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Key Points

1) Synchrony: Ultrahigh-resolution mass spectroyngfiows seasonality controls

dissolved organic matter composition in six largeti& rivers

2) Stability: A core Arctic riverine fingerprint vg@afound in all rivers and months for six

years and may add stable carbon to the global ocean

3) Shifting sources: Permafrost thaw may increddestable carbon load via increasing

groundwater inputs and microbial processing time
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Abstract

Climate change is dramatically altering Arctic eggiems, leading to shifts in the
sources, composition, and eventual fate of rivedissolved organic matter (DOM) in
the Arctic Ocean. Here we examine a six-year DORpositional record from the six
major Arctic rivers using Fourier-transform ion ftcon resonance mass spectrometry
paired with dissolved organic carbon isotope datdq, 5°C) to investigate how
seasonality and permafrost influence DOM, and h@WDexport may change with
warming. Across the pan-Arctic, DOM molecular comsiion demonstrates synchrony
and stability. Spring freshet brings recently lestkerrestrial DOM with a latent high-
energy and potentially bioavailable subsidy, redorgthe historical paradox between
freshet DOM’s terrestrial bulk signatures and Higblability. Winter features undiluted
baseflow DOM sourced from old, microbially degradgdundwater DOM. A stable core
Arctic riverine fingerprint (CARF) is present in aamples and may contribute to the
potential carbon sink of persistent, aged DOM md¢lobal ocean. Future warming may
lead to shifting sources of DOM and export throughflattening Arctic hydrographs and
earlier melt modifying the timing and role of tharieg high-energy subsidy; 2)
increasing groundwater discharge resulting in atgrefraction of DOM export to the
ocean occurring as stable and aged molecules;)andrdasing contribution of
nitrogen/sulfur-containing DOM from microbial dededion caused by increased
connectivity between groundwater and surface waheesto permafrost thaw. Our
findings suggest the ubiquitous CARF (which maytdbnte to oceanic carbon
sequestration) underlies predictable variationsvierine DOM composition caused by

seasonality and permafrost extent.
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Plain Language Summary

Climate change is causing the Arctic to warm, legdo the thaw of permafrost
(permanently frozen ground) and shifting the duttion of plants, which in turn impact
the quantity and quality of dissolved organic nrai®OM) in rivers. The fate of the
carbon found in river DOM depends on its sourcehesdetermines its composition — a
smorgasbord of organic substrates with some dektmbe rapidly turned into
greenhouse gases through respiration, while othagsbe exported to and sequestered in
the ocean for millennia. Understanding the souacescomposition of DOM presently in
Arctic rivers will help predict future changes letglobal carbon cycle. In this study we
examine six years of data on the composition of DiBivhd in the six largest Arctic
rivers (sampled by the Arctic Great Rivers Obsamgt Overall, our work suggests that
DOM in large Arctic rivers contains a universal €@rctic riverine fingerprint (which
may contribute to long-term ocean carbon sequéstiatand that there are predictable,
pan-Arctic seasonal changes in DOM compositionalimwe explore how future
warming may shift DOM sources in Arctic rivers, fieuwlarly due to increasing

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

Climate change—induced warming is greatest irAtfeéic, invoking globally
significant shifts in atmospheric circulation, canlcycling, and permatfrost stability and
extent (Serreze & Barry, 2011). The northern perasafregion stores ~1500 Pg of soil
organic carbon (Schuur et al., 2015). Carbon iempaally frozen ground (permafrost) is
vulnerable to warming-induced thaw, emission agigneuse gases, erosion from abrupt
thaw processes and riverine transport as parteola@anic matter, and lateral agueous
transport as dissolved organic matter (DOM) (Sclawal., 2015; Turetsky et al., 2020).
Permafrost controls hydrology, and thaw can alteugdwater flow and river discharge
(Walvoord & Kurylyk, 2016). Arctic river dischargend direct groundwater inputs are so
significant in the small Arctic Ocean Basin that thrctic Ocean itself has been
described as a giant estuary (Connolly et al., 2B@0mes et al., 2012; Kaiser et al.,
2017; McClelland et al., 2012). Changes in freslewatputs could impact ocean
stratification and circulation (Arnell, 2005). Wheambined with potential changes in
exported riverine DOM composition and bioavailaljlsuch changes in ocean structure
could alter heterotrophic metabolism, nutrient reggation, and subsequent primary
production (Holmes et al., 2008; Mann et al., 20RYyer runoff contributes to Arctic
Ocean carbon dioxide (GPdrawdown potential not only through total alkélrexport
but also through respiration of exported DOM (Drakank, et al., 2018; Tank et al.,
2012; Tremblay et al., 2015). If Arctic river DOM&omMes more plentiful or
bioavailable, this could alter the Arctic Oceareslmon sink capacity (Tremblay et al.,

2015). Understanding the controls of Arctic riveridDOM is therefore critical, as
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warming landscapes may lead to DOM changes impgapt@m-Arctic greenhouse gas
production and sequestration.

Large Arctic rivers integrate all processes aradures present in their watersheds,
providing a holistic snapshot of the state of thietik landscape (Holmes et al., 2013).
The fate and reactivity of riverine DOM (a complaikxture of degradation byproducts
and recently created compounds) is linked to itaasition (Kellerman et al., 2015;
Smith, H. J. et al., 2018). In turn, compositiopeieds on source and processing history
(Kellerman et al., 2014; Stubbins et al., 2010) asteements of stable isotope ratios and
radiocarbon content have long been used to hekdifgddOM sources (Connolly et al.,
2020; Fellman et al., 2014; Raymond & Bauer, 200teaddition to these classic bulk
measurements, recent advances in Fourier-transéoricyclotron resonance mass
spectrometry (FT-ICR MS) now allow unparalleledigigs into DOM composition by
identifying thousands of individual formulae presenDOM to enable elucidation of
trends in DOM composition across systems and througe (Antony et al., 2017;
Johnston et al., 2018; Spencer et al., 2019). FRMS has been used to examine DOM
sources in diverse aquatic systems, including siferg. Drake, Guillemette, et al., 2018;
Spencer et al., 2019), groundwater (e.g. McDonoRgitljdge, et al., 2020) and lakes
(e.g. Johnston et al., 2019; Kellerman et al., 20C6mbined, carbon isotope and FT-
ICR MS data offer a powerful tool to assess DOMrses and the processes controlling
them (Behnke et al., 2020; McDonough, Rutlidgealet2020; Stubbins et al., 2017).

Here, we assess seasonal controls of DOM comgositiArctic rivers using
ultrahigh resolution mass spectrometry combinet waditional DOM measurements

such as optical (e.g. specific UV-absorbance atrzb4which has been shown to be a
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robust proxy for aromaticity; Weishaar et al., 2p88d isotopic§C andA*C) data.

We examine seasonal and spatial variability in D@Mecular composition. Using
molecular-level analysis, we attempt to explaintitstorical paradox between the bulk
DOM signatures of Arctic spring freshet that appearestrial and aromatic yet exhibit
high biolability. Further, we assess the prevalarfcgtable DOM in Arctic rivers by
examining the dominant and persistent core Arotierine fingerprint (CARF), and we
determine whether Arctic rivers could be a sourcgtable DOM such as the “island of
stability” compositional region that persists ir tijlobal ocean (and that may serve as an
oceanic carbon sink; Jiao et al., 2010; Lechterdéla., 2014). We also explore how
differences in DOM composition among rivers relatéifferences in watershed
permafrost extent. To achieve these goals, we exagix years (2012-2017) of FT-ICR
MS data on DOM molecular formulae (to our knowledhe longest time-series study
employing FT-ICR MS yet conducted), dissolved orgaarbon (DOC) concentrations,
and DOC radiocarbon and stable carbon isotope dati for the six largest Arctic rivers
(the Ob’, Yenisey, Lena, Kolyma, Yukon, and MackenArctic Great Rivers
Observatory; www.arcticgreatrivers.org; Fig. 1). W& the knowledge we gain of the
controls on DOM composition to begin assessing blinvate change could modify
Arctic riverine DOM composition and what impactElichanges could have on Arctic

Ocean biogeochemistry, productivity, and carbonasfe.

2. Methods

2.1 Study locations and sample collection
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Samples from the six largest Arctic rivers werembed as part of the Arctic
Great Rivers Observatory (Fig. 1). Each river was@ed approximately once every two
months beginning in June 2012 and ending in Dece®E/ (or January 2018 in the
case of the Yukon; exact sampling dates can bedfatimww.arcticgreatrivers.org)
targeting alternate months in alternate years. Widtegrated samples were collected
from each river across the hydrograph at sampbnogtions near the river-mouth but
above tidal influence for a total of 194 samplessdnl on a standardized collection
method. Briefly, during open water periods, 1 Lfaoe water samples were collected
from stations at each riverbank and 2 L samplegwellected from a mid-channel
station during all years. All samples were combiimed processing carboy and kept cold.
Under-ice samples were collected from the mid-ckasarface station through a hole in
the ice. Sampling locations were Salekhard (ObdiDka (Yenisey), Zhigansk (Lena),
Cherskiy (Kolyma), Pilot Station (Yukon), and Tslgchic (Mackenzie) (Holmes et al.,

2012; McClelland et al., 2008; Raymond et al., 2003kos et al., 2020).

2.2 DOC concentration, optical properties, andoges

Samples for DOC concentration and absorbance mexasuats were filtered
within a few hours of collection through a pre-cled Geotech Dispos-a-filter (0.45
pore size capsule filter, Geotech Environmentad) faozen until analysis. Concentrations
were measured on a Shimadzu TOC/TN analyzer aMbmdwell Climate Research
Center (WCRC,; formerly Woods Hole Research Centéh values from individual
samples reflecting the mean of 3-5 replicate imast(coefficient of variance <2%)

(Mann et al., 2016). Absorbance was analyzed am&lieam Shimadzu UV-1800
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spectrophotometer (200-800 nm at 1 nm intervatsndathlength) at WCRC (Mann et
al., 2016). Carbon specific ultra-violet absorba(®gVAzs4 which is correlated with
DOC aromaticity) was calculated by dividing the adic UV absorbance at 254 nm by
the DOC concentration of each sample (Weishadr,&G03).

Samples for measurements of stable carbon iso#tips and radiocarbon content
were filtered through 47 mm quartz filters (Whatn@M-A 2.2 um pore size, pre-
combusted at 850°C for 6h) and stored frozen id-Eached polycarbonate bottles.
Samples from 2012-2016 were UV-oxidized on a systendirectly connected to
vacuum lines where CQvas captured and cryogenically purified at Yalevdrsity
(Raymond & Bauer, 2001b). Sample aliquots werequlan clean quartz tubes, acidified
with 0.2 mL of ultra-high-purity 40% phosphoric dcand sparged with nitrogen to
remove inorganic carbon. Pure Was added as an oxidant, samples were oxidizéd wit
UV, and CQwas captured cryogenically on a vacuum line. Tkelteg purified CQ
was then analyzed féf3C andA'“C at the National Ocean Sciences Atomic Mass
Spectrometry facility. Samples for 2017-2018 wengjexct to wet chemical oxidation
(Lang et al., 2016) and analyzed §#C-DOC andA'C-DOC at the accelerator mass
spectrometer (AMS) facility at ETH-Zurich. Brieflgample aliquots were placed in
combusted glass vials, and 1 mL acidified sodiunsydéate solution was added as an
oxidant. Vials were sealed and purged with hightginelium to remove inorganic
carbon. Samples were then heated to 95 °C for L tbhazonvert sample DOC to G@nd
injected into a MICADAS (MIni CArbon DAting Systenaccelerator with a gas-
accepting ion source (Ruff et al., 2010). All dasave 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 FAICR MS analyses were filtered through pre-cleanedt&ch
Dispos-a-filter (0.45%um pore size capsule filter, Geotech Environmerted) pre-
cleaned high-density polyethylene bottles and dttn@zen until being soligpphase
extracted onto reversed phase BondElut PPL col{f@®mg; Agilent) as previously
described (Dittmar et al., 2008). Acidified (pHs®mples were passed through pre-
cleaned PPL columns with volumes adjusted to atargncentration of 40g C mL! in
final methanol (JT Baker HPLC grade) elutes. Exttraeere stored at -20° C until
analysison a 21 T FT-ICR MS at the National Higagvletic Field Laboratory in
Tallahassee, Florida (Hendrickson et al., 2015tigm. F. et al., 2018) with negative
electrospray ionization. Each mass spectrum celteconsisted of 100 co-added time
domain acquisitions.

Molecular formulae were assigned to spectral pgalks>6c rootmeanrsquare
baseline noise (O'Donnell, Aiken, Butler, et a018; Spencer et al., 2019) with PetroOrg
©™ software (Corilo, 2015). Elemental constraint€eofisH1-92No-401-255-2 and a mass
accuracy<300 ppb were applied to formulae assignments (Kela et al., 2018). The
modified aromaticity index (Adod) was calculated to assess the degree of aronyaticit
based on molecular formula (Koch & Dittmar, 200618). Compound classes were
assigned using Abd and elemental ratios as follows: polyphenol@® K Alnod< 0.66);
condensed aromatics (A > 0.66); highly unsaturated and phenolics (HURgof<
0.5, H/C < 1.5, O/G 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 (15H/C < 2.0, and N > 0). Though molecular formulae
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can be assigned to FT-ICR MS peaks, each molefariaula may represent multiple
isomers and therefore exact compound structureatdrendetermined. Relative
abundances of each formula were determined by nizingaeach peak magnitude to the
sum of all assigned peaks in each sample. Theibatiins of the compound classes
were then calculated as the sum of all the relatluendances of each peak in each
compound class divided by the summed abundancasassigned formulae in each
sample expressed as percentages. Similar calmsatiere used to determine the relative
abundances of compounds containing different elémhenmpositions (e.g. CHO,

CHON, CHOS, CHONS).

2.4 Data analyses

Statistical tests for differences between seas@mns performed on both bulk
metrics and on FT-ICR MS data using tk&tix (Kassambara, Alboukadel 202&nd
car (Fox & Weisberg, 2019) packages and base R (R Tenen, 2019) (see Table S1 for
full list of variables and results of statisticasts). Normality was tested using the
Shapiro-Wilk test of residuals from the linear mioofevariable by season. For variables
failing the normality test, Kruskal-Wallis testscaWilcoxon'’s tests to assess differences
between seasons were performed. For variablesmgebe normality test, homogeneity
of variance was tested using Levene’s test. Foabkes failing the homogeneity of
variance test, a one-way ANOVA assuming unequaamae and a pairwigetest to
assess differences between seasons was used.rigblesthat passed the homogeneity
of variance, a one-way ANOVA assuming equal variasicd a pairwisetest was

performed.
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Correlations between percent relative abundar®é&A) of individual molecular
formulae and bulk metrics of DOM quantity, compingif and age (DOC concentration,
SUVA2s4, andA“C-DOC values) were examined using Spearman’s ranklation
coefficients (Spearman correlation; a non-parameteasure of the strength of two
variables’ relationship with no distribution assuimps and minimal sensitivity to

outliers; significant ifpg> 0.2 andp < 0.05). Spearman correlations for each of th28.,3

formulae present in the CARF (which were formuldentified in every sample from
every river for all six years, i.e. always presas)well as the 361 formulae present in the
“island of stability” (I0S) were calculated betweemnvironmental parameters and the
sum-normalized intensity of peaks with assignedtdae using R (R Core Team, 2019)
using the packagegshape2 (Wickham, 2007)yegan (Oksanen et al., 201%imisc
(Harrell & Dupont, 2019), anfields (Furrer et al., 2017).

Principal component analysis (PCA) was used tongxa relationships between
DOM compositional data (FT-ICR MS data, DOC concaitns, SUVAss, ands!*C-
DOC andA'“C-DOC values) in R (R Core Team, 2019) usingféictoextra package
(Kassambara, Alboukadel & Mundt, 2017) with varesbscaled to unit variance to make
them comparable. This technique reduces continoauvariate data dimensionality
while retaining information on dataset variabiligfiowing patterns in dataset

organization to emerge.

3. Results and Discussion

3.1 Seasonal synchrony and the latent high-engngrygssubsidy
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Samples were examined by season, with springdtédiay and June), summer
(July-October) and winter low-flow period (Novemb&pril) corresponding to distinct
hydrologic phases of high-latitude northern riv@gtslmes et al., 2012). Averaged across
the six sampling years, spring freshet had higp€¥C concentrations and winter
baseflow had the lowest (Table 1; Fig. Rajskal-Wallis testp < 0.0001; see Table S1
for full test results from statistical tests indlsiection), as has been shown in past studies
of many Arctic rivers where DOC concentrations etate with discharge and are highest
during freshet both in large (e.g. Amon et al.,2Maiser et al., 2017; Mann et al.,

2016; Raymond et al., 2007) and smaller (e.g. Johret al., 2018; McClelland et al.,
2014) Arctic rivers. Average SUVWA4 values were also highest during spring freshet and
lowest in winter (Table 1; Fig. 2b; Kruskal-Waltesst:p < 0.0001), as is observed when
aromatic terrestrial material is a significant ecdnitor to riverine DOM during Arctic
freshet but less of a contributor during frozenteirconditions (Mann et al., 2016;
O'Donnell et al., 2012; Striegl et al., 2007). 8prfreshet had the lowe$t*C-DOC
values averaged across all rivers and years, thimgg¥idual rivers showed more
variability and lacked strong seasonal variatiohas been previously demonstrated
(Table 1; Fig 2c; Raymond et al., 2007; Wild et 2019), with only winter and spring
being statistically different from one another (¥dkan’s pairwise comparisonsg <
0.05). Spring freshet also had the high€$€C-DOC values, while winter baseflow had
the lowest values (radiocarbon ages from 1533 y&efwe present (ybp) to >modern
and 2371 ybp to >modern, respectively; Table 1; #ij Kruskal-Wallis testp <

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

has been well documented previously for large Angtiers (Raymond et al., 2007; Wild
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et al., 2019), though some aged DOC has been segming in large Arctic rivers as
well (Schwab et al., 2020).

The FT-ICR MS compound classes comprised of caseiearomatics and
polyphenolics (Table 2; Fig. 2e-f) have been tedltochthonous DOM inputs from soll
and vascular plants, and had their highest ave¥@ga during the spring freshet and
lowest average %RA during winter across all samfdegskal-Wallis testp < 0.0001;
one-way ANOVA:p < 0.0001, respectively) (Johnston et al., 2019tekman et al.,
2018; O'Donnell, Aiken, Butler, et al., 2016; Séideal., 2015; Sleighter & Hatcher,
2008). Some condensed aromatics may also origiratecombustion, which can be a
substantial aerosol source in the Arctic (Barrettlg 2015). Average %RA of sugar-like
formulae across all samples was also highest deprigg freshet and lowest in winter
(Table 2; Fig 2g; Kruskal-Wallis tegt:< 0.0001). Both the contribution of sugar-like
formulae to DOM and the concentration of total lojgsable neutral sugars in Arctic
rivers have been shown to correspond to high-digehavents, suggesting that sugar-like
formulae may build up in soils over winter and thendisproportionately flushed from
land to river in surface runoff (Johnston et al18; Kaiser et al., 2017).

In contrast, winter contained the greatest couatidn of HUPs while spring
freshet contained the smallest (Table 2; Fig. 2tusKal-Wallis testp < 0.0001), though
HUPs dominated all samples’ %RA as is typical inND@lobally (Kellerman et al.,
2018; McDonough, O'Carroll, et al., 2020; Spen¢el.e 2019). HUPs have been
attributed to vascular plant—derived lignin degtamaproducts or chemically persistent
aquatic carboxyl rich alicyclic molecules (CRAM)itvdebate over whether these

different sources can be distinguished using FT-M®Rdata (Sleighter & Hatcher,
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2008). CRAM in turn has been attributed to biomoles of microbial origin, suggesting
some HUPs could be autochthonously derived (Hemtkbal., 2006). Winter also
contained the largest average %RA of the core ératerine fingerprint and island of
stability formulae (CARF and I0S; see section Figure 2i-j; Table 2; Kruskal-Wallis
test:p < 0.001 and one-way ANOVAa < 0.0001, respectively). The aliphatic and
peptide-like compound classes (which make up onagee<l %RA for all seasons and
all rivers) show less clear seasonal variation (@ &b pairwisd-testpag < 0.05 for
spring/summer and summer/winter only, and Kruskal\/test:p = 0.15, respectively).
This is likely due to the fact that aliphatics hdne=n shown to derive from a wide
variety of sources that may differ spatially andssmally around the Arctic, including
vegetation (Johnston et al., 2019), permafrosttgffstubbins et al., 2017), and microbial
production in glaciers and snow (Antony et al., 20deng et al., 2016). In general,
peptide-like formulae also provide evidence fornoigal activity (Antony et al., 2017;
Lawson et al., 2014).

Past studies have suggested that dramatic seasoralons dominate patterns in
Arctic riverine DOM composition, despite waterstsgecific characteristics, with winter
DOM being most chemically distinct compared to sgror summer DOM (Amon et al.,
2012; Holmes et al., 2012; O'Donnell et al., 20T2e pan-Arctic similarity in DOM
composition in the present study confirmed thisseaal dominance: principal
component one (PC1) of the PCA (Fig. 3; see FigoBtariable contributions to PC1
and PC2) separated the samples by seasonalityxatadreed 39.82% of the variance,
while PC2 only accounted for 17.36% of the variafthe watershed-specific drivers of

PC2, including watershed percent permafrost coegrag discussed in section 3.4).
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Characteristics indicative of recently producedestrial DOM such a%'C enrichment
(Amon et al., 2012; Hood et al., 2008C depletion (Fellman et al., 2014; Raymond &
Bauer, 2001a), increased relative abundances afecmed aromatic and polyphenolic
formulae (Behnke et al., 2020; Kellerman et al1£205eidel et al., 2015), elevated DOC
concentration (Tank et al., 2018) and elevated SkéwWalues (Fellman et al., 2008)
clustered on the negative end of PC1 (Fig. 3ajlicasamples from spring freshet (Fig.
3b). The positive end of PC1 was associated wittltevisamples (Fig. 3b), as well as
with %C depletion and®C enrichment (previously associated with groundn@ateM;

Fig 3a) (McDonough, Rutlidge, et al., 2020; Nakettal., 2013; Schiff et al., 1997).
Increased terrestrial DOM signatures are charatieof Arctic freshet, with deep, sub-
and intra-permafrost groundwater representatiwgiofer baseflow in perennially
flowing Arctic rivers (Amon et al., 2012; Douglasa., 2013; Holmes et al., 2012;
Johnston et al., 2018; Mann et al., 2016; Woo0.e2808).

Despite the overwhelming terrestrial and arom@dittre of Arctic freshet DOM
(Amon et al., 2012; Holmes et al., 2012; Johnstad.e2018; Mann et al., 2016), Arctic
riverine DOM has also been found to be most bidakke during freshet (Holmes et al.,
2008). Because aromatic DOM is usually consideged bioavailable than aliphatic
DOM (D'Andrilli et al., 2015; O'Donnell, Aiken, Blar, et al., 2016; Textor et al., 2019;
Ward & Cory, 2015), this freshet combination offfligaromatic terrestrial bulk
signature yet apparently bioavailable DOC pool pa@sehemical paradox. The high
degree of chemical resolution afforded by FT-ICR pM8sents a solution by identifying
a latent high-energy subsidy present concurrenitly thie bulk of more oxidized and

aromatic “terrestrial” formulae that dominate tipeisg freshet DOM. Unique molecular
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fingerprints of spring freshet (Fig. 4a), summeg(KBb), and winter (Fig. 4c) riverine
DOM were identified as formulae only present durimg season in at least three samples
and two rivers (Table S2; Table S3). A suite ofquei aliphatic and peptide-like
formulae distinguished the spring fingerprint, derstoating an energy-rich spring
subsidy. These formulae have higher H/C ratios {aod greater stored chemical energy)
than the unique winter aliphatic and peptide-likerulae identified. The high H/C ratios
of such formulae likely correspond to energy-ricmpoundgHopkinson et al., 1998;
Lawson et al., 2014; Smith, H. J. et al., 2018;f8pe et al., 2015), as do the unique
sugar-like formulae presenthich can be rapidly and preferentially consumed b
microbes (O'DonnellAiken, Butler,et al., 2016; Spencer et al., 2015).

Compound class trends corroborate the concept ehargy-rich spring subsidy.
Five rivers had the highest average %RA of sud@rflormulae during freshet while four
had the greatest contribution of aliphatic and igeplike formulae during freshet (Table
2). In contrast, the mean of the weighted averafése H/C ratios for all molecular
formulae present in each sample was primarily ldwespring and highest in winter
(and mean O/C weighted average the opposite; oyeAMOVA: p < 0.0001 and
Kruskal-Wallis testp < 0.0001, respectively; Fig. 2k-l for dataset agers; Table S1 for
statistics; Table S4 for river averages). This shidvat bulk freshet DOM metrics (e.g.
averaged elemental ratios) are dominated by oxddaematic material despite the
presence of a latent high-energy fraction. In mrasiArctic river studies, both the
terrestrial signature of DOM (%RA of polyphenolexsd carbon normalized lignin yield)
and %RA of sugar-like formulae increased duringHiet on a medium-sized Russian

river (Johnston et al., 2018). Further, carbohyraamino acids, and plant phenols have
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been observed to increase in spring indicating batncrease in high-energy
compounds and direct terrestrial leaching (Kaised.e2017). The persistence of energy-
rich formulae near river mouths in spring shows tba temperature, rapid flow
conditions in freshet facilitate leaching and rag@vnstream shunting of energy-rich,
biolabile compounds (Raymond et al., 2016), whig® anobilizing the aromatic
compounds that provide the bulk terrestrial DOMhatgre. The unique spring formulae
may represent a bioavailable subsidy to marineaghiat communities during a time
when both discharge and DOC concentrations ateeatpeak.

The unique molecular formulae present in wintlee (argest unique seasonal set
of formulae present) contained HUPs and a suiteh@fue peptide-like and aliphatic
formulae, which may reflect microbial inputs (Anyoet al., 2017; Lawson et al., 2014).
These may be derived from microbial degradatiohaleurs during the subsurface flow
of groundwater and could persist into main rivearatels without being consumed
during winter due to cold under-ice conditions destheir hypothesized biolabile nature
(Lawson et al., 2014; Textor et al., 2019; Wicklatdl., 2012). Additionally, the
concentrations of DOC in winter in these rivers rbaytoo low to make individual
formulae metabolically worthwhile for microbial ceumption despite their theoretically

biolabile composition, as has been suggested ip deean DOC (Arrieta et al., 2015).

3.2 Radiocarbon ages and potential groundwaterceswf winter DOC
TheAC-DOC values of the winter samples also suggesttsnpf moderately
aged carbon from soil sources carried by groundwapeits (which can drive baseflows

in Arctic rivers; e.g. Clark et al., 2001; Dougktsal., 2013; Walvoord & Striegl, 2007).
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A discussion of groundwater in the permafrost zereomplicated by extreme variability
in both permafrost extent and groundwater flowpattesind the pan-Arctic (Walvoord &
Kurylyk, 2016; Woo et al., 2008). Permafrost ofsanves as an aquatard due to ice
saturation in soils, leading to perched water ®hlgsove an impermeable surface.
Subsurface flow of water in permafrost zones isgler water can be located above the
permafrost surface (suprapermafrost groundwatetpwbthe permafrost layer
(subpermafrost groundwater), or inside unfrozeresamithin permafrost (taliks;
intrapermafrost groundwater) (Woo, 2012). Heretémsn groundwater indicates all of
these, though differences in their contributiont &so be discussed.

The oldest DOC in this datas@f'{C -262%.) occurred in the winter Ob’ samples.
Across the six rivers winter had significantly lawe“C values (mean * standard error: -
50.23 £ 6.89%o0) than spring (6.35 + 11.27%o; Wilco¥otest:pag < 0.0001) and
insignificantly lower values than summer (-30.76.20%0 Wilcoxon’s testpag = 0.13)

(Fig. 2d; Table S1). Since the Ob’ watershed costtie least continuous permafrost of
the six rivers (Holmes et al., 2012), it likely edges the most input from deep
subpermafrost/intrapermafrost groundwaters (whrehnaost connected to surface waters
when not blocked by impermeable continuous permsafayers; Walvoord & Kurylyk,
2016). Discontinuous permatfrost allows subpermafyosundwater to provide winter
baseflow when other sources of river water aretéichdue to frozen surface conditions
(Douglas et al., 2013; Walvoord et al., 2012). Ehemtertime groundwater inputs likely
carry aged DOC, since DOC that persists in deeprgheater globally generally carries
an aged signature (McDonough, Rutlidge, et al.020&kata et al., 2013; Schiff et al.,

1997; Tipping et al., 2010; Wassenaar et al., 1,9891d since unfrozen suprapermafrost

This article is protected by copyright. All rights reserved.



groundwater flowing during winter months moves thgb taliks or deeper active layer
soils which generally store older carbon and takeér to freeze up (Wild et al., 2019).
Thawing permafrost may contribute to the modeyadged groundwater DOC
found in these rivers during the winter, but atsere DOC ages in this water are not old
enough to clearly distinguish between organic mateatributions from unfrozen surface
soils or Holocene permafrost or peat depositéq values of -197.5 + 148.3 versus -
567.5 £ 156.7%o for Eurasia; Wild et al., 2019). Wtieese data do indicate is that at
present, DOC contributions from older permafrostrainimal, which is consistent with
small contributions of old permafrost carbon t@atn DOC identified in isotopic mixing
models (Mann et al., 2015; O’Donnell et al., 20Mhile permafrosph*C-DOC values
can be highly“C-depleted, for example reachingC values below -950%. in some
locations (Mann et al., 2015; Spencer et al., 20351k et al., 2013; Wild et al., 2019),
mainstem Arctic rivers generally exhibit high€r*C-DOC values (Amon et al., 2012;
Neff et al., 2006; Raymond et al., 2007; Wild ef 2019). Modern radiocarbon ages
have even been observed directly adjacent to peostahaw slumps (Spencer et al.,
2015; Stubbins et al., 2017). This lack of cleanprost thaw signature is consistent
with other studies of large Arctic rivers, whichvieaalso failed to observe an
unambiguous molecular or isotopic fingerprint civited permafrost DOC (Drake,
Guillemette, et al., 2018; Mann et al., 2015; Speermt al., 2015; Wild et al., 2019).
Instead, the moderately aga#*C-DOC values occurring in the rivers during wirdee
within the range of expected contributions fromhostiprapermafrost groundwater as it is

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

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

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

The CARF (1,328 formulae) were identified as thierfulae present in all
samples (all rivers and years; Fig. 5a; Table $hld S5) and made up the bulk of the
relative abundance (%RA, or signal intensity) asid®©M samples (>60%). The
compositional space occupied by the CARF refleetsda variety of compound classes,
including those with probable terrestrial souragshsas polyphenolics and condensed
aromatics (Behnke et al., 2020; Kellerman et @118 Seidel et al., 2015; Sleighter &
Hatcher, 2008) and those with possible autochth®sources such as aliphatics and
sugar-like formulae (Antony et al., 2017; Fenglet2016; Johnston et al., 2018). The
CAREF is similar to the common formulae identifiedall samples along a transect of the
Ob’-Irtysh river system and contained a similar f@mof formulae in a comparable
central region of van Krevelen space (1,328 vets629 formulae, respectively),
suggesting that the CARF could appear throughautiistream extents of large Arctic
rivers as well as near their termini (Perminovalgt2019).

The prevalence of the CARF reveals that at akk$imof year, all of these large
Arctic watersheds produce a chemically diverseupequitous compositional signal that
dominates riverine DOM flux to the Arctic Ocean.€lpersistence of this signal into the
global ocean depends on the long-term compositstaaility of the CARF, which is at
present unknown. However, the CARF includes 2844)78f 361 formulae previously

identified as the island of stability (I0S), a rmwrcompositional range associated with
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14C-depleted DOC in the ocean (Fig. 5b; Table S2¢litenfeld et al., 2014).
Lechtenfeld et al. (2014) proposed the 10S reprssée end products of DOM
degradation, featuring formulae of chemically statlolecules produced after biological
and physical DOM processing. The percent relatiuendance of the 10S present in
DOM increased with increasing DOC age in a globahgle set including riverine, lake,
groundwater and marine DOM, demonstrating the gpiensce of the IOS across the
aquatic continuum and suggesting its chemical lgial@ads to its old radiocarbon age
(Kellerman et al., 2018).

All' IOS formulae were identified in at least omeer in this dataset. The mean
relative abundance of 10S formulae in each sanmgeeased significantly (Table S1;
one-way ANOVA:p < 0.0001) from freshet (25.4 + 0.6%) to summerZ280.3%)to
winter (29.9 £ 0.3%) (Fig. 2j). The mean numbet@$ formulae present in each season
was largely invariant (spring: 347 + 2; summer: 351; winter: 351 + 1), only
increasing significantly between spring and wirfieable S1; Wilcoxon’s tesp < 0.05),
and the total number of molecular formulae did ¢f@nge significantly across season
(Table S1; Kruskal-Wallis tegti= 0.79). Thus, the increase in 10S contributioroasr
seasons is likely due to the increasing relativendbnce of the 10S formulae present in
each sample spectrum, suggesting the primary soofdbe IOS are present year-round
and most influential during winter baseflow. Supgad subpermafrost groundwater
inputs have been shown to drive baseflow in botreldatitude Arctic rivers on
discontinuous permafrost (Boucher & Carey, 2010ydpas et al., 2013) and higher
latitude Arctic rivers (Blaen et al., 2014; Boldeical., 2018; Woo et al., 2008;

Yoshikawa et al., 2007), especially in winter faatersheds that do not freeze solid
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(Clark et al., 2001; Pollard, 2005). These resalit with a global survey that showed
groundwater from a Colorado aquifer contained 36f4tive abundance 10S (Kellerman
et al., 2018), and suggest groundwater is an |I@g&sdere as well.

Groundwater inputs also provide the stable wihsseflow present in the great
Arctic watersheds, which span high and mid-latitud2espite being completely
underlain with continuous permafrost, the Kolymaewshed receives groundwater
inputs year round, and its winter flow is sourcatrely from supra- and subpermafrost
groundwater (Glotov et al., 2015). Similarly, wintBscharge from spring systems in the
middle basin of the Lena River Basin are thougltaosist of deep intrapermafrost
groundwater (Hiyama et al., 2013). Discontinuousradrost allows even greater
groundwater connectivity; in the Yukon watershe8%42continuous permafrost),
weathering signatures have shown that inputs freepdyroundwater flowpaths
dominated during winter but were present in snralbants throughout the year (Douglas
et al., 2013), and long-term increases in groundmantribution to streamflow have
been attributed to deepening flowpaths caused byafeost degradation (Walvoord &
Striegl, 2007). In the Ob’, where continuous pemostf coverage is low but sporadic and
discontinuous permafrost underlie a quarter ofthtershed, groundwater reservoirs join
other water sources such as lakes and wetlandswdmg baseflow during winter and
provide the bulk of solute inputs in its lower tatle, non-permafrost impacted reaches
(Frey et al., 2007; Xu et al., 2020).

Given the role that supra-, intra-, and sub-perastfgroundwater play in large
Arctic river baseflow, DOM from these groundwateusces likely provides part of the

unifying backbone of the CARF and I0S compositiaéch persist during all periods of
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the hydrograph, and onto which spring and summess®l signals are superimposed. In
general, DOC present in deep groundwater aquiéestable enough to have persisted
without further degradation, leading to generally @mdiocarbon ages and low
concentrations particularly at depth (McDonoughtlidge, et al., 2020; McDonough,
Santos, et al., 2020; Nakata et al., 2013; Paltieh,&2001; Schiff et al., 1997). Itis thus
not surprising that winter baseflow sourced fromugrdwater (particularly
subpermafrost) contributes stable formulae to I&ugic rivers.

By definition, formulae present in the CARF thatllpositive Spearman
correlations with DOC concentration (Fig. 6a), SWAFig. 6b), and“C enrichment
(Fig.6c)(and the smaller subset of positively correlate8 f@rmulae; Fig. 6d-f) had their
highest relative abundances in samples that wkesmtahen DOM was prevalent,
aromatic, and young. These CARF formulae are likelyrced from recent plant matter
rather than from the groundwater contribution ® @ARF addressed above, since these
formulae have their highest relative abundancesmdwpring freshet when DOC is
abundant an&*C-enriched (Holmes et al., 2012; Raymond et abD;72@nd when
terrestrial polyphenolic and condensed aromatimtdae (Kellerman et al., 2014; Seidel
et al., 2015) and formulae with high O/C ratios duate. Formulae negatively
correlating withA'4C-DOC, SUVAs4, and DOC in the CARF align with and include the
negatively correlated IOS region (the bulk of tls), which resembles a compositional
region previously correlated to old groundwater D@EDonough, Rutlidge, et al.,
2020). Low DOC concentrations (McDonough, Santbal.e2020), depleted'*C-DOC
values (McDonough, Rutlidge, et al., 2020; Schiféle, 1997), and low SUVA values

(Chapelle et al., 2016; O'Donnell et al., 2012)a@ften found in deep groundwater

This article is protected by copyright. All rights reserved.



aquifers, suggesting the association of thesestvath the IOS signal and this subset of
the CARF’s signature in these rivers is consistgtit a subpermafrost groundwater
source.

The positively and negatively correlated regionthem CARF may be indicative
of both the different sources and fates of CARF DOWe negatively correlated, old,
I0S-like region is consistent with subpermafrostugrdwater and likely persists into the
global ocean due to its chemical stability. Theifpoey correlated, modern edges of the
CARF (dominated by more aromatic and plant-deris@thpounds) are primarily sourced
from terrestrial (vegetation- and soil-derived) D@Mich may persist through the winter
via shallower groundwater inputs. Despite the @&RF formulae persist as far as the
mainstem rivers, they may eventually degrade oneg énter the ocean. The greater
oxidation and aromaticity of most of the positivetyrrelated formulae may render them
more susceptible to photochemical degradation edulation (Kujawinski et al., 2004;
Massicotte et al., 2017; Spencer et al., 2007;8tsb& Dittmar, 2015) than are the more
centrally located formulae, while the small sepoésitively correlated higher H/C
compounds with more aliphatic nature may be moseegtible to eventual microbial
processingLawson et al., 2014; Smith, H. J. et al., 20&)whatever rate these
processes occur, the result would be an eventstlation of the terrestrial DOM signal
in the ocean, with a final resemblance to the I@3nonstrating that the stable oceanic
carbon pool represented by the IOS (the originatcas of which are unknown;
Kellerman et al., 2018; Lechtenfeld et al., 201dld have a riverine source.

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

ocean, withL0-16% of Arctic river DOM potentially entrained Worth Atlantic Deep
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Water formation and increasing degradation of Artgirestrial DOM in transit from the
Arctic to Atlantic to Pacific Oceans (Hernes & Benn2006).1t remains to be seen how
ubiquitous the CARF signal is in rivers globallypw@whether it should more accurately
be known as the core riverine fingerprint), but @&RF’s ubiquity in large Arctic rivers
combined with the persistence of Arctic riverine l@ell into the Arctic Ocean (Amon
& Meon, 2004; Guéguen et al., 2005) could makentive|OS portion of the CARF a
future molecular tracer of riverine input withiretlirctic Ocean Basin. In turn, the
contribution of the 10S to Arctic riverine DOM wé&ge (~20—30 %RA for all samples;
Table 2) compared to the IOS contribution previgusported for rivers and streams in a
global dataset (11-22 %RA). The CARF’s encapsulaticthe I0S and the significant
contribution of 10S to Arctic riverine DOM suggehat Arctic rivers could be one
source of 10S formulae and stable DOM to the glazalan, potentially contributing to

the ocean’s carbon sink of stable DOM (Jiao e4l10).

3.4 Permafrost extent modifies riverine DOM

Principal component two (PC2) of the PCA examiri@M sample variability
(Fig. 3; Fig. S1) separated by watershed. Hetenodtitrogen or sulfur)-containing
classes and aliphatics clustered at the positidewhich corresponded with Ob’ samples
(~2% continuous permafrost). Kolyma and Lena sam@t¢00% and ~77% continuous
permafrost, respectively) cluster at the negatna @hile the Yenisey, Yukon, and
Mackenzie (~33%, ~23%, and ~16% continuous perragfrespectively) spread
betweenHigh heteroatom content and aliphatics contributiawe been correlated with

microbial processes in many environments inclugimgw (Antony et al., 2017), oceans
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(Bayer et al., 2019; Zheng et al., 2019), and ldketlerman et al., 2018), suggesting
that different contributions of microbially-deriv&{OM rich in heteroatoms may drive
the separation along PC2 by watershed. Microbiddlgived DOM is more dominant in
aquatic environments with longer residence timesdkins et al., 2016; Kellerman et
al., 2014; Kellerman et al., 2015). It is well dogented that permafrost extent influences
water residence time in catchments and soils (Ala-£t al., 2018; Song et al., 2020;
Walvoord & Kurylyk, 2016); permafrost creates sballaquatards, routing water rapidly
through porous organic soil layers to streams (&#tet al., 2015; Woo et al., 2008).
Permafrost thaw leads to deeper active layers {(winiate water through deeper, less
permeable solil, increasing subsurface water resetmes), expanding taliks (which
increase connections between subpermafrost grouadad surface waters and provide
new subsurface flow paths), and abrupt thaw presadse thermokarst (which in the
short term can release a transient pulse of fraklalwed DOM and in the mid- to long
term can change water storage and increase taitkatmon) (Bring et al., 2016; Tetzlaff
et al., 2015; Walvoord & Kurylyk, 2016; Walvoordadt, 2012; Woo et al., 2008). These
expanded groundwater flowpaths can allow for greaierobial DOM processing,
which in turn can yield heteroatom-rich DOM (Antoetyal., 2017; Bayer et al., 2019;
Kellerman et al., 2018; Musilova et al., 2017; 3$mH. J. et al., 2017; Spencer et al.,
2014; Zheng et al., 2019).

In Sweden (Hodgkins et al., 2016), Russia (Ganetba., 2019), and the
Canadian Arctic (Fouché et al., 2017), waters dngipermafrost thaw (i.e., thermokarst)
features have shown greater contributions of hatem-containing formulae and/or

microbial DOM than waters draining less degradetnpdrost landscapes, suggesting the
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increasing importance of microbial DOM sources viftreasing water residence time
and flow depth in soils due to thaw. Fundamentalifferences in type and extent of
permafrost impact hydrology and DOM chemistry (MacBld et al, 2021; O'Donnell,
Aiken, Swanson, et al., 2016). The six watershedkis study encompass a continuum
of types of surface-groundwater connectivity. Thesgye from substantial opportunity
for deep/subpermafrost groundwater inputs with Ismigsurface residence time in the
permafrost-free upper reaches of the Ob’ to limgaedpermafrost groundwater inputs
and substantial suprapermafrost groundwater irputge continuous permafrost of the
Kolyma (Frey et al., 2007; Glotov et al., 2015).dXo the evidence for microbially-
derived heteroatom-rich DOM, it appears likely separation on PC2 is caused by
varying permafrost extent, flow paths, and subs@rfaater residence times in the study

watersheds and the subsequent differing contribsitad degraded DOM sources.

3.5 Future Arctic change: Shifting DOM sources anbsidies

Our work presents the longest time series of FR-MS DOM data yet
conducted and combines these data with compreleeBEDC isotopic data to illuminate
the controls on Arctic riverine DOM composition aexport. Climate change may have
significant repercussions for the primary contymesented here such as seasonality and
permafrost extent (summarized in Fig. 7). At préserere is seasonal synchrony in
DOM composition amongst the large pan-Arctic rivevih the oldest and most
microbially processed DOM being transported in @irand a latent subset of DOM
serving as a high-energy subsidy in spring. Thusutira-high resolution molecular data

help explain the historical paradox of Arctic fresDOM both being biolabile and
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having a bulk terrestrial signature. Arctic rivangay currently be a significant source of
stable DOM to the global ocean through the IOScivig highly abundant in these
rivers, and the non-10S portions of the CARF mayvpra useful tracer of riverine DOM
in the Arctic Ocean. Permafrost extent currentlgess to control the heteroatom
content of DOM though groundwater flowpaths androbal degradation. While the
Arctic system is complex and warming will likelyusse a variety of unforeseen impacts
on DOM composition, based on the current contral®®M composition in Arctic

rivers we postulate the following three major chemgre 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 €t2816; Durocher et al., 2019;
McClelland et al., 2006; Peterson et al., 2002hwiibdels projecting increases
continuing well into the next century (Arnell, 2Q@%awlins et al., 2010; Walsh et al.,
2005). A recent analysis of 30 years of daily désge of the Ob’, Yenisey, Lena, and
Mackenzie revealed a shift towards earlier spriegtiet timing and a general flattening
of the Arctic riverine hydrograph (Ahmed et al. 2B). This flattening is due in part to
increases in the proportion of annual dischargeioitgy during winter and concomitant
decreases in proportion of annual discharge ocuyduring freshet. This leads to an
overall greater annual riverine discharge with@ler-based hydrograph and thus a
reduced hydrographic dominance of freshet (Ahmea.e2020; Prowse et al., 2006).
The influence of changing discharge regimes wilfddein the Arctic Ocean; increasing

freshwater inputs will be a primary impact of clim@hange on near-shore and estuarine
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environments (Carmack et al., 2016; Prowse e2@06), though the sign and magnitude
of actual changes in oceanic production remain aicedue to the multiple interactions
and scales in question (Lique et al., 2016). Sgeshdts due to freshening and increasing
delivery of organic material are likely to occurtiwthe potential to change the
biogeochemistry and primary productivity of theioggwith possible increases in
production due to enhanced nutrient and organitcemfiix (Prowse et al., 2006) or
decreases in production due to stratification (Gakret al., 2016). A portion of
terrestrial DOM is available for secondary prodoetby marine microbial communities
(Letscher et al., 2011), with isotopic studies simopthat terrestrial organic matter makes
its way into nearshore and offshore marine orgasi@ell et al., 2016; Casper et al.,
2015; Dunton et al., 2012; Dunton et al., 20@&jture disconnects between the timing of
sea ice melt and riverine freshet with its lataghkenergy DOM subsidy (which will
likely occur earlier in the year) and the timingdafylight availability (which will remain
the same) may lead to disproportionate increasesspiration compared to
photosynthesis with carbon routed rapidly to theasiphere, or to novel situations for
oceanic production. The new combination of condgia the Arctic Ocean that could
result may parallel the no-analog communities psegdo occur in regions experiencing
novel future climates where new conditions areaoohparable to current conditions
elsewhere on the globe and where it is thus difftcuanticipate the ecological impacts

of current change (Williams & Jackson, 2007).

2. 1f permafrost thaw increases groundwater discharge, stable DOM/IOS export to the

global ocean may also increase: Permafrost degradation and thaw increases grouedwa
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discharge, shifting flow in permafrost-covered wslbeds from surface to deeper flow
paths and impacting groundwater inputs to stream(f®ong et al., 2020; Walvoord &
Kurylyk, 2016; Walvoord et al., 2012). Warming ntays increase subsurface water
residence times (Ala-Aho et al., 2018), alter tln& bf water and dissolved constituents
to Arctic rivers (Song et al., 2020), and increbaeseflow (Smith, L. C. et al., 2007; Woo
et al., 2008). Such changes are occurring bothaitersheds with high watershed percent
permafrost coverage (Song et al., 2020) but alp@rmafrost-free zones as decreasing
seasonal soil freezing causes increased hydrotogicectivity (Smith, L. C. et al.,

2007). Because the stable I0S and CARF composltiegeons appear to be in large part
sourced from groundwater, increasing groundwatetriautions to river flow may
increase the export of stable DOM, contributinghe 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 Arcticrivers: As outlined in point two above, climate change thespotential to
increase the contribution of subpermafrost grouridw@ Arctic riverine discharge
through permafrost degradation (Smith, L. C. et24)07; Song et al., 2020; Walvoord &
Kurylyk, 2016; Walvoord et al., 2012). Subsequeteasing subsurface water residence
times and increasing flow path options (Tetzlafblet 2015; Woo et al., 2008) may lead
to increasing microbial production of heteroatoeiiiDOM (Antony et al., 2017; Bayer

et al., 2019; Kellerman et al., 2018; Musilovalet2017; Smith, H. J. et al., 2017;
Spencer et al., 2014; Zheng et al., 2019) as maady been demonstrated in degraded

permafrost catchments (Fouché et al., 2017; Gamdaik, 2019; Hodgkins et al., 2016).
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It appears likely that groundwater-sourced DOM ritheteroatoms from microbial
processing will increase in importance in Arctigens, with as-yet-unforeseen
consequences to riverine and Arctic Ocean biogeuidte. Such potentially wide-
reaching impacts highlight the importance of rimerDOM composition and export to

the biogeochemistry of a changing world.
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Figure Captions:

Figure 1. Arctic Great Rivers Observatory map. Rets show sampling locations in this
study (Ob’ at Salekhard, Yenisey at Dudinka, Leindragansk, Kolyma at Cherskiy,
Yukon at Pilot Station, Mackenzie at Tsiigehtchidrauvik). Sampling occurred close to
the mouths of the rivers to facilitate integrat@frwhole watershed samples, but above
tidal influence. The bold red line shows the bougdd the16.8 x 16 km? pan-Arctic

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

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

ultraviolet absorbance at 254 nm (SUx4, c) 31°C-DOC, d)AC-DOC, e) condensed
aromatics, f) polyphenolics, g) sugar-like formylaghighly unsaturated and phenolics
(HUPSs), i) core Arctic riverine fingerprint (CARIEpntribution, j) island of stability

(IOS) contribution, k) mean H/C ratio weighted aggs, and I) mean O/C ratio weighted
averages for the entire dataset. Median valuesheren as dark horizontal lines, boxes
represent interquartile ranges, whiskers are k5Sferquartile ranges (or
minimum/maximum values if no outliers), and dots autliers. See Supplementary

Table 1 for statistical differences between seasons

Figure 3. a) Loadings for principal component asslyPCA) of FT-ICR MS compound
and heteroatomic classes, specific ultraviolet dimtce at 254 nm (SUVWAv), dissolved
organic carbon (DOC) concentratiod$’C- andA“C-DOC values. b) Each point on the

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

samples for a) spring, b) summer, and c) wintechggoint is a molecular formula.

Figure 5. Molecular fingerprints of pan-Arctic DOM) The core Arctic riverine
fingerprint (CARF), and b) the island of stabil{i{pS) present in all samples. Each point

is a molecular formula.

Figure 6. Molecular associations between individaahulae and bulk characteristics for
the core Arctic riverine fingerprint (CARF) (a-ayéthe island of stability (10S) (d-f).
Significant Spearman rank coefficients (absolutlerw&pearman’s rank correlation

coefficient;pg> 0.2;p < 0.05) between molecular formulae and a/d) DOGteatration

(705 formulae/54% CARF; 196 formulae/54% |OS), [Bt)VA254(741 formulae/55%;
191 formulae/53% IOS), and c/A}*C-DOC values (717 formulae/52% CARF; 208
formulae/58% 10OS). The color scale indicates catrehs between individual molecular
formulae intensity and each variable, with darl@ors signifying greater absolute value

of Spearman rank coefficients (red, positive; bhegative).

Figure 7. Conceptual sketch of the current contwal®OM composition for
discontinous/degraded permafrost (top) and consirpmumarfrost (bottom). Seasonality
alligns with PC1 of the PCA (Fig. 3), with spring@$het on the left and winter baseflow
conditions on the right. The path of summer flowotigh the deepening active layer is

also shown. Spring is dominated by aromatic DONfterrestrial sources (orange
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hexagons), with a small contribution of high-enecgynpounds (red triangles) that are
bioavailable to heterotrophic microbes (green pagmaroundwater flow occurs
yearround but is undiluted and thus dominant duwiger baseflow and produces
microbially altered heteroatomic-rich and older D@péllow circles). Hydrologic flow
connection due to permafrost extent alligns witl2P@th continous permafrost on the
bottom and discontinous/degraded permafrost otoiinen regions of continuous
permafrost, groundwater contribution to streanmsmsll and flow paths limited.
Permafrost degradation leads to greater groundwatgributions, more flow path
possibilities and longer residence time, and atgrempact of groundwater DOM from

autochtonous production or permafrost-thaw.
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Tables:

Table 1. Total dissolved organic carbon (DOC) cotregions, specific ultraviolet
absorbance at 254 nm (SUW#), and carbon isotope values across the six gresicA
Rivers from June 2012 to December 2017 (or Jan2@t$ for the Yukon) (mean +
standard error) during spring (May and June), sun{thgy-October), and winter

(November-April).

River Season DOC SUVA.s: d&¥C-DOC  A¥C-DOC
mgCL* Lmg (%o0) (%o)
C'm?
Oob’ Spring 11.7+09 3.7+02 -287+0.4 23.0.6

Summer 11.0+1.0 35+0.2 -281+0.5 -32.8 ©12.
Winter 7.6+06 3.2+0.2 -285%05 -94.8 £20.1
Yenisey Spring 78+17 35+03 -278%1.0 6481.2
Summe 55+0! 33x0. -274+0. -28.8%13.
Winter 3.3+x02 2701 -269%1.0 -45.4 +6.0
Lena Spring 125+3.0 35%+0.2 -28.8+0.5 47¥A
Summe 7.1+x0.! 3.1x0: -279+%0. 205 5!
Winter 6.5+05 32+01 -282=%0.2 23.0+£6.3
Kolyma Spring 64+16 28+03 -289%04 12.25.4
Summer 45+03 26+01 -29.2+0.2 -30.5+9.6
Winter 35+02 19%x01 -28.7%x0.3 -58.5+7.8
Yukon Spring 53+£0.¢ 29+0. -29.6+0.. -589+42.
Summer 53+05 3.0+x01 -284%+0.6 -82.09016.

Winter 3.2+04 24+01 -268+09 -150.0+83

This article is protected by copyright. All rights reserved.



Mackenzie Spring 6.5+04 28+02 -29.0+x1.2 7P8127
Summer 4.1+03 25%+01 -26.3%+0.8 3789

Wintet 40+0: 21+0. -259=%0~ -16.9 £ 5.¢
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Table 2. FT-ICR MS compound class and island dfiltya (I0OS) and core Arctic riverine fingerprinCARF) percent relative
abundances across the six great Arctic Rivers flone 2012 to December 2017 (or January 2018 fordtken) (mean + standard

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

River Season n Condensed Polyphenolics HUPs (%RA) Aliphatics Sugar-like Peptide-like 10S (%RA) CARF
Aromatics (%RA) (%RA) (%RA) (%RA) (%RA) (%RA)
o’ Spring 6 3.6+x04 11.5+£0.8 77.6x15 6.1+0.5 09+0.1 0.4+0.2 249+1.6 67.2+3.2
Summer 12 3.0+£0.2 11.2+0.3 79.6+£ 0.6 51+0.3 0.7+0.1 0.3+0.1 26.3£ 0.7 66.3+1.9
Winter 16 19+0.1 9.2+0.3 82.7+0.3 53+0.2 05z%01 0.4+0.0 28.8+0.6 675+1.2
Yenisey Spring 6 2805 10.2+1.2 81.0+1.7 49+0.2 0.8+0.2 0401 260+1.6 65.2+1.7
Summer 12 23+0.1 9.2+0.3 82.6£04 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+04 84.3+£0.8 51+0.1 04+01 0401 29.4+0.8 66.7+£1.5
Lena Spring 6 3404 11.0+0.6 79.3x1.3 5.2+0.6 0.8+0.1 04+0.2 23.4%£1.2 62124
Summer 11 23101 8.7+0.2 83.1+ 0.5 48+03 0.7+0.1 0401 28.4+ 0.6 67.7+1.1
Winter 16 2401 9.0+£0.3 83.0+£0.5 5.0+0.2 05+0.1 0.3+0.1 27.4+0.8 66.2+1.8
Kolyma Spring 6 25+0.7 83+13 81.6+2.8 6.2+0.8 0.8+0.2 0.7+0.2 26.0x1.7 65.1+1.6
Summer 12 1.4+0.1 6.8+0.2 86.1+ 0.4 49+02 05+0.0 04+01 28.9+0.8 66.0+1.4
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0.7+0.1

06+0.1

0.3+0.1

05+0.1

04+0.1

0.3+0.1

04+01

32.2+0.8

26.3+0.7

27.7+0.5

31.5+0.8

26.3£0.9

29.9+0.7

30.6+0.3

69.3+14

66.4+1.0

679+1.1

715+1.2

65.2+2.0

69.4+19

71.1+0.6
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