
1. Introduction
Glaciers are a defining feature and active biome in polar and alpine environments, integrating biogeochemi-
cal and physical processes over large spatial areas (Anesio et al., 2017; Hodson et al., 2008). Although glacial 
mass has been steadily decreasing since the end of the Little Ice Age, ice mass loss has recently accelerated 
with anthropogenic climate change (Liao et al., 2014). Between 1991 and 2010, ∼69% ± 24% of global glacier 
mass loss can be attributed to anthropogenic activities (Liao et al., 2014). This accelerated mass loss is pro-
jected to result in a decrease of ∼15 Tg in glacial carbon (C) stores by 2050 (Hood et al., 2015). Consequently, 
glaciers will continue to act not only as long-term stores of C, but also as changing sources of organic matter 
to downstream environments (Hood et al., 2009, 2015; Wadham et al., 2019).

Dissolved organic matter (DOM) is a key modulator in the global carbon cycle (Battin et al., 2009). DOM is 
comprised of a heterogeneous mixture of molecules, predominantly originating from photosynthesis and 
diversified through partial decomposition. DOM plays a multifunctional role in the environment. For ex-
ample, DOM forms the base of the microbial foodweb, serving as a substrate for heterotrophic communi-
ties, and also acts a natural protectant for microbial communities by absorbing UV irradiation (Findlay & 
Sinsabaugh, 2003). This is particularly true in supraglacial environments where substrates for heterotrophs 
are scarce, and algal and microbial communities are exposed to harsh levels of irradiance (Williamson 
et al., 2020). Reactivity has been linked to organic matter composition as well as environmental controls 
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(Kellerman et al., 2015; Schmidt et al., 2011), and DOM composition has been linked to the source of DOM. 
Glacial DOM sources include ancient organic matter previously stored cryogenically or held in subgla-
cial stores, atmospheric deposition, and recently produced DOM in supraglacial and subglacial ecosystems 
(Hood et al., 2009; Spencer, Guo, et al., 2014; Spencer, Vermilyea, et al., 2014; Wadham et al., 2019). DOM 
characteristics have been shown to be indicative of hydrological evolution at a polythermal glacier, from 
outflow dominated by water interacting with the basal environment early in the melt season to supraglacial 
melt flowing through channelized drainage at peak melt (Kellerman et al., 2020b). Furthermore, spatial and 
temporal variability of dissolved organic carbon (DOC) concentrations have been observed over the ablation 
season on the Greenland Ice Sheet (GrIS) (Holland et al., 2019; Musilova et al., 2017), potentially due to 
increasing algal production with surface melt (Nicholes et al., 2019). Heterogeneous distribution of DOM 
on the ice surface may be reflected in what is exported from the supraglacial environment.

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has emerged as a valuable tool 
for analyzing the composition of DOM and has provided novel insights into our understanding of DOM 
sources, diversity, composition, and reactivity (Kellerman et al., 2014; Mostovaya et al., 2017; Noriega-Orte-
ga et al., 2019). Precise assignment of molecular formulae allows for basic structural features to be deduced 
from elemental composition of the molecular formulae (Koch & Dittmar, 2006; Stenson et al., 2003). DOM 
in glacial environments has previously been shown to exhibit high contributions of aliphatic (H/C > 1.5) 
and N-containing aliphatic formulae (i.e., peptide-like formulae) (Bhatia et al., 2010; D'Andrilli et al., 2015; 
Lawson, Bhatia, et al., 2014; Stubbins et al., 2012), however there is generally a paucity of glacial DOM 
compositional data, and a systematic comparison of glacial DOM to DOM in other environments has not 
been conducted. Elevated contributions from energy-rich aliphatic and peptide-like formulae have been 
postulated to contribute to the remarkably bioavailable DOC observed in glacial systems (Spencer, Guo, 
et al., 2014). Thus, understanding the spatial and temporal variability of DOM composition in glacial sys-
tems, as well as the sources of glacially derived DOM, is critical for determining the implications of climate 
change on glacial C cycling.

Here, we present DOC concentration and DOM composition from a time series of outflow (May 13–June 
13, 2016) at Russell Glacier, a small land-terminating glacier of the GrIS, and a suite of 11 glacially fed rivers 
in Svalbard to establish a compositional baseline for glacial systems in the Arctic. Additionally, supragla-
cial samples were collected from both Greenland (n = 3) and Svalbard (n = 2) to examine compositional 
differences between supraglacial sources and subglacial or ice-marginal sources in the outflow. Lastly, we 
compared glacial DOM at our study sites to DOM in other glacier studies, non-glacial rivers, and marine 
environments. We hypothesize that DOM in glacial environments will be enriched in bioavailable aliphatic 
and peptide-like formulae, particularly in the supraglacial environment where there is limited potential for 
direct inputs from terrestrial sources (i.e., plants and soils), with clear ramifications for downstream ecosys-
tems during ongoing glacier mass loss.

2. Materials and Methods
2.1. Sampling Sites

2.1.1. Greenland Sampling Sites

Glacial outflow (proglacial) river samples were collected every two to four days between May 13 and June 
13, 2016 (n = 15), from the subglacially routed outlet of Russell Glacier (67.091°N, 50.240°W), a small outlet 
glacier of the GrIS (Table S1, Figure 1). Russell Glacier is estimated to have a catchment area of ∼100 km2 
(Lindbäck et al., 2015; Rennermalm et al., 2013; Wal & Russell, 1994). A supraglacial pond was sampled 
twice and a supraglacial stream was sampled once during the sampling period (67.146°N, 50.022°W and 
67.149°N, 50.010°W, respectively), both within 1.5 km of the GrIS margin (Table S1, Figure 1).

The outflow of Russell Glacier feeds into the Akuliarusiarsuup Kuua River, which is the northern tributary 
of Watson River. Watson River discharge (Q) was used to determine the timing of sampling during the melt 
season, even though Russell Glacier catchment only contributes a small amount to Watson River Q (Ren-
nermalm et al., 2012). Hourly and daily average Watson River meltwater Q data from the 2016 melt season 
was retrieved from the Programme for Monitoring of the GrIS (PROMICE) database, where data points 
missing from the stage record were estimated from the air temperature (van As et al., 2017, 2019). Watson 
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River meltwater Q was gauged 0.15 km upstream of the Kangerlussuaq bridge, ∼25 km downstream of the 
Russell Glacier portal.

2.1.2. Svalbard Sampling Sites

Sampling in Svalbard was conducted as part of the Dutch Scientific Research Expedition Edgeøya Svalbard 
(SEES) in August 2015. Glacially fed streams were sampled in Svalbard on the islands of Spitsbergen, Bar-
entsøya, and Edgeøya across catchments with varying upstream glacier coverage. Glacier ice was sampled 
from the Ulvebreen and Freemanbreen glaciers on Spitsbergen and Barentsøya, respectively. Sampling lo-
cations can be found in Table S1 and Figure 1.
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Figure 1. Map of the glacier study sites in Greenland and Svalbard (a). Russell Glacier, an outlet glacier of the Greenland Ice Sheet (GrIS) was sampled 
temporally (<0.05 km from the outlet; gray filled circle labeled as R and corresponding to GR1-15 in Table 1), and supraglacial melt sites were sampled within 
0.5 km of each other (b; < 1.5 km from the GrIS margin; green filled circles labeled as 1 (GS1 and GS3) and 2 (GS2) are detailed in Table 1). The gray shaded 
area is the catchment area of Russell Glacier. Glacially fed streams (light blue filled squares) and glacier ice were sampled in Svalbard (c; turquoise squares). 
Black numbers correspond to SR1-11 and turquoise 1 and 2 on black-filled circles correspond to SS1 and SS2 in Table 1, respectively.
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2.2. Sample Collection and Analysis

Water was collected in acid-washed (1.2 M HCl for >24 h) 1 L polycarbonate bottles and filtered through 
precombusted (450°C for 4 h) 47-mm glass microfiber filters with a 0.7 µm nominal pore size (Whatman 
GF/F). Filtered samples were stored frozen in 1 L polycarbonate bottles until they could be shipped frozen 
to the laboratory at Florida State University (USA) for further analysis.

2.2.1. Dissolved Organic Carbon Concentration

Aliquots for DOC concentration and DOM composition analyses were acidified to pH 2 using 12 M HCl af-
ter samples were thawed. DOC concentration was determined using a Shimadzu TOC-L high-temperature 
catalytic oxidation total organic carbon analyzer. Nonpurgeable organic carbon was measured after sparg-
ing for 5 min at a flow rate of 80 ml min−1. DOC concentrations were determined using a 6-point calibration 
curve. Replicate injections were averaged and had a coefficient of variance <4%.

2.2.2. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Samples for DOM compositional analyses were solid phase extracted (SPE) to normalize DOC concen-
trations across the data set and remove salts prior to FT-ICR MS. Samples were extracted onto PPL resin 
(Agilent Technologies), prepared using a modified version of the previously described protocol (Dittmar 
et al., 2008). Methanol (MeOH; MilliPore, HPLC grade) was used to condition 100 mg 3 mL PPL cartridges. 
PPL resin was soaked in MeOH for at least 4 h, before rinsing twice with ultrapure water, once with MeOH 
and twice with ultrapure water acidified to pH 2. After conditioning, acidified sample was passed over the 
cartridge with the volume adjusted by the DOC concentration in order to achieve a target elution concentra-
tion of 60 mg C L−1. Cartridges were then rinsed twice with pH 2 ultrapure water and dried with ultrahigh 
purity N2, before elution with 1 mL MeOH into 2 mL precombusted (550°C for 4 h) amber glass vials. Elu-
ates were stored at −20°C until analysis on the FT-ICR MS.

DOM composition for the Greenland samples was analyzed using a custom-built 21 tesla FT-ICR MS, and 
DOM composition for the Svalbard samples was analyzed using a custom-built passively shielded 9.4 te-
sla FT-ICR MS at the National High Magnetic Field Laboratory in Tallahassee, Florida (Hendrickson 
et al., 2015; D. F. Smith et al., 2018). Negative ions were directly injected into the FT-ICR MS using electro-
spray ionization and at a flow rate of 0.7 µL min−1. One hundred transients were co-added for each sample 
and signals less than the root mean square baseline plus 6σ were not considered.

Mass spectra were calibrated using Predator Analysis software (Blakney et al., 2011), and singly charged ions 
between 170 and 1,000 Da were assigned molecular formulae within the bounds of C1-100H4-200O1-25N0-2S0-1  
and ± 0.5 ppm error using EnviroOrg (Corilo, 2015). Molecular formulae were classified by heteroatomic 
content as containing carbon, hydrogen and oxygen only (CHO), or with nitrogen (CHON), sulfur (CHOS), 
and both N and S (CHONS). Molecular formulae were also categorized based on their elemental ratios  
of H/C and O/C as well as the modified aromaticity index (AImod), which is calculated as

AI
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where C, H, O, N, and S are the number of carbon, hydrogen, oxygen, nitrogen, and sulfur atoms in a given 
molecular formula (Koch & Dittmar, 2006, 2016). Nominal oxidation state of carbon (NOSC) was calculated 
as

    
 

4C H 3N 2O 2S
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C
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where C, H, O, N, and S denotes the number of atoms of each element in each formula (Riedel et al., 2012). 
Formulae were classified into six groups: condensed aromatics (CA; AImod  ≥  0.67), polyphenolics (PP; 
0.67 > AImod > 0.50), highly unsatured and phenolic formulae (HUP; AImod ≤ 0.50, H/C < 1.5), aliphatics 
(H/C ≥ 1.5, O/C ≤ 0.9, N = 0), peptide-like formulae (H/C ≥ 1.5, O/C ≤ 0.9, N > 0), and sugar-like formulae 
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(H/C ≥ 1.5, O/C > 0.9) (Osterholz et al., 2016; Spencer, Guo, et al., 2014). Relative abundance weighted met-
rics of the mass, AImod, NOSC, heteroatomic content (i.e., CHO, CHON, CHOS, CHONS), and formulae cat-
egories are reported in Table 1. In this study, we focus on changes in these metrics and relative abundance 
in formula categories, as this has shown to be most robust for comparisons across instruments (Hawkes 
et al., 2020; Zherebker et al., 2020). Suwanee River Fulvic Acid Standard (2S101F) showed < 2% difference 
in relative abundance of formula categories across instruments.

Structural features can be deduced from AImod and elemental ratios (e.g., presence of a condensed aromatic 
core) (Koch & Dittmar, 2006), however each molecular formula may represent an unknown number of 
structural isomers (Hertkorn et al., 2007). Thus, the specific structural configuration of a molecular for-
mula cannot be determined without further analysis. The categories therefore are operationally defined 
by AImod and elemental ratios, and N-content in the case of the peptide-like group. Regardless, condensed 
aromatics and polyphenolics are conservatively categorized, as their AImod necessitates the presence of con-
densed aromates or multiple aromatic structures, respectively (Koch & Dittmar,  2006). There are likely 
many compounds in the highly unsaturated and phenolic group that contain aromatic structures combined 
with aliphatic side chains and do not meet the minimum AImod threshold to be grouped with polyphenolics 
(Koch & Dittmar, 2006). An example for glacial systems would be purpurogallin carboxylic acid-6-O-b-D-
glucopyranoside, a pigment produced by glacier algae, where the purpurogallin contains an 2-ring aromatic 
core (Remias et al., 2012), but the glucopyranoside sidechain reduces the AImod so that it would be conserv-
atively categorized with the highly unsaturated and phenolic formulae. Regardless, these groups have been 
repeatedly demonstrated to show systematic and biogeochemical coherence with sources and degradation 
patterns of DOM (D'Andrilli et al., 2015; Kellerman et al., 2018; Spencer et al., 2015; Stubbins et al., 2010). 
Condensed aromatics and polyphenolics have been related to terrestrial sources of DOM including soil and 
plants (e.g., Kellerman et al., 2018) and are susceptible to photodegradation (e.g., Stubbins et al., 2010). 
Condensed aromatics, along with aliphatics, have also been associated to depositional sources of DOM 
(Stubbins et  al.,  2012; Wozniak et  al.,  2008). Formulae with high H/C (e.g., aliphatic, peptide-like, and 
sugar-like) have been associated with microbial and algal sources of DOM and high bioavailability (D'An-
drilli et al., 2015; Kellerman et al., 2018; Spencer et al., 2015). Highly unsaturated and phenolic formulae 
comprise the remainder; they originate from multiple sources, often make up the majority of the relative 
abundance, the fraction of which increases with water residence time in freshwater systems (Kellerman 
et al., 2020a). Proposed structures range from degraded lignin to carboxylic-rich alicyclic molecules, a po-
tentially recalcitrant fraction of DOM in the ocean (Hertkorn et al., 2006; Stenson et al., 2003).

2.2.3. Cross-System Comparison of DOC Concentration and DOM Composition

Existing ultrahigh resolution mass spectrometry data was compiled from supraglacial samples, glacial out-
flow, marine systems, and non-glacial rivers to contextualize the composition of DOM in the samples pre-
sented here. Datasets were only included if DOC concentration and the ultrahigh resolution mass spectrom-
etry derived compound categories of condensed aromatics, polyphenolics, aliphatics, and peptide-like or 
N-containing aliphatics were described. “Supraglacial samples” include ice, snow, and meltwater collected 
from the surface of the ice sheet or glacier. “Glacial outflow” included samples taken from proglacial rivers 
in catchments with >25% glacier coverage, “marine” was required to have salinity > 30 psu, and “non-gla-
cial rivers” were required to have salinity < 0.5 psu, and <15% glacial contribution in headwaters.

2.2.4. Statistical Analyses

All statistical analyses were executed in R (R Core Team, 2015). Relative abundance weighted metrics were 
calculated for the mass, AImod, and NOSC, as well as the formula categories listed in Section 2.2.2. Linear 
and semi-log regressions were calculated in R. Akaike's Information Criterion and visual inspection of re-
siduals and leverage plots were used to assess the appropriateness of a log transformation for each model.

Where pairwise comparisons are reported, first an analysis of variance (ANOVA) not assuming equal var-
iance was performed. Bartlett's test of homogeneity of variance was used to determine if variances were 
equal between groups. Groups included Greenland outflow samples, Svalbard river samples, and supragla-
cial samples from Greenland and Svalbard, which were pooled due to the limited sample size and compo-
sitional similarity. Variance was unequal between groups for all tests. Consequently, pairwise comparisons 
using a t-test that does not assume equal variance were assessed if the ANOVA was significant. A false 
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discovery rate p-value correction for multiple comparisons was also applied. A similar approach with 
ANOVAs and pairwise comparisons was used to determine differences between the four categories 
(supraglacial, glacial outflow, marine, and non-glacial rivers) to explore the unique characteristics of 
glacier-associated DOM.

Variables were standardized to a range of 0–1 before performing principal component analysis (PCA) 
using the community ecology package “vegan” (Oksanen et al., 2011). A dissimilarity matrix was gen-
erated on the standardized variables using Euclidean distances. For these two analyses, the percent 
relative abundance of the highly unsaturated and phenolic formulae group was separated into high 
and low O/C groups at O/C = 0.5 (HUPs, High O/C; HUPs, Low O/C).

3. Results and Discussion
3.1. Molecular Signatures of Glacially Fed Rivers

3.1.1. Russell Glacier Outflow Into Akuliarusiarsuup Kuua River

During the sampling period (May 13–June 13, 2015), daily Q ranged from 25 to 1100 m3 s−1 down-
stream in Watson River, and Q did not reached maximum values (>2000 m3 s−1) until late July (Fig-
ure 2a), which is typical for Watson River (Rennermalm et al., 2012). DOC concentration in Russell 
Glacier outflow ranged from 0.24 to 0.45 mg C L−1 averaging (mean ± s.d.) 0.33 ± 0.07 mg C L−1 
(Figure 2b, Tables 1 and 2). DOC concentration decreased with increasing downstream Q (Table S2, 
R2 = 0.35, p < 0.05). Low but variable Q has been previously observed within the Watson River catch-
ment from neighboring Leverett Glacier during the onset of melt period (i.e., as the ablation season 
begins) (Hatton et al., 2019; Kellerman et al., 2020b). Although the ablation season officially began on 
10–12 May, the sampling campaign was punctuated by an intermediate period where the seven-day 
rolling average air temperature was near freezing. This resulted in decreased Q in Watson River and 
a delay in the ramp up of the melt season (Figure 2a). Consequently, DOC concentrations in Russell 
Glacier outflow are similar to the higher concentrations observed in other land-terminating Greenlan-
dic glaciers during the onset of melt (Bhatia et al., 2013; Kellerman et al., 2020b; Kohler et al., 2017). 
This is supported by the semi-log relationship between Q and the seven-day rolling average of the air 
temperature (Table S2, R2 = 0.91, p < 0.001), as Q is primarily controlled by weather conditions over 
the ice sheet (Braithwaite, 1995; Cowton et al., 2012). As Q and air temperature are strongly related, 
only relationships between composition and Q are presented below.

Changes in DOM composition over the sampling period were small but dominated by variability in 
aromaticity (Figure 3). The number of molecular formulae, mass, and NOSC did not change appre-
ciably with Q, and exhibited averages of 8,587 ± 1,018, 495 ± 4 Da, and 0.084 ± 0.011, respectively 
(Table 2). AImod had an average of 0.376 ± 0.008 and increased with increasing Q (Figure 3a, Table S2; 
R2 = 0.60, p < 0.001). Similarly, the relative abundance of polyphenolics (19% ± 1%RA) and condensed 
aromatics (6% ± 1%RA) increased with increasing Q (Figure 3b, Table S2). Highly unsaturated and 
phenolic compound relative abundance (70% ± 2%RA) decreased with increasing Q (Figure 3c, Ta-
ble S2). Aliphatic (4% ± 1%RA) and peptide-like formulae (0% ± 0%RA) did not change appreciably 
with Q (Figure 3d). The increase of aromatic moieties with increasing Q is likely a feature of the onset 
of melt period where subglacial waters are draining marginal areas beneath the ice sheet, and DOM 
composition exhibited characteristics that suggest sources from soils and higher plants, potentially 
from paleosols overridden by the margin of the ice sheet (Bhatia et al., 2010; Kellerman et al., 2020b). 
Although meltwater from the ice sheet is the predominant source of water in Akuliarusiarsuup Kuua 
River, the river transverses a > 12 km reach of tundra before joining the outflow from Russell Glacier 
where it was sampled (Rennermalm et al., 2012). This may have led to terrestrial overprinting mask-
ing some of the compositional signatures of subglacial waters emerging from Russell Glacier.

Despite the changes in aromaticity associated with Q, DOM composition in Russell Glacier outflow 
was relatively invariant. This can be observed by the clustering of Russell Glacier outflow samples in 
the PCA (Figure 4) and the high similarity among Russell Glacier outflow in the dissimilarity matrix 
(Figure 5). Russell Glacier outflow separates out from the other glacial rivers based on its high aro-
maticity and low heteroatomic content (Figure 4) and comprises one of the three main clusters in 
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the dissimilarity analysis (Figure 5). Low compositional variability has 
previously been observed during the onset of melt period at neighbor-
ing Leverett Glacier, suggesting that the dominant source of DOM does 
not change during this period (Kellerman et  al.,  2020b). Additionally, 
ice-marginal lakes are dynamic features along Russell Glacier (Knight 
et al., 2000), and the extent and volume of lakes along the western margin 
of the GrIS are increasing (Carrivick & Quincey, 2014). The ice-marginal 
lakes along Russell Glacier may cause DOM composition in Russell out-
flow to converge (i.e., temporally exhibit low compositional variability), 
as lakes have been shown to cause convergence of DOM composition 
with residence time (Kellerman et al., 2014).

3.1.2. Svalbard Rivers

Rivers in Svalbard (n = 11) were sampled during the peak of the melt sea-
son in August. DOC concentration in Svalbard rivers was low but variable 
(0.19 ± 0.12 mg C L−1; Table 2, Figure S1). This is comparable to the DOC 
concentration found in outflow from mountain glaciers (0.37 ± 0.06 mg 
C L−1, n = 55) (Hood et al., 2015) but lower than the DOC concentration 
in Svalbard fjords and coastal waters (0.50–0.72  mg C L−1) (Osterholz 
et  al.,  2014; Paulsen et  al.,  2018). The DOC concentration in Svalbard 
rivers was significantly lower than that observed in early season Russell 
Glacier outflow (p < 0.05; Table 2).

There were distinct differences between DOM composition in Svalbard 
rivers and Russell Glacier outflow. The number of molecular formu-
lae was higher in Svalbard rivers (11,735  ±  2,879) than in Greenland 
(p < 0.01; Table 2); whereas the mass (397 ± 16 Da; p < 0.001) and NOSC 
(−0.269 ± 0.118; p < 0.001) were lower in Svalbard rivers (Table 2). Gener-
ally, indices of aromaticity were lower in Svalbard rivers than in Greenland. 
AImod (0.296 ± 0.061; p < 0.01) and polyphenolics (11% ± 5%RA; p < 0.001) 
were lower than in Russell Glacier outflow, however, there was no  
difference in the relative abundance of condensed aromatics (5 ± 3%RA; 
p > 0.05, Table 2, Figure S2). Aliphatic formulae were higher in Svalbard 
rivers (16 ± 9%RA) than in Greenland (p < 0.001). The relative abundance 
of highly unsaturated and phenolic formulae (65 ± 8%RA) and peptide-like 
formulae (3 ± 2%RA) were indistinguishable from Russell Glacier outflow 
(p > 0.05, Table 2, Figure S2). Additionally, the number of formulae that 
only contain carbon, hydrogen, and oxygen was higher in Russell outflow 
(60 ± 5%) than in the Svalbard rivers (37 ± 6%, Table 2; p < 0.05, Table 2).

The lower relative abundance of polyphenolic formulae and percent of 
CHO formulae in Svalbard rivers compared to Russell Glacier is likely 

due to differences in vegetation in upstream reaches of the rivers that were not sampled directly at the out-
flow. For example, the upstream catchment area of Akuliarusiarsuup Kuua River that is not overlain by the 
ice sheet is covered in mostly low shrub tundra and noncarbonate mountain complex, whereas glacier-free 
Svalbard landscapes are either barren or covered by smaller dwarf shrubs, grasses and mosses (CAVM 
Team, 2003). Furthermore, the western margin of the GrIS in the Kangerlussuaq region is postulated to 
be underlain by paleosols from growth during the last glacial minimum (Levy et al., 2017). The GrIS has 
active subglacial hydrology with extensive regions of saturated sediments (Jordan et al., 2018; MacGregor 
et al., 2016), which allows for microbial activity and may contribute more aromatic DOM signatures at the 
onset of melt (Kellerman et al., 2020b; O'Donnell et al., 2016). Svalbard glaciers, on the other hand, are a 
mixture of cold- and polythermal-based glaciers (Sevestre et al., 2015). Outflow from cold-based glaciers 
originates from direct supraglacial inputs and ice-marginal flow, whereas the warm bases of polythermal 
glaciers allow for the interaction of supraglacial water with the basal environment as it is routed through 
subglacial channels to the outflow portal (Irvine-Fynn et al., 2011). The variability in flowpaths and po-
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Figure 2. Hydrologic setting of Watson River watershed and timing of 
Russell Glacier sampling. Discharge (Q) from Watson River over the course 
of the melt season, which includes Russell Glacier Q in its watershed (a). 
Vertical gray bar indicates timing of sampling at Russell Glacier, which is 
equivalent to the time period displayed in panel (b). Discharge in Watson 
River during the sampling period (dark gray line) and DOC concentrations 
over time in Russell Glacier outflow (b; gray filled circles). Horizontal 
dashed line and green band indicates the mean ± standard deviation of 
the DOC concentration in the supraglacial sites (n = 3). DOC, dissolved 
organic carbon.
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tential sources for each glacier may further explain the larger compositional variance in Svalbard rivers, 
compared to the similarity of outflow from Russell Glacier (Figures 4 and 5). The DOM of Russell Glacier 
outflow and Svalbard rivers is compositionally distinct, with Svalbard rivers forming a second major cluster 
in the dissimilarity analysis (Figure 5), despite high compositional variability among Svalbard rivers.

The number of molecular formulae is significantly higher in Svalbard rivers than in Russell Glacier out-
flow (Table 2, Figure 4). A higher fraction of heteroatomic formulae was found in Svalbard rivers (Table 2, 
Figure 4). The percent of N-containing formulae (CHON) and S-containing formulae (CHOS) were signifi-
cantly higher in Svalbard rivers (CHON: 38 ± 4%, CHOS: 20 ± 3%) than in Russell outflow (CHON: 27 ± 4%, 
CHOS: 13 ± 3%) (p < 0.001, for both variables). Formulae containing both N and S (CHONS) averaged 
6 ± 4% of formulae in Svalbard rivers but were not detected in any of the Russell outflow samples (Table 1). 
This enrichment along with lower aromaticity in Svalbard rivers results in a compositional distinction be-
tween Russell outflow and Svalbard rivers (Figures 4 and 5). There are two likely explanations for the high-
er contributions from heteroatomic formulae in Svalbard rivers. First, Svalbard rivers are more likely to 
include ice-marginal inputs from supraglacial melt (see Section 3.2 for discussion on heteroatomic content 
of supraglacial samples). Second, DOM may be incorporated from direct weathering of the bedrock, and 
differences in the lithology of the two regions are considerable. While the GrIS in the Kangerlussuaq region 
is underlain by Precambrian Shield gneiss and granite (Bouysse, 2014), Svalbard bedrock in the region of 
the study glaciers is a mixture of sedimentary rock, including sandstone, siltstone, shale, bituminous shale, 
and coal seams (Norwegian Polar Institute, 2016). Kerogen, for example, has been shown to have extractable 
organic matter than is rich in CHON and CHOS formulae (Kamga et al., 2014; Salmon et al., 2011). While 
kerogen itself is insoluble in water and would need to be oxidized by biological or physicochemical pro-
cesses to produce water soluble organic matter, kerogen and other organic matter within this organic-rich 
sedimentary bedrock may contribute to the significantly higher CHON and CHOS content in the Svalbard 
rivers as they travel either through subglacial or ice-marginal flowpaths.

3.2. Molecular Signatures of Supraglacial Dissolved Organic Matter

Supraglacial samples exhibited the largest range in DOC concentrations overall, from the lowest DOC con-
centrations observed in supraglacial sites in Greenland (0.10 mg C L−1) to the highest concentrations ob-
served in supraglacial ice in Svalbard (0.54 mg C L−1; Table 1). Consequently, the DOC concentration in 
supraglacial sites was not significantly different from the glacially fed rivers in Greenland and Svalbard. 
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Site type
DOC (mg 

C L−1) Formulae (#)
Mass 
(Da) AImod NOSC

Condensed 
aromatics 

(%RA)
Polyphenolics 

(%RA)
HUPs 
(%RA)

Aliphatics 
(%RA)

Peptide-
like 

(%RA)

Mean (s.d.)

 Greenland river n = 15 0.33 (0.07) 8,587 (1,018) 495 (4) 0.376 (0.008) 0.084 (0.011) 6 (1) 19 (1) 70 (2) 4 (1) 0 (0)

 Svalbard rivers n = 11 0.19 (0.12) 11,735 (2,879) 397 (16) 0.296 (0.061) −0.269 (0.118) 5 (3) 11 (5) 65 (8) 16 (9) 3 (2)

 Supraglacial n = 5 0.29 (0.22) 3,964 (1,112) 410 (68) 0.167 (0.020) −0.497 (0.090) 1 (1) 4 (2) 48 (12) 35 (5) 11 (8)

ANOVA results

 One-way ANOVA 5.4 42 200 240 140 70 140 9.1 95 14

 Significance level * *** *** *** *** *** *** ** *** **

 Greenland river n = 15 A B A A A A A A C B

 Svalbard rivers n = 11 B A B B B A B A B B

 Supraglacial n = 5 AB C AB C C B C B A A

 Significance level 
for pairwise 
comparisons

* ** *** ** ** ** ** * ** *

Abbreviations: AImod, modified aromaticity index; DOC, dissolved organic carbon concentration; HUPs, highly unsaturated and phenolic formulae; NOSC, nominal 
oxidation state of carbon; %RA, percent relative abundance.
* p < 0.05, ** p < 0.05, *** p < 0.001.

Table 2 
Mean (Standard Deviation) and Analysis of Variance (ANOVA) Results for DOC Concentration and DOM Composition in This Study



Global Biogeochemical Cycles

These DOC concentrations are consistent with previous measurements from supraglacial systems on the 
GrIS (Bhatia et al., 2010; Lawson, Wadham, et al., 2014; Musilova et al., 2017) and in mountain glaciers 
(Hood et al., 2015; Singer et al., 2012; Spencer, Guo, et al., 2014), and reflect the spatial heterogeneity of the 
supraglacial environment (Holland et al., 2019).

From a compositional perspective, supraglacial samples exhibited much lower molecular diversity in terms 
of the number of molecular formulae (3,964 ± 1,112) compared to the Greenland and Svalbard proglacial 
rivers (p < 0.01, for each comparison; Table 2). Despite the limited sampling size, there was a clear discon-
nect between the DOM composition in supraglacial samples across sites and the glacially fed rivers (Fig-
ure 4), with the supraglacial samples from Greenland and Svalbard forming the third major cluster in the 
dissimilarity matrix (Figure 5). AImod (0.167 ± 0.020) and NOSC (−0.497 ± 0.090) were both significantly 
lower in supraglacial samples than in the river samples (p < 0.01, for each comparison; Table 2), reflect-
ing the higher relative abundance of more saturated molecular formulae, regardless of oxygenation. This 
pattern is consistent throughout the compound groups, where the more unsaturated groups—condensed 
aromatics (1%  ±  1%RA), polyphenolics (4  ±  2 %RA) and highly unsaturated and phenolic compounds 
(48% ± 12%RA)—were lower in relative abundance compared to Greenland and Svalbard proglacial rivers 
(Table 2).

Aliphatic (35% ± 5%RA) and peptide-like compounds (11% ± 7%RA) are more abundant in the supragla-
cial samples (Table 2). The degree of enrichment is particularly distinct for supraglacial DOM (Figure 6) 
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Figure 3. Temporal changes in molecular composition at Russell Glacier. Discharge (Q) in Watson River during the 
sampling period (dark gray line) and AImod (a; gray filled circles), polyphenolic compounds (b; PP; gray filled circles), 
condensed aromatic compounds (b; CA; purple filled circles), highly unsaturated and phenolic compounds (c; HUPs; 
gray filled circles), aliphatic compounds (d; gray filled circles), and peptide-like compounds (d; purple filled circles) 
over time in Russell Glacier outflow. Horizontal bands indicate the mean ± standard deviation of AImod, PP, HUPs, and 
aliphatic formulae (green) and CA and peptide-like (purple) in the supraglacial sites (n = 3).
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and is consistent with previous studies of supraglacial organic matter in polar and alpine biomes across 
continents (Bhatia et al., 2010; D'Andrilli et al., 2015; Lawson, Bhatia, et al., 2014; Singer et al., 2012; Stub-
bins et al., 2012). Surface ice environments are inhabited by extensive microbial communities, particularly 
glacier algae, that produce pigmentation as a mechanism to generate shade and liquid water, protecting 
themselves from the extreme irradiance conditions and the diurnal freeze-thaw cycles on the surface of the 
ice sheet (Dial et al., 2018; Remias et al., 2012; Williamson et al., 2018, 2020). The density of these microbial 
communities is spatially heterogeneous (Tedstone et al., 2017), as are the concentrations of exuded DOC, 
from highest in ice with high visible impurities to lowest in clean ice, supraglacial streams, and cryoconite 
holes (Holland et al., 2019). Bacteria have been found to tightly cycle freshly produced DOM in a supragla-
cial stream in Antarctica, exuding an excess of 2.17 µg C L−1 d−1 (Smith et al., 2017), similar to the rate of 
increase observed in supraglacial streams on the GrIS (Musilova et al., 2017). The balance between auto-
trophy and heterotrophy (i.e., rate of excess DOC production) in cryoconite holes is dependent on the size 
of the hole and sediment thickness, where small holes with thin sediment are net autotrophic and larger 
holes with thicker sediment are net heterotrophic (Cook et al., 2010; Telling et al., 2012). The enrichment of 
aliphatic and peptide-like compounds may be further enhanced by photo-degradation processes, which can 
degrade DOM with conjugated pi-systems and other DOM through indirect photodegradation and produce 
aliphatic photoproducts (Stubbins et al., 2010).

DOM produced by primary and secondary production in the supraglacial environment, including reworking 
of depositional OM, can be considered the exometabolome of the microbial community. A combination of 
cyanobacteria and glacier algae dominate primary production on the GrIS (Williamson et al., 2019). Heter-
otrophic communities, particularly in cryoconite holes (Nicholes et al., 2019; Stibal, Schostag, et al., 2015), 
can utilize such exudates and further diversify the microbial exometabolome (Wienhausen, 2018). Highly 
complex mixtures of thousands of molecular formulae detected using ultrahigh resolution mass spectrom-
etry can be produced by individual strains of bacteria, such as Pseudovibrio and Roseobacter, even when 
grown on a simple, or even a single carbon source (Noriega-Ortega et al., 2019; Romano et al., 2014; Wien-
hausen et al., 2017), and could alone account for the richness of molecular formulae observed in the suprag-
lacial samples (Table 2). Complex exometabolomes have been observed for cyanobacteria (Bittar et al., 2015; 
Fiore et al., 2015), Archaea (Bayer et al., 2019), brown macroalgae (Powers et al., 2019), and microalgae 
(Longnecker et al., 2015). Generally, the exometabolomes of microorganisms are enriched in aliphatic and 
heteroatomic elements (i.e., nitrogen and sulfur) (Fiore et al.,  2015; Noriega-Ortega et al.,  2019), which 
supports the enrichment of these formulae in the supraglacial samples from Svalbard and Greenland. Addi-
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Figure 4. Principal component analysis of dissolved organic matter composition in Arctic glacial rivers. Loadings plot of the different variables (a) and the 
scores plot (b) of the samples from Greenland (Russell time series: gray filled circles; and supraglacial sites: green filled circles) and Svalbard (glacial rivers: light 
blue filled squares; and supraglacial sites: turquoise filled squares).
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tionally, formulae that positively correlate with chlorophyll a in an estuary study were enriched in nitrogen 
and sulfur (Osterholz et al., 2016), suggesting CHON and CHOS formulae are released during primary pro-
duction, consistent with the high contributions of CHON and CHOS formulae in the supraglacial samples 
(Table 2).

Atmospheric deposition has also been proposed as an important source of DOM to the supraglacial en-
vironment, the types of which range from historic and current anthropogenic burning of fossil fuels and 
biomass, natural burning of biomass, to dust from regional sources and further afield (Moroni et al., 2018; 
Singer et al., 2012; Stubbins et al., 2012; Takeuchi et al., 2018; Wientjes et al., 2011). The apparent age of dust 
in the dark zone of the GrIS suggests that much of the dust was deposited during the Holocene interglacial 
period (Wientjes et al., 2017). Water soluble organic carbon from dry deposition is enriched in protein-like 
fluorescence (Mladenov et  al.,  2010, 2011), low molecular weight organic acids (Jacobson et  al.,  2000), 
and molecular formulae with H/C > 1.5 enriched in nitrogen and sulfur (Mazzoleni et al., 2012; Wozniak 
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Figure 5. Dissimilarity matrix of samples from glacial rivers and supraglacial sites in Greenland and Svalbard based on 
Euclidean dissimilarity. Blue indicates sites that are highly similar and red indicates sites that are highly dissimilar.
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et al., 2008). Thus, deposition of organic matter could contribute to the enrichment of aliphatic and pep-
tide-like formulae found in the supraglacial environment (Figure 6). Additionally, deposition of dust is an 
important source of inorganic nutrients to the supraglacial communities (Stibal, Gozdereliler, et al., 2015; 
Tedstone et al., 2017), thus deposition has a two-fold effect on the composition of DOM in the supraglacial 
environment (i.e., direct input and stimulation of primary/secondary production).

3.3. Unique Signatures of Glacial Dissolved Organic Matter

Data were compiled from other glacial systems, marine systems and non-glacial rivers to contextualize 
the composition of glacially derived DOM in this study (see list of references in Table 3 legend; Figure 6). 
Data were only included if the study reported DOC concentration as well as the compound categories con-
densed aromatics, polyphenolics, aliphatics, and peptide-like or N-containing aliphatic formulae (Table 3; 
Figure 6). Glacial studies were therefore limited to this study and five recent studies conducted in High 
Mountain Asia (HMA) (Chen et al., 2019; Hemingway et al., 2019; Spencer, Guo, et al., 2014; Zhou, Zhou, 
He, et al., 2019; Zhou, Zhou, Hu, et al., 2019). Data included in the non-glacial rivers span small to large 
watersheds, tropical to Arctic, low to high-DOC rivers, and allow us to compare DOM composition from 
glacial systems to a globally relevant range of rivers (references in Table 3). However, direct space-for-time 
comparisons to non-glacially influenced systems in Greenland and Svalbard may reveal how riverine DOM 
composition will change with deglaciation while taking into account region-specific characteristics such as 
climate and geology.
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Figure 6. Comparison of DOC concentrations (a) and DOM composition (b–e) among supraglacial (turquoise), glacial (gray), marine (blue), and non-
glacial rivers (brown). Svalbard and Russell data are from this study. The number of samples in each group is noted in the x-axis labels of panel (c). Statistical 
comparisons can be found in Table 3. Studies that contributed data to the different groups in the meta-analysis are marked as follows: supraglacial (s), glacial 
(g), marine (m), and non-glacial rivers (r). Chen et al. (2019) (r); Hemingway et al. (2019) (s,g,r); Kellerman et al. (2018) (m,r); Osterholz et al. (2016) (m,r); 
Riedel et al. (2016) (r); Seidel et al. (2015) (m,r); Spencer, Guo, et al. (2014) (s,g); Stubbins & Dittmar (2015) (m); Wagner et al. (2015) (r); Zhou, Zhou, Hu, 
et al. (2019) (s,g,r); and Zhou, Zhou, He, et al. (2019) (s,g). HMA, High Mountain Asia.
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The overall ANOVAs for each DOC concentration, condensed aromatics, polyphenolics, aliphatics, and 
peptide-like or N-containing aliphatic formulae among supraglacial, glacial outflow, marine and non-gla-
cial rivers were significant with p < 0.001. Different systems exhibited heterogeneous variance largely due 
to high variability in DOC concentration and contribution of condensed aromatics and polyphenolics in the 
non-glacial rivers, and the high variability of aliphatics and peptide-like formulae in supraglacial samples 
(Table 3, Figure 6). Consequently, ANOVAs and pairwise comparisons not assuming equal variance were 
applied.

Glacial systems, both glacial outflow and supraglacial, are characterized by low DOC concentration (Fig-
ure 6a; Table 3). Glacial outflow exhibited the lowest DOC concentrations overall (0.23 ± 0.13 mg C L−1, 
n = 45). Supraglacial DOC concentration was indistinguishable from both glacial outflow and marine sys-
tems due to the high variability observed in the wide range of supraglacial environments (low DOC con-
centration supraglacial streams to high DOC concentrations in dirty ice), but glacial outflow and marine 
DOC concentration were significantly different from each other (Table 3). Non-glacial rivers exhibited the 
highest average DOC concentrations, despite high variability (Figure 6a; one-way ANOVA and pairwise 
comparisons where significant were all < 0.001, Table 3). Marine samples selected for comparison are pre-
dominantly from coastal regions, and thus the DOC concentrations are skewed slightly high (1.1 ± 0.40 mg 
C L−1, n = 31) compared to concentrations typical of the surface (0.84 mg C L−1) and deep ocean (0.41 mg 
C L−1) (Hansell et al., 2009). However, our marine samples do include both surface and deep water samples 
from both the Atlantic and Pacific Oceans (Kellerman et al., 2018; Osterholz et al., 2016; Seidel et al., 2015; 
Stubbins & Dittmar, 2015).

DOM composition of glacial systems was characterized by overall low relative contributions from aromatic 
formulae and high contributions from aliphatic and peptide-like formulae (Figure  6; Table  3). Samples 
from supraglacial and marine environments had the overall lowest contributions from condensed aromat-
ics and polyphenolics and were not statistically distinct from one another (Figures  6b and 6c, Table  3). 
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Site type DOC (mg C L−1)
Condensed aromatics 

(%RA)
Polyphenolics 

(%RA)
Aliphatics 

(%RA)
Peptide-

like (%RA)

Mean (s.d.)

 Supraglaciala n = 13 0.62 (0.66) 2 (1) 7 (6) 28 (10) 14 (7)

 Glacial outflowa n = 45 0.23 (0.13) 4 (3) 12 (7) 9 (6) 2 (2)

 Glacial outflow (excluding Russell Glacier)a n = 30 0.18 (0.13) 3 (3) 8 (5) 11 (7) 3 (2)

 Marine n = 31 1.1 (0.4) 2 (2) 9 (3) 8 (2) 2 (1)

 Non-glacial rivers n = 64 3.8 (5.3) 10 (9) 16 (6) 5 (3) 1 (2)

ANOVA results

 One-way ANOVA 43 20 19 20 16

 Significance level *** *** *** *** ***

  Supraglaciala n = 13 BC C C A A

  Glacial outflowa n = 45 C B B B B

  Marine n = 31 B C C B B

  Non-glacial rivers n = 64 A A A C B

Significance level for pairwise comparisons *** *** * ** ***

Notes. Letters indicate where sample types are significantly different from each other in descending order from highest average value (A) to lowest (B or 
C). Significance levels are marked by one (p < 0.05), two (p < 0.01), or three asterisks (p < 0.001). Studies that contributed data to the different groups in 
the meta-analysis are marked as follows: supraglacial(s), glacial (g), marine (m), and non-glacial rivers (r). Chen et al. (2019) (r); Hemingway et al. (2019) 
(s,g,r); Kellerman et al. (2018) (m,r); Osterholz et al. (2016) (m,r); Riedel et al. (2016) (r); Seidel et al. (2015) (m,r); Spencer, Guo, et al. (2014) (s,g); Stubbins & 
Dittmar (2015) (m); Wagner et al. (2015) (r); Zhou, Zhou, Hu, et al. (2019) (s,g,r); and Zhou, Zhou, He, et al. (2019) (s,g).
Abbreviations: DOC, dissolved organic carbon concentration; HUPs, highly unsaturated and phenolic formulae; %RA, percent relative abundance.
aIncludes data from this study.

Table 3 
Mean (Standard Deviation) and Analysis of Variance (ANOVA) Results for DOC Concentration and DOM Composition in Meta-Analysis
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Contributions from condensed aromatics and polyphenolics were higher in glacial outflow than marine 
and supraglacial samples (p < 0.01, for each comparison), with non-glacial rivers exhibiting the highest 
contributions from condensed aromatics and polyphenolic compounds (Figures 6b and 6c; p < 0.001, Ta-
ble 3). This pattern is due to differing sources of DOM, but also likely due to differences in the importance 
of photodegradation in the different environments. Non-glacial rivers are typically dominated by known 
sources of aromatic compounds such as organic-rich soils and wetlands (Aitkenhead & McDowell, 2000; 
Spencer et al., 2012), particularly during high discharge (Casas-Ruiz et al., 2020). Glacial outflow may simi-
larly be influenced by ice-marginal inputs, paleosols, and subglacial microbial production of DOM (Beaton 
et al., 2017; Lamarche-Gagnon et al., 2019), as photo-labile DOM can accumulate in dark environments 
(Stubbins & Dittmar, 2015). In comparison, supraglacial and marine environments are similarly dominat-
ed by microbial sources of DOM, with DOM in the marine surface impacted by photodegradation. Ma-
rine environments, and likely supraglacial environments, are heavily shaped by photo-oxidation (Hansell 
et al., 2009). Thus, even though microbial communities produce phenolic compounds, these compounds 
will be subjected to intense photodegradation on the highly irradiated ice surface (Remias et al., 2012; Wil-
liamson et al.,  2020). This therefore leads to a convergence of DOM composition away from condensed 
aromatic structures (Kellerman et al., 2018). Estuarine environments can further exert compositional non-
conservative changes to DOM through a variety of mechanisms, including photodegradation, flocculation, 
and algal and microbial production (Osterholz et al., 2016; Seidel et al., 2015).

Supraglacial environments consistently exhibited the highest contributions from aliphatic and peptide-like 
formulae of all environments despite variability in DOC concentration (p < 0.001, Table 3). Aliphatic com-
pound contribution was higher in glacial outflow than marine, and lowest in non-glacial rivers (p < 0.001, 
for all comparisons). Peptide-like formulae were not significantly different between glacial outflow, marine, 
and non-glacial rivers (p > 0.05, for all comparisons; Table 3). Russell Glacier outflow was sampled early 
in the melt season, likely resulting in limited supraglacial inputs from the highly productive “dark zone” 
of the ice sheet surface (see Section 3.1). If Russell Glacier outflow is excluded from the ANOVA, glacial 
outflow exhibits higher peptide-like and aliphatic contributions than marine systems and non-glacial rivers 
(p < 0.05), and polyphenolics and condensed aromatics in glacial rivers are no longer significantly different 
from marine and supraglacial sites (p > 0.05). Aliphatic and peptide-like contributions are far more variable 
in glacial systems than in marine and non-glacial environments. This is particularly true for the supragla-
cial environment, even in High Mountain Asia samples from other studies (Chen et al., 2019; Hemingway 
et al., 2019; Spencer, Guo, et al., 2014; Zhou, Zhou, He, et al., 2019; Zhou, Zhou, Hu, et al., 2019).

The high protein-like fluorescence in both depositional and microbially produced DOM (Mladenov 
et al., 2011; Musilova et al., 2017) and high spatial and temporal variability in DOC concentration in the su-
praglacial environment (Holland et al., 2019; Musilova et al., 2017) make deconvoluting large scale controls 
on DOM composition problematic with the data at hand. Consideration also needs to be given to the timing 
of sampling during the melt seasons for supraglacial systems, as well as in glacial outflow that has tempo-
rally and spatially variant upstream inputs (Kellerman et al., 2020b). The wide range of supraglacial sample 
types (snow, ice, cryoconite holes, and supraglacial rivers and ponds) and microbial production over the 
course of the ablation season, result in spatially and temporally heterogeneous DOC concentrations (Hol-
land et al., 2019; Musilova et al., 2017). Presumably this spatial and temporal heterogeneity also holds for 
DOM composition, creating further opportunities for sampling bias. Regardless, low DOC concentration, 
low relative abundance of condensed aromatic and polyphenolic formulae, and high relative contributions 
from aliphatic and peptide-like formulae characterize glacial systems.

3.4. Implications for Downstream Ecosystems in a Warming World

Seasonal differences in compositional export from glaciers from onset of melt to peak discharge have previ-
ously been reported for both organic and inorganic material (e.g., Bhatia et al., 2013; Hawkings et al., 2017; 
Kellerman et al., 2020b; Spencer, Vermilyea, et al., 2014). Despite differences in seasonality in our data set, 
where only onset of melt is available from Russell Glacier and synoptic samples from peak discharge in Sval-
bard rivers, a clear difference between DOC concentration and DOM composition can be observed between 
glacial systems, autochthonously dominated DOM in marine systems and terrestrially dominated DOM 
in non-glacial rivers. DOM in outflow samples from Russell Glacier exhibited a high degree of similarity, 
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whereas Svalbard rivers exhibited a high dissimilarity to both Russell Glacier outflow and to each other. 
Supraglacial samples from both regions were more similar to each other than to their respective outflow 
samples, suggesting similar sources and processes in the supraglacial environments. When data from High 
Mountain Asia are also included, glacially derived DOM is particularly enriched in bioavailable aliphatic 
and peptide-like formulae.

The contribution of bioavailable organic matter to downstream environments may be enhanced by a posi-
tive feedback loop driven by ice-sheet darkening. In the supraglacial environment, particularly in the “dark 
zone” of the GrIS, light absorbing material enhances melt of the ice sheet (Tedstone et al., 2017). Net au-
tochthony (i.e., production outweighs respiration) can occur in both cryoconite holes and bare ice on the 
ice sheet surface (Anesio et al., 2010; Williamson et al.,  2018). In cryoconite holes in the polar regions, 
bacterial doubling time can be < 10 days, providing a modern source of accumulating organic matter in the 
supraglacial environment (Anesio et al., 2010) in addition to dust from deposition (Wientjes et al., 2017). 
Cryoconite holes comprise a small cumulative area of the ablation zone, whereas glacier algae grow over 
a much larger fraction of the ice surface (Cook et al., 2020). Irradiance levels on the GrIS are currently ris-
ing due to decreasing cloud cover (Hofer et al., 2017), and algal density is higher in high melt years (Cook 
et al., 2020), both of which contribute to increased glacier mass loss. Thus, as algae and potential deposition 
act as a source of bioavailable organic matter, the concomitant increase in the amount and distribution of 
light absorbing material on the surface of the GrIS will enhance melting and further production of bioavail-
able organic matter. Glaciers in Greenland and Svalbard are projected to continue to lose mass throughout 
the 21st century (Radić et al., 2014). Depending on the climate scenario, periphery glaciers in Greenland 
are projected to exhibit 30–40 % glacier ice mass loss, which constitutes 12–20 mm sea-level equivalents, 
whereas Svalbard glaciers are projected to shrink by 60–65 % and contribute 12–16 mm sea-level equiva-
lents by 2100 (Radić et al., 2014). Additionally, runoff from GrIS glaciers is projected to nearly double by 
2100 (Muntjewerf et al., 2020). Even without an increase of microbially produced organic matter on glacier 
surfaces, the increase in glacier mass loss will reintroduce an additional ∼15 Tg of DOC by 2050, on top of 
the ∼30 Tg of DOC from current annual turnover, from a sequestered pool into the contemporary carbon 
cycle (Hood et al., 2015). Thus, as glaciers continue to lose mass throughout the 21st century, increasing 
contributions of bioavailable DOM to downstream environments are expected.

Data Availability Statement
Data can be found in Tables  1–3 and are available through EarthChem (https://doi.org/10.26022/
IEDA/111768) (Kellerman et al., 2021).
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