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ABSTRACT
Vast expanses of Earth’s surface are covered by ice, with microorganisms in these systems affecting local and global
biogeochemical cycles. We examined microbial assemblages from habitats fed by glacial meltwater within the McMurdo
Dry Valleys, Antarctica and on the west Greenland Ice Sheet (GrIS), evaluating potential physicochemical factors explaining
trends in community structure. Microbial assemblages present in the different Antarctic dry valley habitats were
dominated by Sphingobacteria and Flavobacteria, while Gammaproteobacteria and Sphingobacteria prevailed in west GrIS
supraglacial environments. Microbial assemblages clustered by location (Canada Glacier, Cotton Glacier and west GrIS) and
were separated by habitat type (i.e. ice, cryoconite holes, supraglacial lakes, sediment and stream water). Community
dissimilarities were strongly correlated with dissolved organic matter (DOM) quality. Microbial meltwater assemblages were
most closely associated with different protein-like components of the DOM pool. Microbes in environments with mineral
particles (i.e. stream sediments and cryoconite holes) were linked to DOM containing more humic-like fluorescence. Our
results demonstrate the establishment of distinct microbial communities within ephemeral glacial meltwater habitats,
with DOM-microbe interactions playing an integral role in shaping communities on local and polar spatial scales.
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INTRODUCTION
Glaciers and ice sheets represent a distinct biome, dominated
by diverse and biologically active microorganisms (Anesio and
Laybourn-Parry 2012; Boetius et al. 2015; Anesio et al. 2017),
that play a pivotal role in regional and global biogeochemical

cycles. These icy environments are subject to relatively similar environmental conditions, including low temperature, frequent freeze-thaw cycles, seasonally low water availability, desiccation and nutrient limitation, but vary in the degree of surface melt and geochemical composition. As such, the presence

of distinct microbial communities in environmentally similar
glacial meltwater habitats (Cameron et al. 2012, 2015, 2016; Stibal
et al. 2015; Lutz et al. 2016; Uetake et al. 2016) offers intriguing
questions about the factors influencing trends in community
structure and function and the impacts of microorganisms on
geochemical processes. While regional differences across glacial
meltwater communities have been frequently attributed to local
aeolian deposition, catchment geology, and physical and geographical variables (Cameron et al. 2015, 2016; Cook et al. 2015;
Musilova et al. 2015; Stibal et al. 2015; Lutz et al. 2016), these factors may, indeed, have only a limited effect on community composition. Findings from a growing number of investigations favor
the development of habitat-specific ice surface communities,
particularly those adapted to specific ecological niches (Mueller
and Pollard 2004; Edwards et al. 2013; Musilova et al. 2015; Gawor
et al. 2016; Franzetti et al. 2017).
Dissolved organic matter (DOM) on ice sheets originates from
a variety of allochthonous (i.e. terrestrial, marine or black carbon) and autochthonous (i.e. in situ production) sources (Stibal
et al. 2010; Stubbins et al. 2012; Legrand et al. 2013; Antony et al.
2014; Hood et al. 2015; Smith et al. 2017), both of which have
been shown to vary in reactivity and may be highly bioavailable to resident microbial communities (Hood et al. 2009; Antony
et al. 2017; Smith et al. 2017). Many studies have targeted DOM
dynamics on the surface of ice sheets (Anesio et al. 2009; Hodson et al. 2010; Cook et al. 2012; Stibal et al. 2012; Hood et al. 2015),
and both deposition and in situ production have been linked
to the biogeochemical evolution of DOM in supraglacial waters
(Hood et al. 2009; Stubbins et al. 2012; Telling et al. 2012; Antony
et al. 2014; Musilova et al. 2017; Smith et al. 2017). Rather than
being passive receivers of allochthonous DOM, recent studies
indicate that there are tight interactions between DOM production and composition within bacterial communities in glacial
surface habitats (Smith et al. 2016, 2017; Musilova et al. 2017).
Additionally, changes in microbial community structure have
been correlated with dissolved organic carbon (DOC) concentrations and the presence of distinct algal populations in Arctic snow and on glaciers, further attesting to the importance
of interactions between organic carbon and microbial communities (Lutz et al. 2016, 2017). In fact, major components of
glacial carbon dynamics are functionally linked to trophic interactions between photo- and heterotrophs during algal blooms,
and within cryoconite granules and biofilms (Edward et al. 2011;
Takeuchi et al. 2014; Anesio et al. 2017; Lutz et al. 2017; Musilova
et al. 2017; Smith et al. 2017). However, the mechanism by which
the composition of DOM influences bacterial utilization and ultimately community composition is largely unknown.
Globally, glacial meltwater habitats are dominated by
cyanobacteria, Proteobacteria, Actinobacteria, Bacteriodetes, Acidobacteria, Chloroflexi and Planctomycetes, with regional differences at lower levels of taxonomic resolution (Boetius et al.
2015). Given the habitat-specific selective pressures of cryoenvironments, we hypothesize that bacterial assemblages are
shaped by geochemistry, which provides the available energy
sources necessary to support life. To test this scenario, glacial
meltwater habitats from the Earth’s polar regions were investigated. Meltwater samples were collected from two glaciers in
the McMurdo Dry Valleys, Antarctica, (stream water, stream sediments, glacial ice, snow, and cryoconite holes) and from the
western margin of the Greenland Ice Sheet (GrIS) (supraglacial
lakes and cryoconite holes). Illumina MiSeq 16S rRNA gene
amplicons were analyzed to assess differences in community
structure across and within these environments. Geochemical

Figure 1. Sampling locations in (A) the western margin of the Greenland Ice Sheet
and (B) the McMurdo Dry Valleys, Antarctica.

parameters, including major ions, nutrients, DOC concentration, and fluorescing DOM characteristics were evaluated to infer
their influence on microbial community composition. The primary objective of this study was to link trends in bacterial biodiversity to DOM quality across glacial systems, thus enabling
better predictions regarding their function in the context of a
changing environment.

METHODS
Field site description
Sampling was conducted in the McMurdo Dry Valleys, Antarctica and at the western margin of the GrIS (Fig. 1). The McMurdo
Dry Valleys of Antarctica comprise the largest ice-free area of
the Antarctic continent and are classified as polar deserts with
<10 cm of precipitation per year. Mean annual temperatures
range between −15◦ C and −30◦ C. This barren region experiences
katabatic winds originating in the continental interior, which
are important in controlling local climate, physical weathering
and material transport. Contrary to expectation, contributions
by marine aerosols are minor (Bottos et al. 2014; Bowman and
Deming 2017). The two Antarctic sampling sites were comprised
of glacially fed Antarctic stream ecosystems ∼70 km apart: (i)
The Cotton Glacier (CG) supraglacial stream (77◦ 07’S, 161◦ 40’E)
is ∼16 km long, consisting of a network of braided channels cut
through the ice, ultimately terminating into McMurdo Sound.
The CG stream receives a large amount of sedimentary deposits
of unknown origin (fluvial, glacial or aeolian) from surrounding areas (Foreman et al. 2013). Sediments are primarily located
on the lateral margins of the stream, and herein referred to as
parafluvial sediments. CG stream water (n = 10), parafluvial sediments (n = 11), snow (n = 1) and surrounding ice (n = 5) were
sampled during austral summer field seasons 2009–2012. (ii) The
Canada Stream (77◦ 61’S, 162◦ 59’E) represents a proglacial stream
in the Taylor Valley and flows over a constant layer of coarse
sediments. Samples were collected in 2009–2011 and included:

stream water (n = 5), stream sediments (n = 3), as well as samples from its meltwater source, the adjacent Canada Glacier
[glacial ice (n = 4), snow (n = 1) and cryoconite holes (n = 4)].
Supraglacial features in west Greenland were collected from
the Paakitsoq region northeast of Jakobshavn Isbrae (69◦ 34 N,
49◦ 48 W). This location is ∼15 km from the ice sheet margin
with an ice elevation of ∼962 m above sea level (Banwell et al.
2012). Samples were collected during summer 2011, including
cryoconite hole (n = 9) and supraglacial lake samples (n = 5)
from ’Lake Half Moon’ and ’Lake Ponting’ (Tedesco et al. 2013).
More information on sampling regime is provided below and in
Table S1 (Supporting Information).

Sample collection
Temperature, pH, conductivity, dissolved oxygen, and total dissolved solids in the two Antarctic streams were measured on
site using a Manta Sub2 probe (Eureka Water Probes Inc., U.S.A.).
A malfunction of the probe obstructed in situ measurements
in west GrIS supraglacial environments. Antarctic stream water
samples (4 L) for geochemical analyses were collected in acidwashed, deionized water-rinsed (6×) fluorinated carboys. Samples for carbon analyses were collected from all sites in combusted (450◦ C for 5 hr) 125 mL amber bottles. Sediment (20–30 g)
and freshly fallen snow samples were aseptically collected with
sterile spatulas. Ice cores (diameter: 10 cm and length: 100 cm)
and frozen cryoconite holes were removed with an ethanolcleaned ice corer (Kovacs, U.S.A.). Samples were stored in sterile cryovials or whirl-pack bags and processed/analyzed within
12 hr post-collection. Cored samples were decontaminated by
removing ∼2 mm of outer ice with sterile blades using a modification of (Christner et al. 2005). Snow samples were melted at
4◦ C. Meltwater samples (0.5–1 L) for microbial community analysis from glacial streams, and ice and snow melt were filtered
R
onto sterile 0.2 μm, 47 mm Supor-200
membranes (Pall Corporation, U.S.A.) under low pressure (<7 psi). Filters, submerged
in TES buffer (100 mM Tris, 100 mM EDTA, and 2% SDS), and sediments were flash frozen in liquid nitrogen, and stored at −80◦ C
until DNA extraction.
Samples for microbial community analysis from supraglacial
lakes on the west GrIS were collected on polyethersulfone
0.2 mm Sterivex filters (MilliporeSigma, U.S.A.) with a hand
pump. Between 0.5–1 L of sample water was passed through the
R
filters. Sterivex cartridges were filled with RNAlater
(Invitrogen, U.S.A.) and sealed with Luer–Lok caps. Filters were frozen at
−20◦ C and stored on ice for transport. Upon arrival at Montana
State University, samples were stored at −80◦ C until further processing.

Water chemistry
Water samples for non-purgeable DOC, macronutrients,
anions/cations, particulate organic carbon and particulate
organic nitrogen were collected and analyzed following the
protocols of the McMurdo Dry Valleys LTER (Foreman et al.
2013). Geochemical data were statistically analyzed to identify
differences across samples, using a general linear model of
analysis of variance (ANOVA) in version 17, Minitab Inc., U.S.A.

Fluorescence spectroscopy
DOM is comprised of a heterogeneous mixture of organic compounds, with the analysis of fluorescent components proven to
be useful in assessing its chemical quality (Cory and McKnight

2005; Fellman et al. 2010). Samples were filtered through combusted GF/F filters into acid-washed, pre-combusted amber bottles. Samples were analyzed for UV-absorbance (190–1100 nm)
using an Agilent 8453 UV-spectrophotometer in a 1 cm quartz
cuvette. Samples with absorbance >0.3 at 254 nm were diluted
with Milli-Q water to prevent inner-filter effects (Miller and McKnight 2010). Excitation emission matrices (EEMs) were collected
with a Horiba Fluoromax-4 Fluorometer, equipped with a Xenon
light source and a 1 cm pathlength quartz cuvette (Foreman et al.
2013). Post-processing was completed in MATLAB to generate
EEMs corrected for Raman scattering and blank water subtraction (McKnight et al. 2001; Lawaetz and Stedmon 2009).
Due to large difference in characteristics of the fluorescent
fraction of DOM between the Antarctic and Arctic samples (e.g.
dominance of B1 fluorescence in the Greenland samples) and
the lack of samples with intermediate characteristics, it was
not possible to validate a PARAFAC model (Bro 1997) for this
dataset. In light of these restrictions we quantified the EEMs
spectra based on characteristic fluorescence peaks (Coble 1996;
Fellmanet al. 2010). To statistically compare differences in DOM
composition from EEMs data, the relative proportion of individual fluorophores (B1, B2, T1, T2, A and C) was calculated for
each sample. Fluorescence intensity (F.I.) values were normalized across different sample locations and summed based on
DOM classifications (Coble 1996) (Table S2, Supporting Information). Significant differences between the means of specific DOM
fluorophores were determined with an ANOVA general linear
model followed by Tukey’s multiple-comparison test (version 17,
Minitab Inc., U.S.A.).

DNA extraction and PCR amplification
The PowerSoil DNA or PowerWater Sterivex kits (Qiagen, U.S.A.)
were used to extract genomic DNA from sediment and filters
following manufacturer recommendations. Extracted genomic
DNA was quantified using the Qubit DNA Kit (Invitrogen,
U.S.A.). The V3/V4 regions of the 16S rRNA gene were amplified in 50 μl PCR reactions containing 100–200 pg of extracted
genomic DNA, 0.1 μM of each primer, a 1X final concentration of Bulls Eye PREMIUM Taq 2X Mix (Midwest Scientific,
U.S.A.) and nuclease free water. The primer design consisted
of Illumina adaptor sequences followed by either the universal
341F 5 -acactctttccctacacgacgctcttccgatctCCTACGGGNGGCWGC
AG-3 or 805R 5 -gtgactggagttcagacgtgtgctcttccgatctGACTACHVG
GGTATCTAATCC-3 . PCR was performed in an Eppendorf Mastercycler pro S. The amplification protocol consisted of an initial
denaturation at 95◦ C for 3 min, followed by 30 cycles of denaturation at 95◦ C for 30 s, annealing at 55◦ C for 30 s, extension at 72◦ C
for 30 s and a final extension step at 72◦ C for 5 min. Negative PCR
controls without DNA template and DNA extractions from filterand extraction-blanks were amplified to monitor contamination
(n = 4) (Salter et al. 2014; Nguyen et al. 2015).

Sequencing and analysis
Paired end, 250 bp sequencing was performed on an Illumina
MiSeq at the University of Wisconsin-Madison Biotechnology
Center. Forward and reverse sequences were joined with the
Quantitative Insights Into Microbial Ecology toolkit version 1.9.0
(Caporaso et al. 2010). Contigs were subsequently analyzed with
the Mothur platform v.1.34.4 (Schloss et al. 2009). For sequence
quality refinement, sequences containing ambiguous bases,
homopolymers > 8 bases and an average quality score below

30 over a 50 bp window were excluded from further analysis (Schloss et al. 2011). The maximum sequence length was
467 bp, and sequences shorter than 450 bp were removed. Processed sequences were aligned against the SILVA Gold database
in Mothur. Chimeric sequences were removed using UCHIME
(Edgar et al. 2011) with the SILVA Gold database (Pruesse et al.
2007) and a second chimera check using sequences from the
present study as a database. Sequences were classified with a
Bayesian method (Wang et al. 2007) using the Mothur formatted
version of the RDP classifier. Operational taxonomic units (OTUs)
were defined at ≥97% 16S rRNA sequence identity. Any OTU
found in the blank samples were removed from corresponding
sequence libraries. Sequences were deposited in the NCBI SRA
database under the accession number SRP076570.

Statistical analysis of sequencing samples
Precipitation events are rare in polar deserts; thus, with only
single snow samples collected, these were excluded from subsequent statistical analysis. OTU richness using Chao1 (Chao
1984), Inverse Simpson (Simpson 1949) and the non-parametric
multivariate analysis of OTU similarities (ANOSIM; Clarke
and Warwick 2001) approach were calculated within Mothur.
ANOSIM produces the test statistic R. Large R values (close to
1) indicate that two samples are highly dissimilar, while small
R values (close to zero) signify little or no dissimilarity. The
most dominant 200 OTUs (89% of the entire sequence library)
were subjected to similarity percentage (SIMPER) analysis using
PAST version 3.10 (Hammer et al. 2001). A canonical correspondence analysis (CCA) was performed on square root transformed
OTU profiles within Canoco v4.5 (Microcomputer Power Inc.,
U.S.A.). Within Canoco, detrended CCA was used to obtain the
length of the gradient among OTUs. A gradient length > 4 supported a unimodal method for comparison between all ecosystem components. Differences in microbial communities among
sites were calculated with non-metric multidimensional scaling
(MDS) ordination, using a Bray Curtis dissimilarity matrix created from OTU tables and refined by the Kruskal’s Stress test.

RESULTS
Stream water biogeochemistry
Both Antarctic streams had low ionic strength (mean
25.2 μS cm−1 ) and near neutral pH (mean 6.8). Of importance were the significantly higher concentrations of NH4 + (5.1±
0.7μg L−1 ; ANOVA, DF = 14, F = 44.68, P < 0.001), NO3 − (50.5±
24.0μg L−1 ; ANOVA, DF = 14, F = 13.59, P = 0.004), PO4 2− (1.6±
0.2μg L−1 ; ANOVA, DF = 14, F = 9.32, P = 0.012) and particulate
phosphorous (10.6± 7.8μg L−1 ; ANOVA, DF = 14, F = 9.98, P =
0.003) within the CG stream compared to the Canada Stream
(Table S3, Supporting Information).
Fluorescence in the humic-like regions of the EEMs was
apparent in all samples; however, only the fluorescence spectra
of Canada Stream water DOM resolved in distinct humic fluorophores. DOM from all other Antarctic and west GrIS environments lacked these discrete regions of humic fluorophores and
were characterized by protein-like fluorescence (ANOVA, DF =
55, F = 40.44, P < 0.001) (Fig. 2; Table S4, Supporting Information).
No significant difference between any of the Antarctic environments was found in the T1 region (ANOVA, DF = 55, F = 3.53, P >
0.216). DOM in cryo-habitats from the west GrIS lacked humiclike fluorophores (A and C peaks) and showed significantly
different protein-like peaks B1 (ANOVA, DF = 55, F = 16.71,

Figure 2. Change in the relative abundance of fluorescent intensity (F.I.) of fluorescent regions commonly observed in natural waters (Coble 1996) for different
environmental locations.

P < 0.001) and B2 (ANOVA, DF = 55, F = 18.04, P < 0.020) when
compared to all Antarctic environments.

Microbial assemblages and biodiversity
Raw Illumina MiSeq sequences consisted of 76,026± 15,449
(average ± S.D.) reads per sample. Quality refined sequence
libraries contained on average 8,913± 5,640 reads, clustered
into 2,156 OTUs across all samples. On average, all samples
from Antarctic environments were dominated by Sphingobacteria (48%± 6%), Flavobacteria (20%± 11%), Betaproteobacteria (8%
± 3%) and Gammaproteobacteria (4%± 2%). Supraglacial aquatic
habitats from the west GrIS were primarily dominated by
Gammaproteobacteria (66%± 11%), Sphingobacteria (24%± 8%) and
Betaproteobacteria (3%± 2%) (Fig. 3). CG snow was dominated by
Gammaproteobacteria (82%), which differed from the dominance
of Betaproteobacteria (46%) and Bacilli (38%) in Canada snow. The
observed number of OTUs across all sampled habitats showed
similar patterns when compared to the predicted alpha diversity
indices (Fig. S1, Supporting Information). Based on Chao richness, the greatest diversity was found in the Canada Stream
water (524.0–535.6; 95% CI), followed by the CG stream water
(395.3–411.4; 95% CI). Species richness for Antarctic stream sediments, ice and cryoconite hole communities was between 116.4
and 258.6 (95% CI). The lowest species richness was calculated
for west GrIS supraglacial lakes (54.8–64.0; 95% CI) and cryoconite holes (52.9–62.2; 95% CI), and confirmed by the Inverse
Simpson index (2.7–3.2; 95% CI). In the different geographic locations (CG, Canada Glacier, and the west GrIS), 43.5%, 53.1% and
46.9% of the OTUs were unique. Antarctic environments shared
29.3% of the OTUs while only 3.1% of the OTUs were present
across all glacial settings. MDS of Bray–Curtis indices of the OTU
profiles clustered the three glacial locations into distinct clades
(Fig. 4). Within each clade, sample types clustered into their own
representative group, with the exception of one CG sediment
sample that grouped more closely with the Canada Glacier samples. Overlap was found between CG ice and CG stream samples.

Figure 3. Relative abundance of MiSeq 16S rRNA gene sequences representing the distribution of microbial assemblages with individual samples grouped together
based on sampling location. Percentages are reported at the class taxonomic level.

ice (R = 0.198, P = 0.081) and west GrIS cryoconite hole and lake
habitats (R = 0.112, P = 0.156) were found to be more similar.
Moderate community overlap was also determined between CG
ice and the CG stream (R = 0.410, P = 0.011). Markedly, OTU
profiles found in similar environments (i.e. ice, stream, stream
sediments, and cryoconite holes) from different locations were
highly dissimilar (R ≥ 0.559 and P ≤ 0.012). With a focus on the
200 most abundant OTUs in each sample, dissimilarities were
largely attributed to four families (i.e. Cytophagaceae, Flavobacteriaceae, Chitinophagaceae, and Sphingobacteriaceae) within the
phylum Bacteroidetes (SIMPER; Table S5, Supporting Information). Combined with the unclassified microbial realm (7.7%–
13.9%), these groups accounted for 82.8% of the dissimilarities between microbial assemblages in ice from CG and Canada
Glaciers, 72.1% between microbes associated with sediments in
the CG and Canada streams, and 87.7% between bacterioplankton in the CG and Canada streams. These four families also
explained 50.9% of the dissimilarities between bacterial assemblages inhabiting cryoconite holes on the Canada Glacier and the
west GrIS, with Pseudomonadaceae contributing another 15.2%.
Figure 4. Multidimensional scaling plot of Bray–Curtis indices on the relative
abundance of OTU (97% sequence similarity) profiles for different environmental
locations. Dashed lines delineate the different sampled environmental locations
(Canada Glacier, Cotton Glacier and Greenland Ice Sheet).

OTU specific differences between environments from the
same location and the same environment from different locations were determined by ANOSIM (Table S6, Supporting Information). Overall, differences were evident across sites (R = 0.722,
P < 0.001) and sample type (R = 0.530, P < 0.001), with statistical evidence for OTU dissimilarities found for 11 out of 14 pairwise comparisons (R ≥ 0.559, P ≤ 0.035). Only microbial assemblages from Canada Glacier cryoconite holes and Canada Glacier

Relationship of environmental variables to microbial
biodiversity
An initial CCA between CG stream and Canada Stream water
OTU profiles and the physicochemical dataset was performed
to determine whether environmental variables had an effect
on microbial assemblage composition. However, variables tested
(temperature, pH, dissolved oxygen, conductivity, major cations
and anions, and DOC concentrations) were statistically insignificant in explaining assemblage composition.

Figure 5. Canonical correspondence analysis of the influence of fluorescent
OM variables on the relative abundance of square root transformed OTU (97%
sequence similarity) profiles for sampled glacial environments. Different colored
circles represent relative fluorescence intensities for fluorophores commonly
observed in natural waters (Coble 1996) from each sample. Fluorescence from
protein-like OM components are represented as B1 and B2 (tyrosine-like) and
T1 and T2 (tryptophan-like). Fluorescent humic-like OM components are represented by A and C.

To determine the effect of DOM quality on microbial assemblages in glacial environments, CCA analysis included the F.I.
for different DOM fluorophores and OTU profiles (Fig. 5). The
established model explained 86.9% (P = 0.004) of the total variation across all OTU profiles, with 77.9% of the total model variance described by the first three axes (all eigenvalues >0.16). The
first axis explained 51.2% of the variance (P = 0.002). Microbial
assemblages from the west GrIS clustered closely together and
were best explained by the protein-like component B1. Canada
Stream microbial assemblages were clearly described by the
presence of humic-like fractions of DOM. Phylotype composition from Canada Stream sediment, Canada Glacier cryoconite
holes, and CG sediment samples were moderately influenced by
humic- and protein-like DOM constituents. Based on the model,
OTUs found in the CG stream, CG ice and Canada Glacier ice were
best explained by protein-like B2 and T2 fluorophores.

DISCUSSION
Phyla identified across all samples in this study were typical
of glacial ecosystems (Boetius et al. 2015). Individual microbial
assemblages clustered based on location (i.e. CG, Canada Glacier,
and west GrIS) and habitat type (i.e. stream water, sediments,
ice, cryoconite holes, and supraglacial lakes), with pronounced
dissimilarities apparent between the same habitat types from
different locations (Fig. 4; Table S6, Supporting Information). The
lack of significant differences between ice and cryoconite hole
communities from the Canada Glacier (ANOSIM; R=0.198, P =
0.081) and the moderate overlap between ice and stream microbial consortia from the CG (ANOSIM; R=0.410, P = 0.011) indicate that ice-trapped microbes contributed to the evolution of
glacial meltwater communities (Musilova et al. 2015; Cameron
et al. 2016). Following this trajectory, we found that meltwater
selected for more habitat-specific microbial assemblages (Table
S5, Supporting Information; Musilova et al. 2015).
Even without an active land bridge, polar ice sheets are under
constant exchange with both near and distant habitats (Pearce

et al. 2009; Price et al. 2009; Bottos et al. 2014; Bowman and Deming 2017), introducing organisms that must establish themselves
among existing communities in order to survive. Nonetheless,
dominant microbial phylotypes in snow on polar ice sheets
(i.e. Firmicutes, β- and γ -Proteobacteria; this study Fig. 3; Boetius
et al. 2015; Cameron et al. 2015; Musilova et al. 2015; Antony
et al. 2016) do not prevail in glacial ice surface communities.
In fact, decreased meltwater dynamics within ice-margin habitats promotes microbial community establishment (Fountain
et al. 2004; Musilova et al. 2015; Stibal et al. 2015; Uetake et al.
2016), dominated by taxa that were originally rare members in
aeolian deposits (i.e. Bacteroidetes, Actinobacteria and Proteobacteria) (Edwards et al. 2013; Hell et al. 2013; Musilova et al. 2015;
Stibal et al. 2015; Cameron et al. 2016; Franzetti et al. 2017). Relevant to the discussion on community establishment and stability in glacial meltwater habitats, our study provides evidence
that microbial assemblages from samples within the same local
environment exhibit a high degree of dissimilarity in compartments along the hydrologic flow path (i.e. ice, stream, stream
sediments, and cryoconite holes).
Differences in the fluorescent signatures of DOM between
glaciers or habitats on the same glacier have been attributed
to deposition and the microbial loop (Barker et al. 2006; Pautler et al. 2013; Musilova et al. 2017). Similar to previous reports of
glacial meltwater habitats (i.e. supraglacial ponds and streams,
cryoconite holes, ice, and subglacial outflow, Bhatia et al. 2010;
Dubnick et al. 2010; Pautler et al. 2012, 2013; Barker et al. 2013;
Foreman et al. 2013; Feng et al. 2016; D’Andrilli et al., 2017; Smith
et al. 2018), DOM fluorescence in the present study was dominated by protein-like components, indicative of microbially produced DOM. Despite the predominance of protein-like components, there was little to no overlap in the overall DOM composition across investigated habitats. In contrast to the terrestrial
Canada Stream, the CG supraglacial stream was largely devoid
of benthic substrates and microbial mats, features reflective of
the overall DOM composition. In the CG stream, DOM is primarily derived from the exudation of labile DOM produced by
planktonic microorganisms (Smith et al. 2017), does not accumulate inter-seasonally (SanClements et al. 2016), and appears
to be less complex than from other natural environments (Foreman et al. 2013; this study). Conversely, the presence of both
protein- and humic-like fluorescence in the Canada stream DOM
is typical of Antarctic streams with inter-annual DOM accumulation by microbial mats (McKnight and Tate 1997), characteristics
also expressed in habitats shaped by the deposition of terrestrial
mineral particles (i.e. CG parafluvial sediments and cryoconite).
Striking was the lack of discrete regions of detectable fluorescent
humic components in the west GrIS DOM. Increased aeolian
deposition and microbial modifications of allochthonous material, including material from wildfires (Khan et al. 2017), onto the
GrIS was expected to contribute to chemically more heterogeneous DOM (Stibal et al. 2010; Pautler et al. 2013; Musilova et al.
2017). However, the distribution and composition of DOM may
vary, depending on the location, distance to the ice sheet margin, season (Stibal et al. 2010; Langford et al. 2010; Musilova et al.
2017), and trajectories of air masses (Khan et al. 2017).
In each habitat, microbial assemblages were associated with
either specific protein-like or humic-like fluorophores, with the
calculated correlations between DOM components and OTUs
of heterotrophic bacteria suggestive of contrasting taxonomic
DOM preferences (Fig. 5). An in-depth analysis of the CG stream
DOM determined it to be microbially derived and compositionally labile, with almost half of the DOM comprised of lipid-,
protein- and carbohydrate-like molecular constituents (Smith

et al. 2018). As highlighted by substrate utilization assays (Sanyal
et al. 2018), Antarctic isolates from supraglacial meltwaters
preferentially utilize these compounds. Specifically, diverse lineages within the Bacteroidetes, the most dominant members
in all dry valley samples, are well known for degrading high
molecular weight organic matter (i.e. proteins and carbohydrates), and grow attached to particles or algal cells (Thomas
et al. 2011; Fernández-Gomez et al. 2013). Corroborating evidence for phylogenetic discrimination in carbon preference and
algal-Bacteroidetes arrangements in glacial meltwater habitats
has recently been reported for cryoconite holes on the Canada
Glacier and CG supraglacial stream, Antarctica (Smith et al.
2016). Incubation assays revealed that stream water DOM, dominated by protein-like fluorophores (designations B and T), was
directly recycled by Bacteroidetes in close spatial organization
within Oscillatoria biofilms (Smith et al. 2016). It was found that
heterotrophic production by Bacteroidetes and Betaproteobacteria within the CG stream relied on freshly derived DOM, while
there was no evidence of algal exudate uptake by Alphaproteobacteria (Smith et al. 2017). Such differences in carbon preferences are consistent with the current understanding that—
unlike Alphaproteobacteria—Bacteroidetes and Betaproteobacteria
are capable of utilizing complex carbon sources of varying concentrations (Eiler et al. 2003; Thomas et al. 2011). In turn, the
degradation of complex organic material by Bacteroidetes provides by-products directly targeted by Alpha- and Gammaproteobacteria (Williams et al. 2013). Similarly, studies performed
by Lutz and others described the production of taxon-specific
metabolites by snow and ice algae (Lutz et al. 2016, 2017). Associated with different algal blooms were specific taxonomic groups
within the Bacteroidetes and Proteobacteria, attesting not only to
DOM-microbe interactions, but also to the linkage between DOM
exudates/composition and resident phylogeny (Lutz et al. 2016,
2017).
In contrast with previously reported findings on the microbial community in Greenlandic supraglacial habitats (Stibal et al.
2015; Musilova et al. 2015; Cameron et al. 2012, 2016), in this
study Gammaproteobacteria dominated the cryoconite hole and
lake communities from the west GrIS. This class of Proteobacteria is generally known to be comprised of fast-growing opportunists (Pinhassi and Berman 2003; Pernthaler and Amann 2005).
Further, Gammaproteobacteria have a competitive advantage in
phosphate-limited environments (Ho et al. 2017), characteristics
typical for supraglacial habits (Mindl et al. 2007; Stibal and Tranter 2007; Stibal et al. 2009). Thus, in combination with extensive drainage of supraglacial habitats in the Paakitsoq region of
west GrIS during the summer of 2011 (Banwell et al. 2012), the
dynamic surface environment may have been a selective force,
giving rise to the dominance of opportunistic Gammaproteobacteria lineages.
It is well documented in temperate aquatic environments that microbial community composition and underlying
metabolic strategies are driven by the chemical composition of
DOM (McCarren et al. 2010; Koehler et al. 2012; Hansell 2013;
Buchan et al. 2014; Moran et al. 2016). Intricate substrate dependencies on specific DOM fluorophores have been shown for
major taxonomic groups within many aquatic communities (e.g.
Romera-Castillo et al. 2011; Sarmento et al. 2013; Amaral et al.
2016; Blanchet et al. 2017), with production and consumption
of fluorescent DOM varying on a species level (Fukuzaki et al.
2014; Fox et al. 2017; Goto et al. 2017). Evidence presented here
establishes causality between DOM substrate composition and
microbial community composition (Fig. 5) in glacial environments. Therefore, changes in DOM composition may result in

dramatic shifts in the functional response of these glacial meltwater microbial systems, with subsequent consequences for
downstream environments through alterations in the geochemical composition of fluxes.

CONCLUSIONS
While it is acknowledged that icy ecosystems possess diverse
and metabolically active organisms (Boetius et al. 2015), understanding the interactions between bacteria and glacial DOM
remains an important challenge. Here we demonstrate that
DOM composition has a major effect on glacial surface microbial communities, and by extension, influences ecosystem function. Additionally, our data contribute to the growing evidence
that supraglacial habitats harbor spatially variable communities governed by local environmental factors (Cameron et al.
2012, 2016; Edwards et al. 2014; Stibal et al. 2015). Undeniably, the
global cryosphere is shrinking (Stocker et al. 2013) and icy environments need to be understood within the context of climate
change. Changes in microbial and functional diversity may have
a profound impact on supraglacial DOM cycling, likely changing predicted quantities of carbon discharge (Anesio et al. 2009;
Cook et al. 2012; Hodson et al. 2015) and DOM bioavailability to
downstream environments (Bhatia et al. 2013; Lawson et al. 2014;
Musilova et al. 2017; Smith et al. 2017).
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