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Key Points 

 

1) Synchrony: Ultrahigh-resolution mass spectrometry shows seasonality controls 

dissolved organic matter composition in six large Arctic rivers 

 

2) Stability: A core Arctic riverine fingerprint was found in all rivers and months for six 

years and may add stable carbon to the global ocean 

 

3) Shifting sources: Permafrost thaw may increase old, stable carbon load via increasing 

groundwater inputs and microbial processing time 
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Abstract 

Climate change is dramatically altering Arctic ecosystems, leading to shifts in the 

sources, composition, and eventual fate of riverine dissolved organic matter (DOM) in 

the Arctic Ocean. Here we examine a six-year DOM compositional record from the six 

major Arctic rivers using Fourier-transform ion cyclotron resonance mass spectrometry 

paired with dissolved organic carbon isotope data (Δ14C, δ13C) to investigate how 

seasonality and permafrost influence DOM, and how DOM export may change with 

warming. Across the pan-Arctic, DOM molecular composition demonstrates synchrony 

and stability. Spring freshet brings recently leached terrestrial DOM with a latent high-

energy and potentially bioavailable subsidy, reconciling the historical paradox between 

freshet DOM’s terrestrial bulk signatures and high biolability. Winter features undiluted 

baseflow DOM sourced from old, microbially degraded groundwater DOM. A stable core 

Arctic riverine fingerprint (CARF) is present in all samples and may contribute to the 

potential carbon sink of persistent, aged DOM in the global ocean. Future warming may 

lead to shifting sources of DOM and export through: 1) flattening Arctic hydrographs and 

earlier melt modifying the timing and role of the spring high-energy subsidy; 2) 

increasing groundwater discharge resulting in a greater fraction of DOM export to the 

ocean occurring as stable and aged molecules; and 3) increasing contribution of 

nitrogen/sulfur-containing DOM from microbial degradation caused by increased 

connectivity between groundwater and surface waters due to permafrost thaw. Our 

findings suggest the ubiquitous CARF (which may contribute to oceanic carbon 

sequestration) underlies predictable variations in riverine DOM composition caused by 

seasonality and permafrost extent.  
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Plain Language Summary 

Climate change is causing the Arctic to warm, leading to the thaw of permafrost 

(permanently frozen ground) and shifting the distribution of plants, which in turn impact 

the quantity and quality of dissolved organic matter (DOM) in rivers. The fate of the 

carbon found in river DOM depends on its source as this determines its composition – a 

smorgasbord of organic substrates with some destined to be rapidly turned into 

greenhouse gases through respiration, while others may be exported to and sequestered in 

the ocean for millennia. Understanding the sources and composition of DOM presently in 

Arctic rivers will help predict future changes in the global carbon cycle. In this study we 

examine six years of data on the composition of DOM found in the six largest Arctic 

rivers (sampled by the Arctic Great Rivers Observatory). Overall, our work suggests that 

DOM in large Arctic rivers contains a universal core Arctic riverine fingerprint (which 

may contribute to long-term ocean carbon sequestration), and that there are predictable, 

pan-Arctic seasonal changes in DOM composition. Finally, we explore how future 

warming may shift DOM sources in Arctic rivers, particularly due to increasing 

groundwater inputs to rivers caused by thawing permafrost in the region.    
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1. Introduction 

 Climate change–induced warming is greatest in the Arctic, invoking globally 

significant shifts in atmospheric circulation, carbon cycling, and permafrost stability and 

extent (Serreze & Barry, 2011). The northern permafrost region stores ~1500 Pg of soil 

organic carbon (Schuur et al., 2015). Carbon in perennially frozen ground (permafrost) is 

vulnerable to warming-induced thaw, emission as greenhouse gases, erosion from abrupt 

thaw processes and riverine transport as particulate organic matter, and lateral aqueous 

transport as dissolved organic matter (DOM) (Schuur et al., 2015; Turetsky et al., 2020). 

Permafrost controls hydrology, and thaw can alter groundwater flow and river discharge 

(Walvoord & Kurylyk, 2016). Arctic river discharge and direct groundwater inputs are so 

significant in the small Arctic Ocean Basin that the Arctic Ocean itself has been 

described as a giant estuary (Connolly et al., 2020; Holmes et al., 2012; Kaiser et al., 

2017; McClelland et al., 2012). Changes in freshwater inputs could impact ocean 

stratification and circulation (Arnell, 2005). When combined with potential changes in 

exported riverine DOM composition and bioavailability, such changes in ocean structure 

could alter heterotrophic metabolism, nutrient regeneration, and subsequent primary 

production (Holmes et al., 2008; Mann et al., 2016). River runoff contributes to Arctic 

Ocean carbon dioxide (CO2) drawdown potential not only through total alkalinity export 

but also through respiration of exported DOM (Drake, Tank, et al., 2018; Tank et al., 

2012; Tremblay et al., 2015). If Arctic river DOM becomes more plentiful or 

bioavailable, this could alter the Arctic Ocean’s carbon sink capacity (Tremblay et al., 

2015). Understanding the controls of Arctic riverine DOM is therefore critical, as 
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warming landscapes may lead to DOM changes impacting pan-Arctic greenhouse gas 

production and sequestration. 

 Large Arctic rivers integrate all processes and features present in their watersheds, 

providing a holistic snapshot of the state of the Arctic landscape (Holmes et al., 2013). 

The fate and reactivity of riverine DOM (a complex mixture of degradation byproducts 

and recently created compounds) is linked to its composition (Kellerman et al., 2015; 

Smith, H. J. et al., 2018). In turn, composition depends on source and processing history 

(Kellerman et al., 2014; Stubbins et al., 2010). Measurements of stable isotope ratios and 

radiocarbon content have long been used to help identify DOM sources (Connolly et al., 

2020; Fellman et al., 2014; Raymond & Bauer, 2001a). In addition to these classic bulk 

measurements, recent advances in Fourier-transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS) now allow unparalleled insights into DOM composition by 

identifying thousands of individual formulae present in DOM to enable elucidation of 

trends in DOM composition across systems and through time (Antony et al., 2017; 

Johnston et al., 2018; Spencer et al., 2019). FT-ICR MS has been used to examine DOM 

sources in diverse aquatic systems, including rivers (e.g. Drake, Guillemette, et al., 2018; 

Spencer et al., 2019), groundwater (e.g. McDonough, Rutlidge, et al., 2020) and lakes 

(e.g. Johnston et al., 2019; Kellerman et al., 2015). Combined, carbon isotope and FT-

ICR MS data offer a powerful tool to assess DOM sources and the processes controlling 

them (Behnke et al., 2020; McDonough, Rutlidge, et al., 2020; Stubbins et al., 2017). 

 Here, we assess seasonal controls of DOM composition in Arctic rivers using 

ultrahigh resolution mass spectrometry combined with traditional DOM measurements 

such as optical (e.g. specific UV-absorbance at 254 nm, which has been shown to be a 
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robust proxy for aromaticity; Weishaar et al., 2003) and isotopic (δ13C and Δ14C) data. 

We examine seasonal and spatial variability in DOM molecular composition. Using 

molecular-level analysis, we attempt to explain the historical paradox between the bulk 

DOM signatures of Arctic spring freshet that appear terrestrial and aromatic yet exhibit 

high biolability. Further, we assess the prevalence of stable DOM in Arctic rivers by 

examining the dominant and persistent core Arctic riverine fingerprint (CARF), and we 

determine whether Arctic rivers could be a source of stable DOM such as the “island of 

stability” compositional region that persists in the global ocean (and that may serve as an 

oceanic carbon sink; Jiao et al., 2010; Lechtenfeld et al., 2014). We also explore how 

differences in DOM composition among rivers relate to differences in watershed 

permafrost extent. To achieve these goals, we examine six years (2012–2017) of FT-ICR 

MS data on DOM molecular formulae (to our knowledge, the longest time-series study 

employing FT-ICR MS yet conducted), dissolved organic carbon (DOC) concentrations, 

and DOC radiocarbon and stable carbon isotope ratio data for the six largest Arctic rivers 

(the Ob’, Yenisey, Lena, Kolyma, Yukon, and Mackenzie; Arctic Great Rivers 

Observatory; www.arcticgreatrivers.org; Fig. 1). We use the knowledge we gain of the 

controls on DOM composition to begin assessing how climate change could modify 

Arctic riverine DOM composition and what impacts such changes could have on Arctic 

Ocean biogeochemistry, productivity, and carbon storage. 

 

2. Methods 

2.1 Study locations and sample collection 
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 Samples from the six largest Arctic rivers were collected as part of the Arctic 

Great Rivers Observatory (Fig. 1). Each river was sampled approximately once every two 

months beginning in June 2012 and ending in December 2017 (or January 2018 in the 

case of the Yukon; exact sampling dates can be found at www.arcticgreatrivers.org) 

targeting alternate months in alternate years. Width-integrated samples were collected 

from each river across the hydrograph at sampling locations near the river-mouth but 

above tidal influence for a total of 194 samples, based on a standardized collection 

method. Briefly, during open water periods, 1 L surface water samples were collected 

from stations at each riverbank and 2 L samples were collected from a mid-channel 

station during all years. All samples were combined in a processing carboy and kept cold. 

Under-ice samples were collected from the mid-channel surface station through a hole in 

the ice. Sampling locations were Salekhard (Ob’), Dudinka (Yenisey), Zhigansk (Lena), 

Cherskiy (Kolyma), Pilot Station (Yukon), and Tsiigehtchic (Mackenzie) (Holmes et al., 

2012; McClelland et al., 2008; Raymond et al., 2007; Zolkos et al., 2020). 

 

2.2 DOC concentration, optical properties, and isotopes 

 Samples for DOC concentration and absorbance measurements were filtered 

within a few hours of collection through a pre-cleaned Geotech Dispos-a-filter (0.45 μm 

pore size capsule filter, Geotech Environmental) and frozen until analysis. Concentrations 

were measured on a Shimadzu TOC/TN analyzer at the Woodwell Climate Research 

Center (WCRC; formerly Woods Hole Research Center) with values from individual 

samples reflecting the mean of 3–5 replicate injections (coefficient of variance <2%) 

(Mann et al., 2016). Absorbance was analyzed on a dual-beam Shimadzu UV-1800 
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spectrophotometer (200-800 nm at 1 nm intervals; 1 cm pathlength) at WCRC (Mann et 

al., 2016). Carbon specific ultra-violet absorbance (SUVA254; which is correlated with 

DOC aromaticity) was calculated by dividing the decadic UV absorbance at 254 nm by 

the DOC concentration of each sample (Weishaar et al., 2003). 

 Samples for measurements of stable carbon isotope ratios and radiocarbon content 

were filtered through 47 mm quartz filters (Whatman QM-A 2.2 μm pore size, pre-

combusted at 850°C for 6h) and stored frozen in acid-leached polycarbonate bottles. 

Samples from 2012–2016 were UV-oxidized on a system that directly connected to 

vacuum lines where CO2 was captured and cryogenically purified at Yale University 

(Raymond & Bauer, 2001b). Sample aliquots were placed in clean quartz tubes, acidified 

with 0.2 mL of ultra-high-purity 40% phosphoric acid, and sparged with nitrogen to 

remove inorganic carbon. Pure O2 was added as an oxidant, samples were oxidized with 

UV, and CO2 was captured cryogenically on a vacuum line. The resulting purified CO2 

was then analyzed for δ13C and Δ14C at the National Ocean Sciences Atomic Mass 

Spectrometry facility. Samples for 2017–2018 were subject to wet chemical oxidation 

(Lang et al., 2016) and analyzed for δ13C-DOC and Δ14C-DOC at the accelerator mass 

spectrometer (AMS) facility at ETH-Zurich. Briefly, sample aliquots were placed in 

combusted glass vials, and 1 mL acidified sodium persulfate solution was added as an 

oxidant. Vials were sealed and purged with high-purity helium to remove inorganic 

carbon. Samples were then heated to 95 °C for 1 hour to convert sample DOC to CO2 and 

injected into a MICADAS (MIni CArbon DAting System) accelerator with a gas-

accepting ion source (Ruff et al., 2010). All data have been corrected for the processing 

blanks and standards according to Lang et al., 2016. 
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 2.3 FT-ICR MS analysis 

 Samples for FT‐ICR MS analyses were filtered through pre-cleaned Geotech 

Dispos-a-filter (0.45 μm pore size capsule filter, Geotech Environmental) into pre-

cleaned high-density polyethylene bottles and stored frozen until being solid‐phase 

extracted onto reversed phase BondElut PPL columns (100 mg; Agilent) as previously 

described (Dittmar et al., 2008). Acidified (pH 2) samples were passed through pre-

cleaned PPL columns with volumes adjusted to a target concentration of 40 μg C mL-1 in 

final methanol (JT Baker HPLC grade) elutes. Extracts were stored at -20° C until 

analysis on a 21 T FT-ICR MS at the National High Magnetic Field Laboratory in 

Tallahassee, Florida (Hendrickson et al., 2015; Smith, D. F. et al., 2018) with negative 

electrospray ionization. Each mass spectrum collected consisted of 100 co-added time 

domain acquisitions.  

 Molecular formulae were assigned to spectral peaks with >6σ root‐mean‐square 

baseline noise (O'Donnell, Aiken, Butler, et al., 2016; Spencer et al., 2019) with PetroOrg 

©TM software (Corilo, 2015). Elemental constraints of C1-45H1-92N0-4O1-25S0-2 and a mass 

accuracy ≤300 ppb were applied to formulae assignments (Kellerman et al., 2018). The 

modified aromaticity index (AImod) was calculated to assess the degree of aromaticity 

based on molecular formula (Koch & Dittmar, 2006, 2016). Compound classes were 

assigned using AImod and elemental ratios as follows: polyphenolics (0.5 < AImod ≤ 0.66); 

condensed aromatics (AImod > 0.66); highly unsaturated and phenolics (HUPs; AImod ≤ 

0.5, H/C < 1.5, O/C ≤ 0.9); aliphatic (1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9 and N = 0); sugar-like 

(O/C > 0.9); and peptide-like (1.5 ≤ H/C ≤ 2.0, and N > 0). Though molecular formulae 
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can be assigned to FT-ICR MS peaks, each molecular formula may represent multiple 

isomers and therefore exact compound structure cannot be determined. Relative 

abundances of each formula were determined by normalizing each peak magnitude to the 

sum of all assigned peaks in each sample. The contributions of the compound classes 

were then calculated as the sum of all the relative abundances of each peak in each 

compound class divided by the summed abundances of all assigned formulae in each 

sample expressed as percentages. Similar calculations were used to determine the relative 

abundances of compounds containing different elemental compositions (e.g. CHO, 

CHON, CHOS, CHONS).  

 

2.4 Data analyses 

 Statistical tests for differences between seasons were performed on both bulk 

metrics and on FT-ICR MS data using the rstatix (Kassambara, Alboukadel 2020) and 

car (Fox & Weisberg, 2019) packages and base R (R Core Team, 2019) (see Table S1 for 

full list of variables and results of statistical tests). Normality was tested using the 

Shapiro-Wilk test of residuals from the linear model of variable by season. For variables 

failing the normality test, Kruskal-Wallis tests and Wilcoxon’s tests to assess differences 

between seasons were performed. For variables meeting the normality test, homogeneity 

of variance was tested using Levene’s test. For variables failing the homogeneity of 

variance test, a one-way ANOVA assuming unequal variance and a pairwise t-test to 

assess differences between seasons was used. For variables that passed the homogeneity 

of variance, a one-way ANOVA assuming equal variance and a pairwise t-test was 

performed. 
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 Correlations between percent relative abundances (%RA) of individual molecular 

formulae and bulk metrics of DOM quantity, composition, and age (DOC concentration, 

SUVA254, and Δ14C-DOC values) were examined using Spearman’s rank correlation 

coefficients (Spearman correlation; a non-parametric measure of the strength of two 

variables’ relationship with no distribution assumptions and minimal sensitivity to 

outliers; significant if ρs ≥ 0.2 and p < 0.05). Spearman correlations for each of the 1,328 

formulae present in the CARF (which were formulae identified in every sample from 

every river for all six years, i.e. always present) as well as the 361 formulae present in the 

“island of stability” (IOS) were calculated between environmental parameters and the 

sum-normalized intensity of peaks with assigned formulae using R (R Core Team, 2019) 

using the packages reshape2 (Wickham, 2007), vegan (Oksanen et al., 2019), Hmisc 

(Harrell & Dupont, 2019), and fields (Furrer et al., 2017). 

 Principal component analysis (PCA) was used to examine relationships between 

DOM compositional data (FT-ICR MS data, DOC concentrations, SUVA254, and δ13C-

DOC and Δ14C-DOC values) in R (R Core Team, 2019) using the factoextra package 

(Kassambara, Alboukadel & Mundt, 2017) with variables scaled to unit variance to make 

them comparable. This technique reduces continuous multivariate data dimensionality 

while retaining information on dataset variability, allowing patterns in dataset 

organization to emerge.  

 

3. Results and Discussion 

3.1 Seasonal synchrony and the latent high-energy spring subsidy 
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 Samples were examined by season, with spring freshet (May and June), summer 

(July-October) and winter low-flow period (November-April) corresponding to distinct 

hydrologic phases of high-latitude northern rivers (Holmes et al., 2012). Averaged across 

the six sampling years, spring freshet had highest DOC concentrations and winter 

baseflow had the lowest (Table 1; Fig. 2a; Kruskal-Wallis test: p < 0.0001; see Table S1 

for full test results from statistical tests in this section), as has been shown in past studies 

of many Arctic rivers where DOC concentrations correlate with discharge and are highest 

during freshet both in large (e.g. Amon et al., 2012; Kaiser et al., 2017; Mann et al., 

2016; Raymond et al., 2007) and smaller (e.g. Johnston et al., 2018; McClelland et al., 

2014) Arctic rivers. Average SUVA254 values were also highest during spring freshet and 

lowest in winter (Table 1; Fig. 2b; Kruskal-Wallis test: p < 0.0001), as is observed when 

aromatic terrestrial material is a significant contributor to riverine DOM during Arctic 

freshet but less of a contributor during frozen winter conditions (Mann et al., 2016; 

O'Donnell et al., 2012; Striegl et al., 2007). Spring freshet had the lowest δ13C-DOC 

values averaged across all rivers and years, though individual rivers showed more 

variability and lacked strong seasonal variation as has been previously demonstrated 

(Table 1; Fig 2c; Raymond et al., 2007; Wild et al., 2019), with only winter and spring 

being statistically different from one another (Wilcoxan’s pairwise comparisons: padj < 

0.05). Spring freshet also had the highest Δ14C-DOC values, while winter baseflow had 

the lowest values (radiocarbon ages from 1533 years before present (ybp) to >modern 

and 2371 ybp to >modern, respectively; Table 1; Fig. 2d; Kruskal-Wallis test: p < 

0.0001). This pattern of modern DOC during spring freshet and older DOC during winter 

has been well documented previously for large Arctic rivers (Raymond et al., 2007; Wild 
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et al., 2019), though some aged DOC has been seen in spring in large Arctic rivers as 

well (Schwab et al., 2020). 

 The FT-ICR MS compound classes comprised of condensed aromatics and 

polyphenolics (Table 2; Fig. 2e-f) have been tied to allochthonous DOM inputs from soil 

and vascular plants, and had their highest average %RA during the spring freshet and 

lowest average %RA during winter across all samples (Kruskal-Wallis test: p < 0.0001; 

one-way ANOVA: p < 0.0001, respectively) (Johnston et al., 2019; Kellerman et al., 

2018; O'Donnell, Aiken, Butler, et al., 2016; Seidel et al., 2015; Sleighter & Hatcher, 

2008). Some condensed aromatics may also originate from combustion, which can be a 

substantial aerosol source in the Arctic (Barrett et al., 2015). Average %RA of sugar-like 

formulae across all samples was also highest during spring freshet and lowest in winter 

(Table 2; Fig 2g; Kruskal-Wallis test: p < 0.0001). Both the contribution of sugar-like 

formulae to DOM and the concentration of total hydrolysable neutral sugars in Arctic 

rivers have been shown to correspond to high-discharge events, suggesting that sugar-like 

formulae may build up in soils over winter and then be disproportionately flushed from 

land to river in surface runoff (Johnston et al., 2018; Kaiser et al., 2017).  

 In contrast, winter contained the greatest contribution of HUPs while spring 

freshet contained the smallest (Table 2; Fig. 2h; Kruskal-Wallis test: p < 0.0001), though 

HUPs dominated all samples’ %RA as is typical in DOM globally (Kellerman et al., 

2018; McDonough, O'Carroll, et al., 2020; Spencer et al., 2019). HUPs have been 

attributed to vascular plant–derived lignin degradation products or chemically persistent 

aquatic carboxyl rich alicyclic molecules (CRAM), with debate over whether these 

different sources can be distinguished using FT-ICR MS data (Sleighter & Hatcher, 
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2008). CRAM in turn has been attributed to biomolecules of microbial origin, suggesting 

some HUPs could be autochthonously derived (Hertkorn et al., 2006). Winter also 

contained the largest average %RA of the core Arctic riverine fingerprint and island of 

stability formulae (CARF and IOS; see section 3.2; Figure 2i-j; Table 2; Kruskal-Wallis 

test: p < 0.001 and one-way ANOVA: p < 0.0001, respectively). The aliphatic and 

peptide-like compound classes (which make up on average <1 %RA for all seasons and 

all rivers) show less clear seasonal variation (Table 2; pairwise t-test padj < 0.05 for 

spring/summer and summer/winter only, and Kruskal-Wallis test: p = 0.15, respectively). 

This is likely due to the fact that aliphatics have been shown to derive from a wide 

variety of sources that may differ spatially and seasonally around the Arctic, including 

vegetation (Johnston et al., 2019), permafrost inputs (Stubbins et al., 2017), and microbial 

production in glaciers and snow (Antony et al., 2017; Feng et al., 2016). In general, 

peptide-like formulae also provide evidence for microbial activity (Antony et al., 2017; 

Lawson et al., 2014). 

 Past studies have suggested that dramatic seasonal variations dominate patterns in 

Arctic riverine DOM composition, despite watershed specific characteristics, with winter 

DOM being most chemically distinct compared to spring or summer DOM (Amon et al., 

2012; Holmes et al., 2012; O'Donnell et al., 2012). The pan-Arctic similarity in DOM 

composition in the present study confirmed this seasonal dominance: principal 

component one (PC1) of the PCA (Fig. 3; see Fig. S1 for variable contributions to PC1 

and PC2) separated the samples by seasonality and explained 39.82% of the variance, 

while PC2 only accounted for 17.36% of the variance (the watershed-specific drivers of 

PC2, including watershed percent permafrost coverage, are discussed in section 3.4). 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

Characteristics indicative of recently produced terrestrial DOM such as 14C enrichment 

(Amon et al., 2012; Hood et al., 2009), 13C depletion (Fellman et al., 2014; Raymond & 

Bauer, 2001a), increased relative abundances of condensed aromatic and polyphenolic 

formulae (Behnke et al., 2020; Kellerman et al., 2014; Seidel et al., 2015), elevated DOC 

concentration (Tank et al., 2018) and elevated SUVA254 values (Fellman et al., 2008) 

clustered on the negative end of PC1 (Fig. 3a), as did samples from spring freshet (Fig. 

3b). The positive end of PC1 was associated with winter samples (Fig. 3b), as well as 

with 14C depletion and 13C enrichment (previously associated with groundwater DOM; 

Fig 3a) (McDonough, Rutlidge, et al., 2020; Nakata et al., 2013; Schiff et al., 1997). 

Increased terrestrial DOM signatures are characteristic of Arctic freshet, with deep, sub- 

and intra-permafrost groundwater representative of winter baseflow in perennially 

flowing Arctic rivers (Amon et al., 2012; Douglas et al., 2013; Holmes et al., 2012; 

Johnston et al., 2018; Mann et al., 2016; Woo et al., 2008).  

 Despite the overwhelming terrestrial and aromatic nature of Arctic freshet DOM 

(Amon et al., 2012; Holmes et al., 2012; Johnston et al., 2018; Mann et al., 2016), Arctic 

riverine DOM has also been found to be most bioavailable during freshet (Holmes et al., 

2008). Because aromatic DOM is usually considered less bioavailable than aliphatic 

DOM (D'Andrilli et al., 2015; O'Donnell, Aiken, Butler, et al., 2016; Textor et al., 2019; 

Ward & Cory, 2015), this freshet combination of highly aromatic terrestrial bulk 

signature yet apparently bioavailable DOC pool poses a chemical paradox. The high 

degree of chemical resolution afforded by FT-ICR MS presents a solution by identifying 

a latent high-energy subsidy present concurrently with the bulk of more oxidized and 

aromatic “terrestrial” formulae that dominate the spring freshet DOM. Unique molecular 
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fingerprints of spring freshet (Fig. 4a), summer (Fig. 4b), and winter (Fig. 4c) riverine 

DOM were identified as formulae only present during one season in at least three samples 

and two rivers (Table S2; Table S3). A suite of unique aliphatic and peptide-like 

formulae distinguished the spring fingerprint, demonstrating an energy-rich spring 

subsidy. These formulae have higher H/C ratios (and thus greater stored chemical energy) 

than the unique winter aliphatic and peptide-like formulae identified. The high H/C ratios 

of such formulae likely correspond to energy-rich compounds (Hopkinson et al., 1998; 

Lawson et al., 2014; Smith, H. J. et al., 2018; Spencer et al., 2015), as do the unique 

sugar-like formulae present, which can be rapidly and preferentially consumed by 

microbes (O'Donnell, Aiken, Butler, et al., 2016; Spencer et al., 2015).  

 Compound class trends corroborate the concept of an energy-rich spring subsidy. 

Five rivers had the highest average %RA of sugar-like formulae during freshet while four 

had the greatest contribution of aliphatic and peptide-like formulae during freshet (Table 

2). In contrast, the mean of the weighted averages of the H/C ratios for all molecular 

formulae present in each sample was primarily lowest in spring and highest in winter 

(and mean O/C weighted average the opposite; one-way ANOVA: p < 0.0001 and 

Kruskal-Wallis test: p < 0.0001, respectively; Fig. 2k-l for dataset averages; Table S1 for 

statistics; Table S4 for river averages). This shows that bulk freshet DOM metrics (e.g. 

averaged elemental ratios) are dominated by oxidized, aromatic material despite the 

presence of a latent high-energy fraction. In previous Arctic river studies, both the 

terrestrial signature of DOM (%RA of polyphenolics and carbon normalized lignin yield) 

and %RA of sugar-like formulae increased during freshet on a medium-sized Russian 

river (Johnston et al., 2018). Further, carbohydrates, amino acids, and plant phenols have 
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been observed to increase in spring indicating both an increase in high-energy 

compounds and direct terrestrial leaching (Kaiser et al., 2017). The persistence of energy-

rich formulae near river mouths in spring shows that low temperature, rapid flow 

conditions in freshet facilitate leaching and rapid downstream shunting of energy-rich, 

biolabile compounds (Raymond et al., 2016), while also mobilizing the aromatic 

compounds that provide the bulk terrestrial DOM signature. The unique spring formulae 

may represent a bioavailable subsidy to marine microbial communities during a time 

when both discharge and DOC concentrations are at their peak.  

 The unique molecular formulae present in winter (the largest unique seasonal set 

of formulae present) contained HUPs and a suite of unique peptide-like and aliphatic 

formulae, which may reflect microbial inputs (Antony et al., 2017; Lawson et al., 2014). 

These may be derived from microbial degradation that occurs during the subsurface flow 

of groundwater and could persist into main river channels without being consumed 

during winter due to cold under-ice conditions despite their hypothesized biolabile nature 

(Lawson et al., 2014; Textor et al., 2019; Wickland et al., 2012). Additionally, the 

concentrations of DOC in winter in these rivers may be too low to make individual 

formulae metabolically worthwhile for microbial consumption despite their theoretically 

biolabile composition, as has been suggested in deep ocean DOC (Arrieta et al., 2015). 

 

3.2 Radiocarbon ages and potential groundwater sources of winter DOC 

 The Δ14C-DOC values of the winter samples also suggest inputs of moderately 

aged carbon from soil sources carried by groundwater inputs (which can drive baseflows 

in Arctic rivers; e.g. Clark et al., 2001; Douglas et al., 2013; Walvoord & Striegl, 2007). 
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A discussion of groundwater in the permafrost zone is complicated by extreme variability 

in both permafrost extent and groundwater flowpaths around the pan-Arctic (Walvoord & 

Kurylyk, 2016; Woo et al., 2008). Permafrost often serves as an aquatard due to ice 

saturation in soils, leading to perched water tables above an impermeable surface. 

Subsurface flow of water in permafrost zones is complex; water can be located above the 

permafrost surface (suprapermafrost groundwater), below the permafrost layer 

(subpermafrost groundwater), or inside unfrozen zones within permafrost (taliks; 

intrapermafrost groundwater) (Woo, 2012). Here the term groundwater indicates all of 

these, though differences in their contributions will also be discussed. 

 The oldest DOC in this dataset (Δ14C -262‰) occurred in the winter Ob’ samples. 

Across the six rivers winter had significantly lower Δ14C values (mean ± standard error: -

50.23 ± 6.89‰) than spring (6.35 ± 11.27‰; Wilcoxon’s test: padj < 0.0001) and 

insignificantly lower values than summer (-30.76 ± 5.90‰ Wilcoxon’s test: padj = 0.13) 

(Fig. 2d; Table S1). Since the Ob’ watershed contains the least continuous permafrost of 

the six rivers (Holmes et al., 2012), it likely receives the most input from deep 

subpermafrost/intrapermafrost groundwaters (which are most connected to surface waters 

when not blocked by impermeable continuous permafrost layers; Walvoord & Kurylyk, 

2016). Discontinuous permafrost allows subpermafrost groundwater to provide winter 

baseflow when other sources of river water are limited due to frozen surface conditions 

(Douglas et al., 2013; Walvoord et al., 2012). These wintertime groundwater inputs likely 

carry aged DOC, since DOC that persists in deep groundwater globally generally carries 

an aged signature (McDonough, Rutlidge, et al., 2020; Nakata et al., 2013; Schiff et al., 

1997; Tipping et al., 2010; Wassenaar et al., 1991), and since unfrozen suprapermafrost 
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groundwater flowing during winter months moves through taliks or deeper active layer 

soils which generally store older carbon and take longer to freeze up (Wild et al., 2019).  

 Thawing permafrost may contribute to the moderately aged groundwater DOC 

found in these rivers during the winter, but at present DOC ages in this water are not old 

enough to clearly distinguish between organic matter contributions from unfrozen surface 

soils or Holocene permafrost or peat deposits (Δ14C values of -197.5 ± 148.3 versus -

567.5 ± 156.7‰ for Eurasia; Wild et al., 2019). What these data do indicate is that at 

present, DOC contributions from older permafrost are minimal, which is consistent with 

small contributions of old permafrost carbon to stream DOC identified in isotopic mixing 

models (Mann et al., 2015; O’Donnell et al., 2019). While permafrost Δ14C-DOC values 

can be highly 14C-depleted, for example reaching Δ14C values below -950‰ in some 

locations (Mann et al., 2015; Spencer et al., 2015; Vonk et al., 2013; Wild et al., 2019), 

mainstem Arctic rivers generally exhibit higher Δ14C-DOC values (Amon et al., 2012; 

Neff et al., 2006; Raymond et al., 2007; Wild et al., 2019). Modern radiocarbon ages 

have even been observed directly adjacent to permafrost thaw slumps (Spencer et al., 

2015; Stubbins et al., 2017). This lack of clear permafrost thaw signature is consistent 

with other studies of large Arctic rivers, which have also failed to observe an 

unambiguous molecular or isotopic fingerprint of thawed permafrost DOC (Drake, 

Guillemette, et al., 2018; Mann et al., 2015; Spencer et al., 2015; Wild et al., 2019). 

Instead, the moderately aged Δ14C-DOC values occurring in the rivers during winter are 

within the range of expected contributions from both suprapermafrost groundwater as it is 

forced through deeper active layer channels during freeze-up (e.g. Connolly et al., 2020; 
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Wild et al., 2019), and from deeper groundwater aquifers (e.g. McDonough, Santos, et 

al., 2020; Wassenaar et al., 1991). 

 

3.3 Core Arctic riverine fingerprint: a stable terrestrial DOM source to the global ocean?  

 The CARF (1,328 formulae) were identified as the formulae present in all 

samples (all rivers and years; Fig. 5a; Table S2; Table S5) and made up the bulk of the 

relative abundance (%RA, or signal intensity) across DOM samples (>60%). The 

compositional space occupied by the CARF reflects a wide variety of compound classes, 

including those with probable terrestrial sources such as polyphenolics and condensed 

aromatics (Behnke et al., 2020; Kellerman et al., 2018; Seidel et al., 2015; Sleighter & 

Hatcher, 2008) and those with possible autochthonous sources such as aliphatics and 

sugar-like formulae (Antony et al., 2017; Feng et al., 2016; Johnston et al., 2018). The 

CARF is similar to the common formulae identified in all samples along a transect of the 

Ob’-Irtysh river system and contained a similar number of formulae in a comparable 

central region of van Krevelen space (1,328 versus 1,629 formulae, respectively), 

suggesting that the CARF could appear throughout the upstream extents of large Arctic 

rivers as well as near their termini (Perminova et al., 2019). 

 The prevalence of the CARF reveals that at all times of year, all of these large 

Arctic watersheds produce a chemically diverse yet ubiquitous compositional signal that 

dominates riverine DOM flux to the Arctic Ocean. The persistence of this signal into the 

global ocean depends on the long-term compositional stability of the CARF, which is at 

present unknown. However, the CARF includes 284 (79%) of 361 formulae previously 

identified as the island of stability (IOS), a narrow compositional range associated with 
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14C-depleted DOC in the ocean (Fig. 5b; Table S2) (Lechtenfeld et al., 2014). 

Lechtenfeld et al. (2014) proposed the IOS represents the end products of DOM 

degradation, featuring formulae of chemically stable molecules produced after biological 

and physical DOM processing. The percent relative abundance of the IOS present in 

DOM increased with increasing DOC age in a global sample set including riverine, lake, 

groundwater and marine DOM, demonstrating the persistence of the IOS across the 

aquatic continuum and suggesting its chemical stability leads to its old radiocarbon age 

(Kellerman et al., 2018).  

 All IOS formulae were identified in at least one river in this dataset. The mean 

relative abundance of IOS formulae in each sample increased significantly (Table S1; 

one-way ANOVA: p < 0.0001) from freshet (25.4 ± 0.6%) to summer (28.2 ± 0.3%) to 

winter (29.9 ± 0.3%) (Fig. 2j). The mean number of IOS formulae present in each season 

was largely invariant (spring: 347 ± 2; summer: 351 ± 1; winter: 351 ± 1), only 

increasing significantly between spring and winter (Table S1; Wilcoxon’s test: p < 0.05), 

and the total number of molecular formulae did not change significantly across season 

(Table S1; Kruskal-Wallis test: p = 0.79). Thus, the increase in IOS contribution across 

seasons is likely due to the increasing relative abundance of the IOS formulae present in 

each sample spectrum, suggesting the primary sources of the IOS are present year-round 

and most influential during winter baseflow. Supra- and subpermafrost groundwater 

inputs have been shown to drive baseflow in both lower latitude Arctic rivers on 

discontinuous permafrost (Boucher & Carey, 2010; Douglas et al., 2013) and higher 

latitude Arctic rivers (Blaen et al., 2014; Bolduc et al., 2018; Woo et al., 2008; 

Yoshikawa et al., 2007), especially in winter for watersheds that do not freeze solid 
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(Clark et al., 2001; Pollard, 2005). These results align with a global survey that showed 

groundwater from a Colorado aquifer contained 36% relative abundance IOS (Kellerman 

et al., 2018), and suggest groundwater is an IOS source here as well. 

 Groundwater inputs also provide the stable winter baseflow present in the great 

Arctic watersheds, which span high and mid-latitudes. Despite being completely 

underlain with continuous permafrost, the Kolyma watershed receives groundwater 

inputs year round, and its winter flow is sourced entirely from supra- and subpermafrost 

groundwater (Glotov et al., 2015). Similarly, winter discharge from spring systems in the 

middle basin of the Lena River Basin are thought to consist of deep intrapermafrost 

groundwater (Hiyama et al., 2013). Discontinuous permafrost allows even greater 

groundwater connectivity; in the Yukon watershed (23% continuous permafrost), 

weathering signatures have shown that inputs from deep groundwater flowpaths 

dominated during winter but were present in small amounts throughout the year (Douglas 

et al., 2013), and long-term increases in groundwater contribution to streamflow have 

been attributed to deepening flowpaths caused by permafrost degradation (Walvoord & 

Striegl, 2007). In the Ob’, where continuous permafrost coverage is low but sporadic and 

discontinuous permafrost underlie a quarter of the watershed, groundwater reservoirs join 

other water sources such as lakes and wetlands in providing baseflow during winter and 

provide the bulk of solute inputs in its lower latitude, non-permafrost impacted reaches 

(Frey et al., 2007; Xu et al., 2020). 

 Given the role that supra-, intra-, and sub-permafrost groundwater play in large 

Arctic river baseflow, DOM from these groundwater sources likely provides part of the 

unifying backbone of the CARF and IOS compositions which persist during all periods of 
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the hydrograph, and onto which spring and summer seasonal signals are superimposed. In 

general, DOC present in deep groundwater aquifers is stable enough to have persisted 

without further degradation, leading to generally old radiocarbon ages and low 

concentrations particularly at depth (McDonough, Rutlidge, et al., 2020; McDonough, 

Santos, et al., 2020; Nakata et al., 2013; Pabich et al., 2001; Schiff et al., 1997). It is thus 

not surprising that winter baseflow sourced from groundwater (particularly 

subpermafrost) contributes stable formulae to large Arctic rivers.  

 By definition, formulae present in the CARF that had positive Spearman 

correlations with DOC concentration (Fig. 6a), SUVA254 (Fig. 6b), and 14C enrichment 

(Fig.6c) (and the smaller subset of positively correlated IOS formulae; Fig. 6d-f) had their 

highest relative abundances in samples that were taken when DOM was prevalent, 

aromatic, and young. These CARF formulae are likely sourced from recent plant matter 

rather than from the groundwater contribution to the CARF addressed above, since these 

formulae have their highest relative abundances during spring freshet when DOC is 

abundant and 14C-enriched (Holmes et al., 2012; Raymond et al., 2007) and when 

terrestrial polyphenolic and condensed aromatic formulae (Kellerman et al., 2014; Seidel 

et al., 2015) and formulae with high O/C ratios dominate. Formulae negatively 

correlating with Δ14C-DOC, SUVA254, and DOC in the CARF align with and include the 

negatively correlated IOS region (the bulk of the IOS), which resembles a compositional 

region previously correlated to old groundwater DOC (McDonough, Rutlidge, et al., 

2020). Low DOC concentrations (McDonough, Santos, et al., 2020), depleted Δ14C-DOC 

values (McDonough, Rutlidge, et al., 2020; Schiff et al., 1997), and low SUVA254 values 

(Chapelle et al., 2016; O'Donnell et al., 2012) are often found in deep groundwater 
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aquifers, suggesting the association of these traits with the IOS signal and this subset of 

the CARF’s signature in these rivers is consistent with a subpermafrost groundwater 

source.  

The positively and negatively correlated regions in the CARF may be indicative 

of both the different sources and fates of CARF DOM. The negatively correlated, old, 

IOS-like region is consistent with subpermafrost groundwater and likely persists into the 

global ocean due to its chemical stability. The positively correlated, modern edges of the 

CARF (dominated by more aromatic and plant-derived compounds) are primarily sourced 

from terrestrial (vegetation- and soil-derived) DOM which may persist through the winter 

via shallower groundwater inputs. Despite the fact CARF formulae persist as far as the 

mainstem rivers, they may eventually degrade once they enter the ocean. The greater 

oxidation and aromaticity of most of the positively correlated formulae may render them 

more susceptible to photochemical degradation and flocculation (Kujawinski et al., 2004; 

Massicotte et al., 2017; Spencer et al., 2007; Stubbins & Dittmar, 2015) than are the more 

centrally located formulae, while the small set of positively correlated higher H/C 

compounds with more aliphatic nature may be more susceptible to eventual microbial 

processing (Lawson et al., 2014; Smith, H. J. et al., 2018). At whatever rate these 

processes occur, the result would be an eventual distillation of the terrestrial DOM signal 

in the ocean, with a final resemblance to the IOS, demonstrating that the stable oceanic 

carbon pool represented by the IOS (the original sources of which are unknown; 

Kellerman et al., 2018; Lechtenfeld et al., 2014) could have a riverine source. 

 The pan-Arctic watershed is a major source of terrestrial DOM to the global 

ocean, with 10–16% of Arctic river DOM potentially entrained in North Atlantic Deep 
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Water formation and increasing degradation of Arctic terrestrial DOM in transit from the 

Arctic to Atlantic to Pacific Oceans (Hernes & Benner, 2006). It remains to be seen how 

ubiquitous the CARF signal is in rivers globally (and whether it should more accurately 

be known as the core riverine fingerprint), but the CARF’s ubiquity in large Arctic rivers 

combined with the persistence of Arctic riverine DOM well into the Arctic Ocean (Amon 

& Meon, 2004; Guéguen et al., 2005) could make the non-IOS portion of the CARF a 

future molecular tracer of riverine input within the Arctic Ocean Basin. In turn, the 

contribution of the IOS to Arctic riverine DOM was large (~20–30 %RA for all samples; 

Table 2) compared to the IOS contribution previously reported for rivers and streams in a 

global dataset (11–22 %RA). The CARF’s encapsulation of the IOS and the significant 

contribution of IOS to Arctic riverine DOM suggest that Arctic rivers could be one 

source of IOS formulae and stable DOM to the global ocean, potentially contributing to 

the ocean’s carbon sink of stable DOM (Jiao et al., 2010).  

 

3.4 Permafrost extent modifies riverine DOM 

 Principal component two (PC2) of the PCA examining DOM sample variability 

(Fig. 3; Fig. S1) separated by watershed. Heteroatom (nitrogen or sulfur)-containing 

classes and aliphatics clustered at the positive end, which corresponded with Ob’ samples 

(~2% continuous permafrost). Kolyma and Lena samples (~100% and ~77% continuous 

permafrost, respectively) cluster at the negative end, while the Yenisey, Yukon, and 

Mackenzie (~33%, ~23%, and ~16% continuous permafrost, respectively) spread 

between. High heteroatom content and aliphatics contribution have been correlated with 

microbial processes in many environments including snow (Antony et al., 2017), oceans 
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(Bayer et al., 2019; Zheng et al., 2019), and lakes (Kellerman et al., 2018), suggesting 

that different contributions of microbially-derived DOM rich in heteroatoms may drive 

the separation along PC2 by watershed. Microbially-derived DOM is more dominant in 

aquatic environments with longer residence times (Hodgkins et al., 2016; Kellerman et 

al., 2014; Kellerman et al., 2015). It is well documented that permafrost extent influences 

water residence time in catchments and soils (Ala-Aho et al., 2018; Song et al., 2020; 

Walvoord & Kurylyk, 2016); permafrost creates shallow aquatards, routing water rapidly 

through porous organic soil layers to streams (Tetzlaff et al., 2015; Woo et al., 2008). 

Permafrost thaw leads to deeper active layers (which route water through deeper, less 

permeable soil, increasing subsurface water residence times), expanding taliks (which 

increase connections between subpermafrost groundwater and surface waters and provide 

new subsurface flow paths), and abrupt thaw processes like thermokarst (which in the 

short term can release a transient pulse of freshly thawed DOM and in the mid- to long 

term can change water storage and increase talik formation) (Bring et al., 2016; Tetzlaff 

et al., 2015; Walvoord & Kurylyk, 2016; Walvoord et al., 2012; Woo et al., 2008). These 

expanded groundwater flowpaths can allow for greater microbial DOM processing, 

which in turn can yield heteroatom-rich DOM (Antony et al., 2017; Bayer et al., 2019; 

Kellerman et al., 2018; Musilova et al., 2017; Smith, H. J. et al., 2017; Spencer et al., 

2014; Zheng et al., 2019). 

 In Sweden (Hodgkins et al., 2016), Russia (Gandois et al., 2019), and the 

Canadian Arctic (Fouché et al., 2017), waters draining permafrost thaw (i.e., thermokarst) 

features have shown greater contributions of heteroatom-containing formulae and/or 

microbial DOM than waters draining less degraded permafrost landscapes, suggesting the 
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increasing importance of microbial DOM sources with increasing water residence time 

and flow depth in soils due to thaw. Fundamentally, differences in type and extent of 

permafrost impact hydrology and DOM chemistry (MacDonald et al, 2021; O'Donnell, 

Aiken, Swanson, et al., 2016). The six watersheds in this study encompass a continuum 

of types of surface-groundwater connectivity. These range from substantial opportunity 

for deep/subpermafrost groundwater inputs with long subsurface residence time in the 

permafrost-free upper reaches of the Ob’ to limited subpermafrost groundwater inputs 

and substantial suprapermafrost groundwater inputs in the continuous permafrost of the 

Kolyma (Frey et al., 2007; Glotov et al., 2015). Due to the evidence for microbially-

derived heteroatom-rich DOM, it appears likely the separation on PC2 is caused by 

varying permafrost extent, flow paths, and subsurface water residence times in the study 

watersheds and the subsequent differing contributions of degraded DOM sources. 

 

3.5 Future Arctic change: Shifting DOM sources and subsidies 

 Our work presents the longest time series of FT-ICR MS DOM data yet 

conducted and combines these data with comprehensive DOC isotopic data to illuminate 

the controls on Arctic riverine DOM composition and export. Climate change may have 

significant repercussions for the primary controls presented here such as seasonality and 

permafrost extent (summarized in Fig. 7). At present, there is seasonal synchrony in 

DOM composition amongst the large pan-Arctic rivers, with the oldest and most 

microbially processed DOM being transported in winter and a latent subset of DOM 

serving as a high-energy subsidy in spring. Thus, our ultra-high resolution molecular data 

help explain the historical paradox of Arctic freshet DOM both being biolabile and 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

having a bulk terrestrial signature. Arctic rivers may currently be a significant source of 

stable DOM to the global ocean through the IOS, which is highly abundant in these 

rivers, and the non-IOS portions of the CARF may prove a useful tracer of riverine DOM 

in the Arctic Ocean. Permafrost extent currently appears to control the heteroatom 

content of DOM though groundwater flowpaths and microbial degradation. While the 

Arctic system is complex and warming will likely cause a variety of unforeseen impacts 

on DOM composition, based on the current controls on DOM composition in Arctic 

rivers we postulate the following three major changes are likely to occur: 

 

1. Changing freshet hydrographs could modify timing and magnitude of the spring high-

energy DOM subsidy to the Arctic Ocean: River discharge to the Arctic Ocean has been 

increasing throughout the past century (Bring et al., 2016; Durocher et al., 2019; 

McClelland et al., 2006; Peterson et al., 2002) with models projecting increases 

continuing well into the next century (Arnell, 2005; Rawlins et al., 2010; Walsh et al., 

2005). A recent analysis of 30 years of daily discharge of the Ob’, Yenisey, Lena, and 

Mackenzie revealed a shift towards earlier spring freshet timing and a general flattening 

of the Arctic riverine hydrograph (Ahmed et al., 2020). This flattening is due in part to 

increases in the proportion of annual discharge occurring during winter and concomitant 

decreases in proportion of annual discharge occurring during freshet. This leads to an 

overall greater annual riverine discharge with a broader-based hydrograph and thus a 

reduced hydrographic dominance of freshet (Ahmed et al., 2020; Prowse et al., 2006). 

The influence of changing discharge regimes will be felt in the Arctic Ocean; increasing 

freshwater inputs will be a primary impact of climate change on near-shore and estuarine 
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environments (Carmack et al., 2016; Prowse et al., 2006), though the sign and magnitude 

of actual changes in oceanic production remain uncertain due to the multiple interactions 

and scales in question (Lique et al., 2016). Species shifts due to freshening and increasing 

delivery of organic material are likely to occur, with the potential to change the 

biogeochemistry and primary productivity of the region with possible increases in 

production due to enhanced nutrient and organic matter flux (Prowse et al., 2006) or 

decreases in production due to stratification (Carmack et al., 2016). A portion of 

terrestrial DOM is available for secondary production by marine microbial communities 

(Letscher et al., 2011), with isotopic studies showing that terrestrial organic matter makes 

its way into nearshore and offshore marine organisms (Bell et al., 2016; Casper et al., 

2015; Dunton et al., 2012; Dunton et al., 2006). Future disconnects between the timing of 

sea ice melt and riverine freshet with its latent high-energy DOM subsidy (which will 

likely occur earlier in the year) and the timing of daylight availability (which will remain 

the same) may lead to disproportionate increases in respiration compared to 

photosynthesis with carbon routed rapidly to the atmosphere, or to novel situations for 

oceanic production. The new combination of conditions in the Arctic Ocean that could 

result may parallel the no-analog communities proposed to occur in regions experiencing 

novel future climates where new conditions are not comparable to current conditions 

elsewhere on the globe and where it is thus difficult to anticipate the ecological impacts 

of current change (Williams & Jackson, 2007).  

 

2. If permafrost thaw increases groundwater discharge, stable DOM/IOS export to the 

global ocean may also increase: Permafrost degradation and thaw increases groundwater 
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discharge, shifting flow in permafrost-covered watersheds from surface to deeper flow 

paths and impacting groundwater inputs to streamflow (Song et al., 2020; Walvoord & 

Kurylyk, 2016; Walvoord et al., 2012). Warming may thus increase subsurface water 

residence times (Ala-Aho et al., 2018), alter the flux of water and dissolved constituents 

to Arctic rivers (Song et al., 2020), and increase baseflow (Smith, L. C. et al., 2007; Woo 

et al., 2008). Such changes are occurring both in watersheds with high watershed percent 

permafrost coverage (Song et al., 2020) but also in permafrost-free zones as decreasing 

seasonal soil freezing causes increased hydrologic connectivity (Smith, L. C. et al., 

2007). Because the stable IOS and CARF compositional regions appear to be in large part 

sourced from groundwater, increasing groundwater contributions to river flow may 

increase the export of stable DOM, contributing to the carbon sink of the stable DOM 

pool in the global ocean (Jiao et al., 2010). 

 

3. Permafrost degradation may lead to a greater importance of heteroatom-containing 

DOM in Arctic rivers: As outlined in point two above, climate change has the potential to 

increase the contribution of subpermafrost groundwater to Arctic riverine discharge 

through permafrost degradation (Smith, L. C. et al., 2007; Song et al., 2020; Walvoord & 

Kurylyk, 2016; Walvoord et al., 2012). Subsequent increasing subsurface water residence 

times and increasing flow path options (Tetzlaff et al., 2015; Woo et al., 2008) may lead 

to increasing microbial production of heteroatom-rich DOM (Antony et al., 2017; Bayer 

et al., 2019; Kellerman et al., 2018; Musilova et al., 2017; Smith, H. J. et al., 2017; 

Spencer et al., 2014; Zheng et al., 2019) as has already been demonstrated in degraded 

permafrost catchments (Fouché et al., 2017; Gandois et al., 2019; Hodgkins et al., 2016). 
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It appears likely that groundwater-sourced DOM rich in heteroatoms from microbial 

processing will increase in importance in Arctic rivers, with as-yet-unforeseen 

consequences to riverine and Arctic Ocean biogeochemistry. Such potentially wide-

reaching impacts highlight the importance of riverine DOM composition and export to 

the biogeochemistry of a changing world.  
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Figure Captions: 

 

Figure 1. Arctic Great Rivers Observatory map. Red dots show sampling locations in this 

study (Ob’ at Salekhard, Yenisey at Dudinka, Lena at Zhigansk, Kolyma at Cherskiy, 

Yukon at Pilot Station, Mackenzie at Tsiigehtchic or Inuvik). Sampling occurred close to 

the mouths of the rivers to facilitate integration of whole watershed samples, but above 

tidal influence. The bold red line shows the boundary of the 16.8 × 106 km2 pan-Arctic 

watershed draining into the Arctic Ocean (of which these six rivers cover ~67%). 

 

Figure 2. Descriptive box plots showing seasonal spread of a) DOC, b) specific 

ultraviolet absorbance at 254 nm (SUVA254), c) δ13C-DOC, d) Δ14C-DOC, e) condensed 

aromatics, f) polyphenolics, g) sugar-like formulae, h) highly unsaturated and phenolics 

(HUPs), i) core Arctic riverine fingerprint (CARF) contribution, j) island of stability 

(IOS) contribution, k) mean H/C ratio weighted averages, and l) mean O/C ratio weighted 

averages for the entire dataset. Median values are shown as dark horizontal lines, boxes 

represent interquartile ranges, whiskers are 1.5 the interquartile ranges (or 

minimum/maximum values if no outliers), and dots are outliers. See Supplementary 

Table 1 for statistical differences between seasons. 

 

Figure 3. a) Loadings for principal component analysis (PCA) of FT-ICR MS compound 

and heteroatomic classes, specific ultraviolet absorbance at 254 nm (SUVA254), dissolved 

organic carbon (DOC) concentrations, δ13C- and Δ14C-DOC values. b) Each point on the 

PCA represents a sampling event. Points are colored by river and shaped by season.  
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Figure 4. Unique molecular formulae identified in at least two rivers and at least three 

samples for a) spring, b) summer, and c) winter. Each point is a molecular formula.  

 

Figure 5. Molecular fingerprints of pan-Arctic DOM. a) The core Arctic riverine 

fingerprint (CARF), and b) the island of stability (IOS) present in all samples. Each point 

is a molecular formula.  

 

Figure 6. Molecular associations between individual formulae and bulk characteristics for 

the core Arctic riverine fingerprint (CARF) (a-c) and the island of stability (IOS) (d-f). 

Significant Spearman rank coefficients (absolute-value Spearman’s rank correlation 

coefficient; ρs ≥ 0.2; p < 0.05) between molecular formulae and a/d) DOC concentration 

(705 formulae/54% CARF; 196 formulae/54% IOS), b/d) SUVA254 (741 formulae/55%; 

191 formulae/53% IOS), and c/f) Δ14C-DOC values (717 formulae/52% CARF; 208 

formulae/58% IOS). The color scale indicates correlations between individual molecular 

formulae intensity and each variable, with darker colors signifying greater absolute value 

of Spearman rank coefficients (red, positive; blue, negative).  

 

Figure 7. Conceptual sketch of the current controls on DOM composition for 

discontinous/degraded permafrost (top) and continous permafrost (bottom). Seasonality 

alligns with PC1 of the PCA (Fig. 3), with spring freshet on the left and winter baseflow 

conditions on the right. The path of summer flow through the deepening active layer is 

also shown. Spring is dominated by aromatic DOM from terrestrial sources (orange 
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hexagons), with a small contribution of high-energy compounds (red triangles) that are 

bioavailable to heterotrophic microbes (green pacman). Groundwater flow occurs 

yearround but is undiluted and thus dominant during winter baseflow and produces 

microbially altered heteroatomic-rich and older DOM (yellow circles). Hydrologic flow 

connection due to permafrost extent alligns with PC2, with continous permafrost on the 

bottom and discontinous/degraded permafrost on the top. In regions of continuous 

permafrost, groundwater contribution to streams is small and flow paths limited. 

Permafrost degradation leads to greater groundwater contributions, more flow path 

possibilities and longer residence time, and a greater impact of groundwater DOM from 

autochtonous production or permafrost-thaw.  
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Tables: 

Table 1. Total dissolved organic carbon (DOC) concentrations, specific ultraviolet 

absorbance at 254 nm (SUVA254), and carbon isotope values across the six great Arctic 

Rivers from June 2012 to December 2017 (or January 2018 for the Yukon) (mean ± 

standard error) during spring (May and June), summer (July-October), and winter 

(November-April).  

River Season DOC 

mgCL-1 

SUVA254 

Lmg 

C-1m-1 

δ13C-DOC 

(‰) 

Δ14C-DOC 

(‰) 

Ob’ Spring 11.7 ± 0.9 3.7 ± 0.2 -28.7 ± 0.4 23.0 ± 7.0 

Summer 11.0 ± 1.0 3.5 ± 0.2 -28.1 ± 0.5 -32.8 ± 12.9 

Winter 7.6 ± 0.6 3.2 ± 0.2 -28.5 ± 0.5 -94.8 ± 20.1 

Yenisey Spring 7.8 ± 1.7 3.5 ± 0.3 -27.8 ± 1.0 -6.3 ± 41.2 

 Summer 5.5 ± 0.5 3.3 ± 0.1 -27.4 ± 0.7 -28.8 ± 13.9 

 Winter 3.3 ± 0.2 2.7 ± 0.1 -26.9 ± 1.0 -45.4 ± 6.0 

Lena Spring 12.5 ± 3.0 3.5 ± 0.2 -28.8 ± 0.5 47.6 ± 12.1 

 Summer 7.1 ± 0.5 3.1 ± 0.2 -27.9 ± 0.2 20.5 ± 5.5 

 Winter 6.5 ± 0.5 3.2 ± 0.1 -28.2 ± 0.2 23.0 ± 6.3 

Kolyma Spring 6.4 ± 1.6 2.8 ± 0.3 -28.9 ± 0.4 12.1 ± 25.4 

 Summer 4.5 ± 0.3 2.6 ± 0.1 -29.2 ± 0.2 -30.5 ± 9.6 

 Winter 3.5 ± 0.2 1.9 ± 0.1 -28.7 ± 0.3 -58.5 ± 7.8 

Yukon Spring 5.3 ± 0.9 2.9 ± 0.3 -29.6 ± 0.4 -58.9 ± 42.8 

 Summer 5.3 ± 0.5 3.0 ± 0.1 -28.4 ± 0.6 -82.0 ± 16.0 

 Winter 3.2 ± 0.4 2.4 ± 0.1 -26.8 ± 0.9 -150.0 ± 13.5 
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Mackenzie Spring 6.5 ± 0.4 2.8 ± 0.2 -29.0 ± 1.2 9.7 ± 12.7 

 Summer 4.1 ± 0.3 2.5 ± 0.1 -26.3 ± 0.8 -37.3 ± 9.9 

 Winter 4.0 ± 0.2 2.1 ± 0.1 -25.9 ± 0.7 -16.9 ± 5.6 
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Table 2. FT-ICR MS compound class and island of stability (IOS) and core Arctic riverine fingerprint (CARF) percent relative 

abundances across the six great Arctic Rivers from June 2012 to December 2017 (or January 2018 for the Yukon) (mean ± standard 

error) during spring (May and June), summer (July-October), and winter (November-April). 

 

River Season n Condensed 

Aromatics (%RA) 

Polyphenolics 

(%RA) 

HUPs (%RA) Aliphatics 

(%RA) 

Sugar-like 

(%RA) 

Peptide-like 

(%RA) 

IOS (%RA) CARF 

(%RA) 

Ob’ Spring 6 3.6 ± 0.4 11.5 ± 0.8 77.6 ± 1.5 6.1 ± 0.5 0.9 ± 0.1 0.4 ± 0.2 24.9 ± 1.6 67.2 ± 3.2 

Summer 12 3.0 ± 0.2 11.2 ± 0.3 79.6 ± 0.6 5.1 ± 0.3 0.7 ± 0.1 0.3 ± 0.1 26.3 ± 0.7 66.3 ± 1.9 

Winter 16 1.9 ± 0.1 9.2 ± 0.3 82.7 ± 0.3 5.3 ± 0.2 0.5 ± 0.1 0.4 ± 0.0 28.8 ± 0.6 67.5 ± 1.2 

Yenisey Spring 6 2.8 ± 0.5 10.2 ± 1.2 81.0 ± 1.7 4.9 ± 0.2 0.8 ± 0.2 0.4 ± 0.1 26.0 ± 1.6 65.2 ± 1.7 

 Summer 12 2.3 ± 0.1 9.2 ± 0.3 82.6 ± 0.4 5.0 ± 0.3 0.7 ± 0.1 0.3 ± 0.1 28.2 ± 0.6 66.8 ± 1.2 

 Winter 16 1.9± 0.2 8.0 ± 0.4 84.3 ± 0.8 5.1 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 29.4 ± 0.8 66.7 ± 1.5 

Lena Spring 6 3.4 ± 0.4 11.0 ± 0.6 79.3 ± 1.3 5.2 ± 0.6 0.8 ± 0.1 0.4 ± 0.2 23.4 ± 1.2 62.1 ± 2.4 

 Summer 11 2.3 ± 0.1 8.7 ± 0.2 83.1 ± 0.5 4.8 ± 0.3 0.7 ± 0.1 0.4 ± 0.1 28.4 ± 0.6 67.7 ± 1.1 

 Winter 16 2.4 ± 0.1 9.0 ± 0.3 83.0 ± 0.5 5.0 ± 0.2 0.5 ± 0.1 0.3 ± 0.1 27.4 ± 0.8 66.2 ± 1.8 

Kolyma Spring 6 2.5 ± 0.7 8.3 ± 1.3 81.6 ± 2.8 6.2 ± 0.8 0.8 ± 0.2 0.7 ± 0.2 26.0 ± 1.7 65.1 ± 1.6 

 Summer 12 1.4 ± 0.1 6.8 ± 0.2 86.1 ± 0.4 4.9 ± 0.2 0.5 ± 0.0 0.4 ± 0.1 28.9 ± 0.8 66.0 ± 1.4 
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 Winter 14 0.7 ± 0.1 4.7 ± 0.2 88.2 ± 0.3 5.4 ± 0.2 0.4 ± 0.0 0.7 ± 0.1 32.2 ± 0.8 69.3 ± 1.4 

Yukon Spring 4 2.4 ± 0.5 9.1 ± 0.9 81.4 ± 1.5 5.9 ± 0.5 0.6 ± 0.1 0.6 ± 0.1 26.3 ± 0.7 66.4 ± 1.0 

 Summer 10 2.4 ± 0.1 9.7 ± 0.3 82.3 ± 0.4 4.6 ± 0.2 0.6 ± 0.1 0.3 ± 0.1 27.7 ± 0.5 67.9 ± 1.1 

 Winter 14 1.6 ± 0.2 7.5 ± 0.5 85.2 ± 0.6 5.0 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 31.5 ± 0.8 71.5 ± 1.2 

Mackenzie Spring 5 2.2 ± 0.2 8.8 ± 0.2 83.3 ± 0.6 4.8 ± 0.4 0.6 ± 0.1 0.4 ± 0.1 26.3 ± 0.9 65.2 ± 2.0 

 Summer 10 1.5 ± 0.1 7.2 ± 0.3 85.7 ± 0.5 5.0 ± 0.2 0.4 ± 0.0 0.3 ± 0.1 29.9 ± 0.7 69.4 ± 1.9 

 Winter 18 1.2 ± 0.1 6.2 ± 0.1 86.1 ± 0.1 5.7 ± 0.2 0.5 ± 0.0 0.4 ± 0.1 30.6 ± 0.3 71.1 ± 0.6 
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