cyano-  Nostoco- Oscillatorio-  Synechococco- | Fibrobacteria | Clostridia | Gemmatimonadetes | Alphaproteo- Betaproteo- Deltaproteo- Gammaproteo- | TM7-3 | WPS-2 | Deinococci
bacteria  phycideae  phycideae phycideae bacteria bacteria bacteria bacteria

SVA-13_4 0 0.3 0 0.5 0 0 0 0 9.5 0 0.3 0 0 0
SVA-13_10 0 1 17 20 0 2 0 8 22 0 0 0 1 0
SVA-13_20 0 0.6 1.2 1.5 0 0 0 0 30.2 0 7.6 0 0 0
SVA-13_23 0.3 2.9 0.1 77.3 0 1.3 0 0.7 49 0 0.3 0 0 0
SVA-13_31 0 1.8 0.4 10.2 0 0 0 1.1 25.6 0 0 0 0 0
SVA-13_33 0 0.2 0 0.6 0 0.2 0 2.1 60.8 0 0 0 0 0
SVA-13_36 0 0 0 8.2 0 0 0 12 243 0.1 0 0.1 0 1.4
SVA-13_43 0 0 0 0 0 0 0 0.8 17.5 0 0 0 0 0
SVA-13_44 0 0 0 0.1 0 0 0 0.8 494 0 0 0 0 0
SVA-13_47 0 0 0 43.6 0 0 0.1 11.3 0.6 0.2 0 0.3 33 0
SVA-13_48 0 0 0 4.2 0 0 0 0.6 30.4 0 0 0 0 0
SVA-13_54 0 0.2 0 18.5 0 0 0 4.8 18.4 0 0.2 0 0 0
SVA-13_65 0 0.2 0 24.2 0 0.1 0 0.9 62.6 0 0.4 0 0.1 0
TAR-13_1 0.1 0 0 0.1 0 0 0 0.1 2.1 0 1 0 0 0
TAR-13_8 0.8 3.1 33 0 0 0 0 2.3 0.4 0 0 0 0.1 0
TAR-13_17 0.2 4.8 1.4 0.1 0 0 0 1.3 0.4 0 0 0 0 0
TAR-13_21 0.1 0 0 0.1 0 0 0 0.1 0.3 0 0.2 0 0 0
TAR-13_27 0 43 0.8 0.5 0 0 0 6.6 0.3 0 10 0 0 0
TAR-13_28 1.6 20.3 4.7 6.3 0 0 0 50 0 0 0 0 0 0
TAR-13_30 0.7 1.1 0.9 0.1 0 0 0 1.1 7 0 0.2 0 0 0
TAR-13_35 0 3 0.4 20.6 0 0.2 0 1 1.3 0 0.4 0 0 0
TAR-13_41 0 0.2 0.2 0.2 0 0 0 0.5 0.1 0 0 0 0 0
TAR-14_1 0 0.4 0.4 1.8 0 0 0 18.7 14.4 0 0.2 0 0 0
TAR-14_4 0.6 38.6 30 5 0 0 0 13.9 0.5 0 0 0 0 0
TAR-14_5 3 12.7 15.5 1.9 0 0 0 322 1.3 0 0 0 0.2 0
TAR-14_6 0 0.1 0.1 10.2 0 0 0 2.1 1.1 0 0.5 0 0 0
TAR-14_7 3.1 42.8 2.5 1.8 0 0 0 26.1 4.4 0 0 0 0.1 0
TAR-14_10 0.2 0.7 0.3 0.5 0 0 0 8.8 16.9 0 0.4 0 0.2 0
TAR-14_11 0 0.1 0.2 0.1 0 0 0 4.4 42 0 13.8 0 0.2 0
TAR-14_12 0 0.6 0 16.7 0 0 0 17 0.3 0 0.6 0 0 0
MIT-12_7 0 0.6 0.3 0 0 0 0 12 453 0 0.6 0 0 0
MIT-12_19 0 50.2 7 2.5 0 0 0 8.2 2.7 0 0 0 0 0
ICE-12_3 0 0 0 0.5 0 0 0.1 42.0 49 0 1.3 0 0.9 0
ICE-12 4 0 0.2 0 0.5 0 0 0.5 5.4 56.2 0 0 0 0 0




Supplementary Table 3: Measured average values and statistics of all analyses

Statistical analysis of all biological and geochemical results analysed by one-way ANOVA and post-hoc Tukey’s test to reveal significant
differences between the red snow samples of the sampled geographic locations Svalbard (SVA), Northern Sweden (TAR), Greenland (MIT) and
Iceland (ICE). Table shows mean values for each geographic location with respective standard deviations and p-values for the overall
significance of the differences between all locations as well as post-hoc pair-wise comparison between two locations (e.g., SVA x TAR). Results
with p-values of <0.05 were considered to be significant and are in bold, results with p-values <0.01 were considered to be highly significant and

are also underlined.

All SVA SVA x TAR TAR TAR x MIT MIT MIT x SVA ICE ICE x SVA ICE x TAR ICE x MIT
locations Measured p value Measured p value Measured p value Measured p value p value p value
average values average values average average values
values

Algae
Chloromonas alpina [%] 0.858 0.48 + 0.64 0.870 1.22+3.42 0.938 0.12+0.16 0.998 0.93 £1.05 0.996 0.999 0.999
Chloromonas nivalis [%] 0.010 3.07+£4.25 0.790 4.56 =3.80 0.057 12.99 £ 6.75 0.022 10.78 £5.81 0.100 0.220 0.952
Chloromonas polyptera [%o] 0.190 9.63 +6.24 0.601 14.47 +12.62 0.970 17.86 +£7.57 0.715 25.59+3.20 0.191 0.474 0.871
Raphidonema sempervirens [%] 0.095 5.89+11.06 0.758 2.81+5.87 0.994 1.23+1.74 0.878 18.32 £2.34 0.215 0.077 0.181
Uncultured Chlamydomonadaceae (a) [%] 0.030 7491 £ 14.84 0.590 67.62 £ 16.06 0.961 62.12+1.47 0.685 38.92+6.24 0.020 0.075 0.426
Uncultured Chlamydomonadaceae (b) [%] 0.322 4.83+3.44 0.998 5.09 +3.90 1.000 4.97+0.88 1.000 0+0 0.311 0.254 0.518
Bacteria
Bacteriodetes [%]

Sphingobacteria [%] <0.001 3.68 £10.29 <0.001 60.20 + 28.56 0.159 2394+ 13.15 0.641 9.42 +13.31 0.987 0.026 0.913

Saprospirae [%] 0.023 2431 +24.15 0.020 4.57 £6.77 0.933 11.62 +1.1 0.725 26.28 +3.1 0.998 0.284 0.79

Cytophagia [%] 0.059 16.72+£15.5 0.060 5.24 +6.90 0.998 384+14 0.430 2.74+3.78 0.359 0.990 1
Cyanobacteria [%]

Nostocophycideae[%] 0.005 0.64 £0.92 0.826 3.39 £5.73 0.006 2540 +35.07 0.003 0.12 £0.17 1.000 0.949 0.021

Oscillatoriophycideae [%] 0.872 1.69 +5.09 1.000 1.87 +£4.00 0.948 3.67 £4.76 0.937 0+0 0.959 0.942 0.839

Synechococcophycideae [%] 0.384 15.02 +£22.40 0.497 6.14 +10.04 0.976 1.24 £1.75 0.669 0.49 +0.03 0.631 0.964 1
Proteobacteria[%]

Alphproteobacteria [%] 0.144 2.82 +£3.90 0.489 9.67 +14.42 0.946 4.69 +£4.92 0.997 23.73 +£25.90 0.133 0.422 0.405

Betaproteobacteria [%] 0.002 27.84 +18.48 0.002 3.36 £5.36 0.297  23.99 £30.17 0.987 30.57 +£36.31 0.995 0.108 0.973
Diversity
Shannon eukaryotes 0.103 451+1.29 0.964 4.66 +0.84 0.230 6.13 +0.02 0.166 5.79+0.33 0.355 0.463 0.985
Shannon algae 0.126 3.06+1.17 0.847 3.34+0.82 0.536 427+0.24 0.331 4.49 +0.02 0.204 0.362 0.996
Shannon bacteria 0.130 5.67+1.04 0.191 4.95+1.00 0.309 6.19 +0.38 0.902 520+0.10 0.923 0.974 0.748




Solids (C.N.P.S)
TC [%]

TN [%]
TS [%]
TP [%]
C/N[]
C/P[]
N/P[]
d"N [%o]
d®C [%o]

Metabolites

Secondary carotenoids [%]
Saturated fatty acids [%]
Monounsaturated fatty acids|[%]
Polyunsaturated fatty acids [%]

Biomass

Cell counts [mL™"]
Cell volume [pm’]
Biomass [mm® L]

Aqueous
DOC [pM]
PO4 [uM]
NO3 [ppm]
SO4 [ppm]
Ca [ppb]
Fe [ppb]
K [ppb]
Mg [ppb]
Mn [ppb]

<0.001

0.582
0.033

0.722
0.218
0.173
0.449

0.083
0.305
0.263

<0.001
0.736
0.399
0.013
0.121
<0.001
0.395
0.116
0.008

54+44
0.3+0.2
0.12+0.03
0.07 +£0.03
16+3
65+31
4+2
-4.77+2.41
-27.76 £1.52

807
325
16+5
50+38

43,558 + 50,308
2,044 + 1,342
35420

3613
0.77 +1.71
1008 + 1986

13 +£46

381+ 588
1.9+1.0
41+£20

125 £ 206
3.7+3.9

0.007
0.047
<0.001
0.153
0.009
<0.001
0.001
0.582
0.033

0.722
0.218
0.173
0.449

0.083
0.305
0.263

<0.001
0.736
0414
0.981
0.106
0.983
0.583
0.092
0.005

124+72
0.6+0.4
0.07 £0.02
0.06 £0.01
21+6

186 + 89
8§+3
-4.30+1.84
-25.70 £2.02

77+ 19
37+ 14
13+4
46+ 13

12,121 + 10,552
2,859 + 1,381
20+ 15

189 £ 90
0.54 +1.08
236 + 623
17+49

45 £ 66
1.6£1.0
77+92
7+4
03+0.3

0.996
0.007
1.000
0.175
0.851
1.000
0.977

27 +37
197 +£278
19+1
50+14
121 £ 129
543
1+£0

0.760
0.007
0.583
0.256
0.492
0.621
0.470

0.745 0.995
0.522 0.549
0.595 1
<0.001 <0.001
1.000 0.913
0.665 1
0.378 0.995

0.482

0.110
0.695

0.999




Supplementary Table 4: Algal community composition

Distribution of 97% clustered OTUs aligned and assigned to Archaeplastida (green algae). Values are the relative abundance of the taxa in

percentage of total sequences and table shows taxa with OTUs of a minimum total observation count of 0.1%. It is important to note that values

are rounded to one digit; therefore the abundance of a taxon with a value of 0 in one sample can range between 0 and 0.04%.

Species Ancylo-  Chloro- Chlamydo- Chloro- Chloro- Chloro- Chloro- Microglena  Prototheca  Raphido- Trebouxia Uncultured Uncultured Uncultured

nema monas cf.  monas cf. monas monas monas monas polar cutis nema usneae Chlamydo- Chlamydo- Chlamydo-

nordens-  alpina proboscigera  nivalis polyptera  spec. tughillensis  subclade semper- monadaceae (1) monadaceae (2) monadaceae (3)

kioeldii AF514403 AF514409 JQ790556 CCCryo Chlamydo- virens GU117577 GU117576 GU117575

273-06 Monas AJ309939
EF537906

SVA-13 2 0 0.1 0 1.8 22,5 0 0 0 0 0 0.2 72.3 3 0.2
SVA-13 4 0 0.8 0 0.7 0.9 0 0.9 0.1 0 0 0 87.8 8.8 0
SVA-13_10 0 0 0 0.2 53 0 0 0 0 0 0 83.8 10.7 0.1
SVA-13_20 0 0 0 14 8.8 0 0.4 0 0 1.7 0 65 10.1 0
SVA-13_23 0 0 0 0.6 6.5 0 0 0 0 0.2 0 89.9 2.6 0.1
SVA-13_31 0 0 0 2.7 5.8 0 0 0 0.3 0.5 0 88.9 1.8 0
SVA-13_33 0 1.9 0 9.3 10.8 0.3 0 0 0 5.1 0 65.2 7.6 0
SVA-13_36 8.6 0.3 0.1 1.3 16.5 0 0.1 0 0.3 3.6 0 65.9 3.2 0.1
SVA-13_43 0 0.9 0 2.8 10.3 0 0.3 0.1 0 355 0 45.8 42 0.1
SVA-13_48 0 1.4 0 2.8 12.4 0 0 0 0.1 21.3 0 59.3 2.1 0.5
SVA-13_54 0 0 0 0.6 1.5 0.1 0 0 0 2.3 0 93.3 2.1 0
SVA-13_65 0.1 0.2 1.2 0 143 0 0 0 0.1 0.5 0 81.8 1.8 0.1
TAR-13_1 0 0 0 1.2 12.2 0 1.3 0 0 0 0.1 76.1 8.9 0
TAR-13_8 0 5.7 0 4.6 52.6 0 0.1 0 0.1 0.1 0 334 33 0
TAR-13_17 0 0.2 0 0.4 9 0 0 0 0 14.1 0 67.7 8.6 0
TAR-13_21 0 0.1 0 12.6 6.1 0 1.3 0 0 0 0 72.1 7.6 0.1
TAR-13_27 0 0 0 8.8 17 0 0.1 0 0.1 1.7 0.1 69.0 32 0
TAR-13_28 0 0 0 1.1 17.6 0 0 0 0 0.3 0 74.5 6.5 0
TAR-13_30 0 0 0 2 1 0 0.3 0.6 0 1.9 0.1 87.7 6.4 0
TAR-13_35 0 12.9 0 7.2 269 0 0.9 0 0.4 0 0.1 32.1 0.7 18.9
TAR-13_39 0 0 0 5.2 6.4 0 0.1 0 0 0 0 75.3 13 0
TAR-13_41 0 0 0 83 5.4 0 2.7 0 0 0.1 0 71.8 11.6 0
TAR-14_1 0 0.3 0 0.7 232 0 0.1 0 16.8 0.7 0.2 54.8 1.9 1.4
TAR-14_4 0 1 0 33 10.1 0 0.4 0 0.5 1 12.2 68.9 2.4 0.1
TAR-14_5 0 0.1 0 2.7 49 0 0.2 0 0.2 0.1 5.1 84.1 2.7 0
TAR-14_6 0 0 0 0 8.1 0 0 0 4.4 0.5 0 85.1 2 0
TAR-14_7 0 227 0 0 53.1 0 0 0 1.5 0.4 10 7.9 0.4 4
TAR-14_10 0.2 0 0 9.4 14.4 0 0.1 0 0.3 1.2 0.9 71.1 2.4 0
TAR-14_11 0.2 0 0 5.1 21.1 0 0 0 0.2 3.6 8.5 59.8 1.5 0
TAR-14_12 0 0 0 3.8 5.7 0 0 0 0 20.5 1.2 67.3 1.3 0.2
MIT-12_7 0 0 0 17.8 12.5 0 1 0 0 0 0 63.2 5.6 0
MIT-12_19 0 0.2 0 8.2 232 0 0.4 0 0 2.5 0.1 61.1 43 0
ICE-12_3 0 0.2 0 14.9 27.8 0 4.6 0 0 16.6 0 345 1.4 0
ICE-12 4 0 1.7 0 6.7 23.3 0 1.7 0 0 20.0 0 43.3 3.3 0




Supplementary Table 5: Eukaryotic community composition

Distribution of 97% clustered OTUs aligned and assigned to eukaryotes. Values are the relative abundance of the taxa in percentage of total
sequences. It is important to note that values are rounded to one digit; therefore the abundance of a taxon with a value of 0 in one sample can
range between 0 and 0.04%.

Taxon Amoebozoa Archaeplastida  Centrohelida  Kathablepharidae  Opisthokonta ~ RT5iin25 SAR Zeuk77

SVA-13 2 0 68.0 0 0 315 0 0.5 0
SVA-13 4 0 83.3 0 0 4.0 0 12.7 0.0
SVA-13_10 0 74.5 0 0 24.7 0 0.7 0
SVA-13_20 0 81.8 0 0 12.9 0 53 0
SVA-13_23 0.0 63.3 0 0 325 0 2.9 0
SVA-13_31 0.0 82.4 0 0 9.1 0 7.9 0
SVA-13_33 0 58.0 0 0 26.8 0 14.2 1.0
SVA-13_36 0 42.0 0 0 38.4 0 19.0 0.1
SVA-13_43 0 56.6 0 0 244 0 17.5 1.5
SVA-13_48 0.1 82.5 0 0 12.9 0 4.2 0
SVA-13_54 0 62.3 0 0 33.8 0 3.8 0
SVA-13_65 0 67.8 0 0 20.8 0 9.3 0
TAR-13_1 0 64.1 0 0 32.1 0 3.8 0
TAR-13_8 0 44.7 0 0 479 0 7.4 0
TAR-13_17 0 27.1 0 0 72.6 0 0.3 0
TAR-13_21 0 68.0 0 0 23.4 0 8.5 0.1
TAR-13_27 0 29.5 0 0 68.3 0 1.8 0
TAR-13_28 0 76.4 0 0 232 0 0.4 0
TAR-13_30 0 38.1 0 0 61.0 0 1.0 0
TAR-13_35 0 72.8 0 0 19.6 0 6.7 0
TAR-13_39 0 88.0 0 0 11.0 0 1.0 0
TAR-13_41 0 75.0 0 0 19.8 0 52 0
TAR-14_1 0.2 38.1 0 0 50.9 0 10.4 0
TAR-14_4 0 14.2 0 0 69.9 0 15.3 0
TAR-14_5 0 32.6 0 0 58.5 0 8.6 0
TAR-14_6 0.1 37.2 0 0 51.1 0 9.7 0
TAR-14_7 0 47.6 0 0 48.4 0 1.4 0
TAR-14_10 0 26.0 0 0 71.8 0 1.4 0
TAR-14_11 0 18.2 0 0 712 0 3.8 0
TAR-14_12 0 68.8 0 0 21.1 0 9.5 0.2
MIT-12_7 0 474 0 0 229 0 29.7 0
MIT-12_19 0 53.0 0 0 25.8 0 21.2 0
ICE-12_3 0 453 0 0 232 0 30.7 0.1




ICE-12_4

49.6




Supplementary Table 6: “SAR” community composition
Distribution of 97% clustered OTUs aligned and assigned to the “SAR”-group (stramenopiles, alveolata, rhizaria) and taxa within the
stramenopiles. Values are the relative abundance of the taxa in percentage of total. The “SAR”-group was screened in order to screen for other

other pigmented micro-eukaryotes, i.e., the Chrysophyceae. In nearly all samples the relative abundance of Chryosphyceae was below 0.1% and

therefore they are considered negligible in terms of contribution to albedo.

Alveolata  Rhizaria  Stramenopiles Stramenopiles
CCl40 Chrysophyceae Peronosporomycetes Synurales | Xanthophyceae

CCMP1899, CCMP1899, CCMP1899  Chromulinales, Chrysocapsales, Ochromonadales, | Phytophthora, Synura, Tribonematales,

Chrysophyceae Ochromonas LG31-02 Hydrurus Paraphysomonas Halophytophthora Synura Botrydiopsis

sp. 176 uvella
SVA-13_2 0.2 0.3 0 0 0 0 0 0 0 0 0 0 0
SVA-13 4 1.6 11.0 0.0 0 0 0 0 0 0 0 0.03 0 0
SVA-13_10 0.2 0.5 0.1 0 0 0.02 0.03 0 0 0 0 0 0
SVA-13_20 0.3 5.1 0 0 0 0 0 0 0 0 0 0 0
SVA-13_23 0.0 29 0 0 0 0 0 0 0 0 0 0 0
SVA-13_31 0.1 52 2.6 0 0.01 0.05 2.46 0.06 0 0 0 0 0
SVA-13_33 6.6 7.4 0.1 0.03 0 0 0.03 0 0 0 0 0 0
SVA-13_36 4.6 143 0.1 0 0 0 0.01 0 0 0.02 0 0 0.01
SVA-13_43 72 10.3 0 0 0 0 0 0 0 0 0 0
SVA-13_48 0.0 34 0.7 0 0.02 0 0.7 0.02 0 0 0 0 0
SVA-13_54 0.8 2.4 0.1 0 0 0 0.08 0 0 0 0 0 0.05
SVA-13_65 0.5 5.0 3.8 0 0.02 0.06 3.74 0 0 0 0 0 0
TAR-13_1 0.1 3.7 0 0 0 0 0 0 0 0 0 0 0
TAR-13_8 1.4 6.0 0 0 0 0 0 0 0 0 0 0 0
TAR-13_17 0.1 0.3 0 0 0 0 0 0 0 0 0 0 0
TAR-13_21 0.4 7.9 0.2 0 0 0 0 0 0 0 0.23 0 0
TAR-13_27 0.0 1.8 0.0 0 0 0 0 0 0.02 0 0 0 0
TAR-13_28 0.0 0.4 0 0 0 0 0 0 0 0 0 0 0
TAR-13_30 0.0 1.0 0 0 0 0 0 0 0 0 0 0 0
TAR-13_35 4.8 1.9 0.0 0 0 0 0 0 0.02 0 0 0 0
TAR-13_39 0.1 1.0 0 0 0 0 0 0 0 0 0 0 0
TAR-13_41 0.1 52 0 0 0 0 0 0 0 0 0 0 0
TAR-14_1 0.0 10.3 0.1 0 0 0 0 0 0.02 0 0 0 0
TAR-14_4 0.0 15.2 0.0 0 0 0 0 0 0.01 0 0 0 0
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Supplementary Table 7: Archaeal community composition

Distribution of 97% clustered OTUs aligned and assigned to archaea. It is important to note that values are rounded to one digit;

therefore the abundance of a taxon with a value of 0 in one sample can range between 0 and 0.04%. The archaeal community

composition revealed no biogeographical patterns and was also characterised by low species diversity. In most samples the main

representatives were Crenarchaeota with the order Nitrososphaerales dominating (up to 100%).

Phylum Crenarchaeota Euryarchaeota

Class MBGA MBGA,; MCG; Thaumarchaeota; Thaumarchaeota; Methanobacteria; Methanomicrobia; Methanomicrobia; Thermoplasmata;
Order NRP-J pGrfC26  Cenarchaeales Nitrososphaerales Methanobacteriales  Methanomicrobiales Methanosarcinales E2

SVA-13 2 0 0 0 0.3 99.7 0.0 0 0 0
SVA-13_23 0 0 0 0.5 99.4 0.2 0 0 0
SVA-13 31 0 0 0 0.0 99.4 0.6 0 0 0
SVA-13_36 0 0 0 3.6 92.9 2.4 0 0 1.2
SVA-13 48 0 0 0 5.0 16.8 78.2 0 0 0
SVA-13_54 0 0 0 13.2 74.5 8.5 0 0 3.8
SVA-13_65 0 0 0 14.3 429 28.6 43 0 0
TAR-13_8 0 0 0 4.9 86.2 2.0 1.2 0 5.7
TAR-14_1 0 0 0 0.1 100.0 0 0 0 0
TAR-14_4 0 0 0 0.6 99.4 0 0 0 0.0
TAR-14_5 0 0 0 22 97.8 0 0 0 0
TAR-14_6 0 0 0 0 0 0 0 90.0 10.0
ICE-12_3 0 0 0 2.8 96.5 0 0 0 0
ICE-12 4 0 0 0 0.7 27.6 0 0 71.6 0




Supplementary Table 8: Quality control of DNA sequences

Number of sequences before and after quality control, assigned to taxa and with respective Shannon diversity indices for eukaryotes, algae and
bacteria, which did not show significant differences between locations (Supplementary Table 14). Shannon indices for archaea have not been
calculated due to the very low species diversity.

Eukaryotes Algae Bacteria Archaea
Raw seqs Seqs Shannon | Seqs assigned Shannon | Raw seqs Seqs Seqs assigned Shannon | Raw seqs Seqs Seqs assigned
after QC to algae after QC  to bacteria after QC  to archaea

SVA-13 2 6135 5148 3.34 3500 2.34 98* 4% 1* 60965 54688 53817
SVA-13 4 6979 3937 4.56 3280 3.41 7509 1421 770 6.16
SVA-13_10 13448 6583 4.24 4904 3.52 29728 3511 334 6.69
SVA-13_20 7130 3952 5.20 3226 4.08 12881 2344 987 7.00
SVA-13 23 5373 4485 2.93 2832 1.74 8352 4008 1850 5.36 1695 732 657
SVA-13_31 12752 10621 3.07 8743 1.79 5040 2341 598 5.52 43331 42417
SVA-13_33 7678 3008 6.22 1727 4.40 9129 1911 1041 6.86
SVA-13_36 23283 16789 5.28 7056 2.93 11503 6109 2573 4.26 2318 921 272
SVA-13_43 16457 5447 7.24 3059 5.43 5473 988 627 6.60
SVA-13_48 6294 5123 3.96 4184 2.93 2838 1183 556 4.83 2665 722 410
SVA-13_54 23068 16698 3.89 10391 1.68 3777 1519 812 4.84 39830 34942 34121
SVA-13_65 7362 5408 4.17 3667 2.42 13545 7349 4245 425 1267 295 68
TAR-13_1 9632 4770 5.29 3058 4.23 21581 6431 5087 4.39
TAR-13_8 77757 26947 5.85 12012 4.64 12368 3661 1051 4.39 2059 926 310
TAR-13_17 8767 4863 4.85 1318 4.68 16240 5850 3632 4.36
TAR-13_21 9330 4354 525 2920 3.89 10946 3997 3169 5.45
TAR-13_27 19416 15725 2.55 4639 3.04 16105 2297 630 5.87
TAR-13_28 9402 5344 4.39 4082 3.56 15312 2525 227 6.28
TAR-13_30 6493 3042 4.56 1133 291 10571 2327 1558 5.27
TAR-13_35 7274 5474 491 3987 3.61 4562 2424 1437 4.04
TAR-13_39 11667 6810 4.25 5992 3.41 15247 3447 0*
TAR-13_41 7606 3715 4.83 2785 3.73 17534 5305 3651 4.99
TAR-14_1 12436 9069 5.12 3454 3.34 3009 1705 1356 4.00 148712 146362 145547
TAR-14_4 10393 7341 5.40 1013 2.93 8647 5419 3922 5.55 1023027 886676 879402
TAR-14_5 4251 3254 3.99 1059 1.86 1974 1064 724 5.86 1020 590 520
TAR-14_6 7573 5312 3.93 1976 2.03 9112 4794 3868 2.25 587 414 109
TAR-14_7 2038 1265 5.71 586 3.76 6318 3729 2055 6.04
TAR-14_10 6037 4720 3.68 1218 2.50 5809 3158 2412 5.32
TAR-14_11 4899 3453 5.47 614 3.42 4453 2404 1893 4.76
TAR-14_12 7387 5701 4.29 3909 2.54 1892 979 425 4.30
MIT-12_7 5375 869 6.15 412 4.11 21459 1712 988 6.45
MIT-12_19 6007 2342 6.12 1240 4.44 6503 1979 963 5.92
ICE-12_3 5474 2013 5.55 1509 4.50 6383 2333 1602 5.13 | 9206 1443 4%
ICE-12 4 1908 597 6.02 359 4.47 2533 818 444 5.27 | 18323 6294 540

* removed from analysis due to low sequence numbers



Supplementary Table 9: Algal cell counts, size and biomass

Snow algal cell counts for the Svalbard (SVA), Sweden (TAR) and Greenland (MIT) samples, average diameter of the cells in each sample and
inferred cell volume (assuming a spherical cell shape) and biomass (cell counts x volume). No cell counts for the Iceland samples. Large
variations in cell counts of individual samples may be derived from possible interferences with inorganic impurities that make cell enumerations
in snow samples challenging °.

Sample ID Cell counts Diameter Volume Biomass
[mL"] [pm] [pm’] [mm’ L'}

SVA-13_2 28125 + 4419 6.4+2.0 137 4
SVA-13_4 15104 +2210 120+34 904 14
SVA-13_10 8750+ 11110 15.8+4.4 2064 18
SVA-13_20 32292 + 24307 n.d. n.d. n.d.
SVA-13_23 61875+ 6187 n.d. n.d. n.d.
SVA-13_31 75000 + 35355 n.d. n.d. n.d.
SVA-13_33 6875 +2652 120+2.5 904 6
SVA-13_36 n.d. 12.1+34 n.d. n.d.
SVA-13_43 9191 + 4864 20.0+7.6 4187 38
SVA-13_48 23438 + 6629 n.d n.d n.d
SVA-13_54 43750 + 6629 13.0+4.7 1150 50
SVA-13_65 27344 + 16573 18.0+£6.3 3052 83
TAR-13_1 31250 +22097 143+4.1 1530 36
TAR-13_5 23438 + 11049 n.d n.d n.d
TAR-13_8 3438 + 1326 15.0+5.0 1766 3
TAR-13_17 26787 n.d. n.d. n.d.
TAR-13_21 6757 +2389 182+3.9 3155 15
TAR-13_27 16667 + 10312 19.0+3.9 3590 36
TAR-13_28 n.d. 16.0+2.7 n.d. n.d.
TAR-13_32 29785 + 7596 13.9+3.1 1405 35
TAR-13_36 6875. 17.1+3.1 2617 18
TAR-13_39 15625 +4419 18.6+5.1 3368 2
TAR-13_41 41146 + 6629 21.5+44 5201 14
TAR-13_42 31250 + 5682 125+£3.0 1022 36
MIT-12_7 25800 n.d. n.d. n.d.
MIT-12_19 5900 n.d. n.d. n.d.

n.d. = not determined



Supplementary Table 10: Fatty acid composition

Fatty acid composition of the Svalbard (SVA) and Northern Sweden (TAR) samples as they contained sufficient particulate material for analysis.
Fatty acid compounds are reported as percentage of total fatty acids. Most prominent fatty acids are reported as well as total saturated (SFA),
total monounsaturated (MUFA) and total polyunsaturated (PUFA) fatty acids. b=branched, A = Alkane.

Although the sample preparation method, i.e. the filtration step, could potentially allow the extraction of fatty acids from non-algal sources, e.g.
bacteria, the suite of fatty acids recovered from both Svalbard and Northern Sweden is characteristic of snow algae, with high abundance of
monounsaturated and polyunsaturated C18 fatty acids and C16:0 and C16:4 fatty acids®. Site TAR-13-1 has the only occurrence of a branched
C15 fatty acid, which has not been reported from snow algae but is typical of bacteria, including Sphingobacteria’. This is consistent with the
dominance of Sphingobacteria OTUs (91.1 % of total bacterial sequences) at this site (Supplementary Table 2). The absence of putative
bacterial fatty acids at other sites likely reflects lower abundance relative to algal taxa.

Sample ID C14:0 C15:0 Ci15b C16:0 Cl16:1 C16:3 Cl16:4 C18:0 C18:1 C18:2 C18:3 C18:4 C20:0 C21 C22:0 C23 C24:0 C27 SFA MUFA PUFA

A A A
SVA-13_2 0 0 0 25 0 2 12 5 16 9 15 10 3 0 2 0 0 0 34 16 49
SVA-13_4 2 0 0 25 1 2 13 3 15 5 20 9 3 0 1 0 0 0 35 16 50
SVA-13_10 0 0 0 28 0 0 12 8 2 7 31 9 1 0 0 0 0 0 37 2 59
SVA-13_20 0 0 0 23 2 2 15 4 13 7 27 7 0 0 0 0 0 0 27 14 59
SVA-13_23 3 0 0 23 2 2 15 3 12 6 27 7 0 0 0 0 0 0 29 14 57
SVA-13_31 0 0 0 24 4 2 12 4 15 9 22 9 0 0 0 0 0 0 27 19 53
SVA-13_33 0 0 0 23 7 1 6 6 15 10 18 5 2 0 1 1 0 0 32 23 40
SVA-13_36 1 0 0 30 2 1 7 5 15 8 14 6 2 1 2 0 0 2 40 17 37
SVA-13_43 1 0 0 20 3 2 8 4 17 8 14 3 4 1 2 0 1 0 32 20 36
SVA-13_48 0 0 0 20 3 2 12 3 13 10 21 9 0 0 0 0 0 0 24 16 54
SVA-13_54 2 0 0 27 1 4 14 2 14 8 18 8 1 0 0 0 0 0 32 15 52
TAR-13_1 2 0 1 45 4 5 35 0 0 0 0 0 2 0 1 0 0 0 50 4 40
TAR-13_5 3 0 0 26 0 0 19 3 15 1 31 0 0 0 0 0 0 0 32 15 52
TAR-13_8 3 0 0 0 3 4 0 6 19 3 37 7 4 0 3 2 2 4 18 22 51
TAR-13_21 0 1 0 31 2 2 8 2 13 4 20 13 0 0 1 0 1 0 37 15 48
TAR-13_27 0 0 0 42 0 1 7 5 12 4 11 3 4 0 3 1 2 2 56 12 26
TAR-13_28 0 0 0 25 1 2 13 5 12 10 16 15 1 0 0 0 0 0 32 13 56
TAR-13_30 0 0 0 39 0 0 4 14 8 6 6 4 5 1 3 1 2 2 62 8 19
TAR-13_32 0 0 0 22 2 2 16 4 13 7 21 12 0 0 0 0 0 0 26 15 58
TAR-13_35 0 0 0 34 0 2 9 17 10 5 14 3 2 0 2 0 0 0 55 10 31
TAR-13_37 0 0 0 21 0 2 15 6 12 0 28 14 0 0 0 0 0 0 26 12 60
TAR-13_39 0 0 0 26 1 2 13 3 12 7 20 10 1 0 1 0 0 1 31 13 53
TAR-13_41 0 0 0 24 2 2 9 7 13 9 18 8 2 0 2 0 0 2 34 16 46
TAR-13 42 0 0 0 21 1 3 17 4 13 5 22 12 1 0 0 0 0 0 26 15 58




Supplementary Table 11: Pigment composition
Pigment composition of samples from Svalbard (SVA) and Northern Sweden (TAR) as they contained sufficient particulate material for
analysis. Individual pigments were quantified in ug/L and are reported as total chlorophylls, total primary carotenoids and total secondary
carotenoids in % of total pigments. Chl a = chlorophyll a, Chl b = chlorophyll b, Neo = Neoxanthin, Vio = Violaxanthin, Ant = Antheraxanthin,
Lut = Lutein, Zea = Zeaxanthin, B-car = p-carotene, Ast=Astaxanthin, n.d.= not detected. Although the sample preparation method, i.e. the
filtration step, could potentially allow the extraction of pigments from non-algal sources, e.g. bacteria, the suite of pigments recovered from both
Svalbard and Northern Sweden is characteristic of snow alga and will be dominated by algal contribution in all cases,

Sample ID Chla Chlb Neo Vieo Ant Lut Zea b-car trans-Ast cis-Ast trans- Ast cis-Ast total Ast  total chloro- total primary total secondary
mono esters mono esters di esters phylls [%] carotenoids [%] carotenoids [%]

SVA-13-2 3682 3132 215 147 nd. 1155 n.d. 15 2976 115 62922 6457 1523 8 3 89
SVA-13-4 3359 2873 114 175 nd. 1133 n.d. 81 2664 116 38758 4397 1776 11 4 85
SVA-13_10 882 748 25 10 n.d. 351 n.d. 853 1002 15 5164 362 76 17 14 69
SVA-13 20 1200 980 100 36 6 573 n.d. 3193 3090 194 17661 1906 2316 7 13 80
SVA-13_23 1703 1141 239 290 107 1080 n.d. 1059 4648 372 17305 1916 2779 9 9 82
SVA-13_31 327 266 308 468 nd. 1116 n.d. 51 3927 164 1448 21 178 7 23 69
SVA-13_33 534 426 33 26 n.d. 355 n.d. 237 1251 64 3248 201 540 14 10 77
SVA-13_36 376 230 93 98 n.d. 155 n.d. 501 1456 86 9142 877 1318 4 6 90
SVA-13_43 672 757 56 113 n.d. 577 n.d. 298 868 9 4332 432 1873 14 11 75
SVA-13_54 450 507 472 624 nd. 1525 240 9272 904 5640 546 745 5 14 82
TAR-13_1 3253 2712 117 328 0 1499 9 1025 1867 101 28521 3562 4005 8 4 88
TAR-13_5 6068 5167 354 670 351 2449 88 957 3546 266 48066 6860 6299 8 4 88
TAR-13_8 3084 3212 315 1149 73 2574 14 728 3658 225 21286 2508 6384 9 7 84
TAR-13_17 2153 1605 402 721 nd. 1637 n.d. 1136 3292 122 16014 3063 3949 7 8 85
TAR-13_21 1323 1266 315 374 nd. 1384 n.d. 390 2386 158 13318 1449 2447 7 6 87
TAR-13_27 478 373 n.d. n.d. n.d. 241 n.d. 50 398 n.d. 3145 286 404 10 3 87
TAR-13_28 672 417 597 381 n.d. 563 n.d. 88 1886 115 11182 1113 959 4 5 91
TAR-13_30 495 328 0 -31 n.d. 89 n.d. n.d. 243 n.d. 3035 164 202 11 1 89
TAR-13_32 2490 2203 304 823 69 2021 7 459 2078 59 20966 2608 2913 8 6 86
TAR-13_35 2319 1578 50 162 n.d. 691 n.d. 402 963 14 10994 1557 2416 11 5 84
TAR-13_36 492 310 157 154 n.d. 628 n.d. 107 1599 92 6407 551 981 4 6 90
TAR-13_37 1655 1328 47 59 n.d. 638 n.d. 102 1351 57 5628 749 1229 15 5 79
TAR-13_41 541 426 747 565 48 1180 n.d. 640 2764 222 8401 884 1766 4 12 85
TAR-13_42 7724 8730 1007 1391 111 5052 8 778 5032 205 29339 3554 4411 16 9 75
TAR-14_1 1414 632 n.d. n.d. n.d. 318 n.d. n.d. 938 n.d. 21910 2344 639 6 24 71
TAR-14_4 369 n.d. n.d. n.d. n.d. n.d. n.d. 76 n.d. 693 n.d. n.d. 32 n.d. 68
TAR-14_5 2864 1391 n.d. n.d. n.d. 528 22 n.d. 207 n.d. 2418 304 47 55 7 38
TAR-14_6 14924 10007 822 752 312 4414 n.d. n.d. 17256 662 141903 13779 3548 12 4 84
TAR-14_7 4458 2533 59 n.d. 29 963 6 n.d. 330 n.d. 4565 391 n.d. 52 9 39
TAR-14_10 594 n.d. n.d. n.d. n.d. 49 n.d. n.d. 238 n.d. 6358 663 133 7 2 90
TAR-14_11 332 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 102 n.d. n.d. 76 n.d. 24
TAR-14 12 4238 2694 16 25 nd. 1013 4 n.d. 1751 170 45152 5915 1015 11 2 86




Supplementary Table 12: Aqueous geochemical composition
Aqueous geochemical data for dissolved organic carbon (DOC), nutrients (PO,>", NO5, SO,%) and trace metals (Al to Zn) in the filtered red
snow samples from Svalbard (SVA), Northern Sweden (TAR), Greenland (MIT) and Iceland (ICE).

Sample ID DOC PO~ NOy SO CI Al Ba Bi Ca Cd Co Cr Cu Fe K Mg Mn _ Na Ni_ Pb S Si Sr Zn
SVA-13-2 31 0.19 1043 < 344 04 < < 100 < < < < 0.5 14 44 1.7 228 < < 12 < 02 09
SVA-13-4 39 014 288 < 381 09 03 < 94 < < < < 0.9 59 46 1.7 248 < 00 14 < 03 1.3
SVA-13_10 17 0.05 1862 < 242 1.1 0.3 < 64 < < 01 < 2.1 19 12 1.3 139 < 00 17 < 02 1.2
SVA-13_20 41 0.04 7010 160 545 2.1 0.2 < 180 0.0 < < < 2.8 56 70 20 376 < 00 34 < 07 07
SVA-13_23 36 0.08 < < 332 1.7 08 < 955 < < 01 02 1.6 65 396 3.1 250 0.1 00 48 16 09 45
SVA-13_31 51 0.14 < < 321 20 05 < 2020 < < < < 2.0 68 687 34 244 0.1 0.0 17 < 21 0.6
SVA-13_33 18 0.02 895 < 342 1.1 0.5 < 69 < 02 < 03 1.1 27 12 95 243 0.1 0.0 < 15 04 04
SVA-13_36 20 0.05 999 < 354 21 0.2 < 34 < < < 02 43 45 15 1.9 259 < 02 < < 02 07
SVA-13_43 60 1.21 < < 136 14 56 < 212 < 02 < 02 2.1 27 65 13.0 9 03 0.1 50 < 06 09
SVA-13_48 40  6.08 < < 297 23 63 < 639 < 0.1 < 0.1 2.9 64 94 6.1 172 02 0.0 30 17 09 04
SVA-13_54 38 051 < < 158 1.3 6.0 < 188 < < < < 1.3 31 53 0.7 97 < 00 61 < 04 1.0
SVA-13_65 39 071 < < 254 02 67 < 22 < < < < 1.6 20 7 05 179 < 0.1 20 < 04 05
TAR-13_1 107 0.26 < < 102 1.0 < < 2 < < < < 0.4 47 2 0.1 75 < < 12 11 < 04
TAR-13_5 170 0.08 < < < 1.1 < < 2 < < < < 0.3 31 1 0.0 40 < < 15 12 < 02
TAR-13_8 198  0.05 < < < 1.6 < < < < < < < 2.1 97 4 02 42 < 00 < 24 < 09
TAR-13_17 75 0.08 < < 48 1.3 < < 5 < < < < 0.9 34 2 01 16 < 00 < 31 < 08
TAR-13_21 246 0.10 < < 173 34 0.1 < 14 < < < 0. 33 28 302 132 < 00 < < < 05
TAR-13_24 n.d. n.d. < < 75 nd. nd nd nd. nd nd nd nd n.d. n.d nd. nd nd. nd nd nd. nd nd n.d
TAR-13_27 n.d. n.d. 157 < < 08 5.4 < 6 < < < < 2.1 12 1 0.1 45 < 00 < 29 02 07
TAR-13_28 n.d. n.d. < < < nd nd nd nd. nd nd nd nd n.d. n.d nd. nd nd. nd nd nd. nd nd. nd
TAR-13_30 n.d. n.d. < < 9 26 59 < 127 02 < < 05 2.7 66 5 02 298 05 0.1 < 11 04 68
TAR-13_32 n.d. n.d. < < < 04 56 < 4 < < < < 0.9 18 2 0.1 22 < < < < 02 05
TAR-13_35 n.d. n.d. 256 < < 1.1 6.1 < 12 < < < < 0.3 32 302 45 < 00 < < 02 1.0
TAR-13_36 n.d. n.d. < < < 1.1 6.0 < 7 < < < < 1.2 38 301 31 < 00 < < 03 0.4
TAR-13_37 303 0.07 17 147 310 2.6 1.1 < 55 < < < 04 2.1 52 10 03 190 02 0.1 < 13 02 27
TAR-13_39 n.d. n.d. < < 8 08 71 < 2 < < < < 0.5 20 1 0.0 76 < 00 < < 02 02
TAR-13_41 305 3.18 2351 149 554 7.6 1.8 < 191 < 0.1 < 13 2.7 303 11 09 414 07 02 67 16 05 129
TAR-13_42 107 048 1240 < < 35 02 < 43 < < < 02 1.9 94 5 04 44 < 00 < < 02 48
MIT-12_7 n.d. n.d. 53 393 458 3.0 1.0 19 0 0 0 0 6 212 7 1 134 0 0 nd 24 0 1
MIT-12_19 n.d. n.d. < < 291 30 3.0 18 0 0 0 0 4 29 3 1 148 0 0 n.d 22 0 3
ICE-12_3 n.d. n.d. 0 0 114 17 7 22 0 0 1 1 17 38 11 0 99 0 -1 0 nd. 40 0 25
ICE-12 4 n.d n.d. 0 181 275 4 13 26 0 0 0 0 3 44 13 1 234 0 -3 0 nd. 483 0 30

All values except DOC and PO, are given in ppb; NO*, SO,* and CI all determined by IC, all others analysed by ICP-MS; limit of detection (LOC,<) for IC: NO; = 96 ppb, CI'= 72 ppb,
SO42' =121 ppb, LOD’s for ICP-MS: Al, Ba, Co, Cr, Cu, Fe, Mg, Ni, Si, Sr, Zn = 0.1 ppb; Bi, Cd, Mn, Pb = 0.01 ppb; Ca, Na =1 ppb; K,P,S = 10 ppb; n.d. = not determined.



Supplementary Table 13: Particulate composition
Total particulate carbon (TC), total nitrogen (TN), total phosphorus (TP) and total sulphur (TS) (all based on % of dry weight of solid sample) as
well as the organic nitrogen and carbon isotope values from the analysed particulates in the Northern Sweden (TAR) and Svalbard (SVA)
samples that contained sufficient particulate material for analyses; listed are also the solid C/N (Redfield: 6.6), C/P (Redfield: 106) and N/P
(Redfield: 16) ratios calculated from the TC, TN and TP values. Iceland and Greenland samples did not contain enough particulate material for

analyses.

Sample ID Total C [%]  TotalN[%]  TotalP[%]  TotalS[%] C/N c/p N/P 8C [%o]
SVA-13-2 3.69 0.26 0.06 0.16 14.44 59.17 410 -8.86 n.d.
SVA-13-4 3.05 0.21 0.06 0.11 14.89 5117 3.44 -6.37 nd.
SVA-13_10 1.45 0.11 0.06 0.18 12.92 23.64  1.83 -6.92 nd.
SVA-13_20 1.87 0.19 0.15 0.07 10.02 1244 124 0.27 -26.06
SVA-13_23 7.40 0.45 0.09 0.12 16.57 86.52 522 -3.52 -28.42
SVA-13_31 8.85 0.50 0.08 0.14 1770 11116  6.28 235 -27.80
SVA-13_33 2.98 0.21 0.06 0.06 13.93 47.03 338 -5.18 -25.00
SVA-13_36 6.27 0.36 0.06 0.10 1759 107.07  6.09 -5.37 nd.
SVA-13_43 2.73 0.15 0.04 0.10 18.70 62.63 335 -2.60 -27.95
SVA-13_48 4.90 0.23 0.06 0.12 21.06 79.54 378 -6.13 -28.18
SVA-13_54 17.38 1.02 n.d. 0.12 17.11 n.d. nd. -4.66 -29.43
SVA-13_65 4.53 0.27 0.06 0.10 16.51 7475 453 -5.52 -29.23
TAR-13_1 4.15 0.25 0.05 0.02 16.59 8441  5.09 -4.94 -25.01
TAR-13_5 30.04 1.84 n.d. 0.11 16.32 n.d. nd. nd. -28.73
TAR-13_8 12.90 0.78 nd. 0.06 16.64 n.d. nd. -1.10 nd.
TAR-13_17 19.68 L11 n.d. 0.10 17.71 n.d. nd. 0.37 -26.59
TAR-13_21 8.79 0.41 0.04 0.07 2160 22017 10.19 -4.19 -21.80
TAR-13_24 8.61 0.47 0.05 0.08 1817 16577  9.12 -5.11 -25.32
TAR-13_27 8.41 0.33 0.08 0.06 2570 11209 436 -4.76 -27.74
TAR-13_28 12.91 0.57 0.07 0.07 2263 176.06  7.78 -5.49 -24.63
TAR-13_30 11.05 0.28 0.04 0.06 3941 287.09 7.8 -3.29 -24.86
TAR-13_32 5.07 0.34 0.07 0.05 15.02 75.07  5.00 -5.96 -26.61
TAR-13_35 9.72 0.46 0.07 0.08 21.02 14870  7.07 -4.54 n.d.
TAR-13_36 25.30 0.90 0.07 0.09 28.07  369.73  13.17 -4.95 n.d.
TAR-13_37 9.04 0.39 0.07 0.06 23.09 12979 5.62 -5.40 n.d.
TAR-13_41 9.61 0.50 0.03 0.07 1913 27576 1442 -6.15 n.d.
TAR-13 42 11.46 0.55 0.06 0.09 2076 191.61  9.23 -4.73 n.d.

n.d. = not determined



Supplementary Table 14: Mineralogical composition
Geology and mineralogical composition of the Svalbard, Northern Sweden, Greenland and Iceland samples derived from X-ray diffraction

analysis.

Location Geology Main minerals

Svalbard Metamorphic and sedimentary rocks quartz, plagioclase, pyroxene, mica, chlorite, muscovite;
Austre Broggerbreen and Feiringbreen: calcite, dolomite

Northern Metamorphic rocks (gneisses, amphibolites) quartz, plagioclase, hornblende, minor contributions from

Sweden biotite, mica and chlorite

Greenland Metamorphic (gneisses) and igneous rocks (gabbro-anorthosite intrusions)  quartz, plagioclase, smectite, mica, hornblende and chlorite

Iceland Igneous rocks (basalt) quartz, plagioclase, pyroxene, minor contributions from

clays, basaltic glass and hematite
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