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Abstract The West Siberian Lowland (WSL) contains some of the largest wetlands and most extensive
peatlands on Earth, storing vast amounts of vulnerable carbon across permafrost‐free to continuous permafrost
zones. As temperature and precipitation changes continue to alter the Siberian landscape, carbon transfer to the
atmosphere and export to the Arctic Ocean will be impacted. However, the drivers of organic carbon transfer are
largely unknown across this region. We characterized seasonal dissolved organic carbon (DOC) concentration
and dissolved organic matter (DOM) composition ofWSL rivers from the middle reaches of the Ob’ River in the
permafrost‐free zone, as well as tributaries of the Taz River in the northern continuous permafrost zone. DOC
and aromatic DOM properties increased from spring to autumn in the Ob’ tributaries, reflecting the seasonal
transition from groundwater‐sourced to terrestrial DOM. Differences in molecular‐level signatures via ultra‐
high resolution mass spectrometry revealed the influence of redox processes on DOM composition in the winter
while terrestrial DOM sourcing shifted from surface litter aliphatics and highly unsaturated and phenolic high‐
O/C (HUPHigh O/C) compounds in the spring to subsurface soils and HUPLow O/C compounds by autumn.
Furthermore, aromaticity and organic N were related to landscape properties including peatlands, forest cover,
and the ratio of needleleaf:broadleaf forests. Finally, the Taz River tributaries were similar to summer and
autumn Ob’ tributaries, but more enriched in N and S‐containing compounds. These signatures were likely
derived from thawing permafrost, which we expect to increase in northern rivers due to active layer expansion in
a warming Arctic.

Plain Language Summary Dissolved organic matter (DOM) is central to atmospheric greenhouse
gas transfer and land‐ocean carbon export from rivers, particularly in northern arctic regions that are warming
faster than the global average. However, seasonal effects of DOM cycling in rivers remain understudied across
these regions, such as in the West Siberian Lowland (WSL) which store a vast amount of carbon in some of the
largest wetlands and peatlands on Earth. We characterized DOM in permafrost‐free rivers from the WSL from
winter to early autumn and compared their characteristics to northern rivers in the continuous permafrost zone.
Seasonality was the primary factor explaining differences in DOM sourcing and processing across the rivers.
Riverine DOMwas dominated by groundwater inputs during winter, surface layers and vegetation in the spring,
and deeper subsurface soil by autumn. Finally, landscape properties accounted for additional differences in
DOM composition between the rivers. Northern rivers contained permafrost‐derived signatures that were absent
in the southern WSL, while peatland and forest coverage influenced organic N content. Landscape disturbances
including permafrost thaw will likely mobilize more biologically labile DOM signatures into rivers which will
impact the balance between greenhouse gas emissions and lateral carbon export from this region.

1. Introduction
High‐latitude arctic systems represent a massive global carbon sink with 1,460–1,600 Pg C stored in permafrost
soils and an additional 250–450 Pg C in northern peatlands (Gorham, 1991; Hugelius et al., 2014, 2020; Limpens
et al., 2008; Schuur et al., 2015, 2022; Tarnocai et al., 2009). These regions contribute disproportionately to global
carbon cycling via atmospheric greenhouse gas emissions (Karlsson et al., 2021; Schuur et al., 2015) and lateral
carbon transfer to aquatic systems as driven by anthropogenic climate change (Gandois et al., 2021; Holmes
et al., 2012; Raymond et al., 2007; Starr et al., 2023). High‐latitude arctic systems are warming 2–3 times faster
than the global average (Davy & Outten, 2020; Schuur et al., 2022) leading to active layer thaw and a northward
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migration of the permafrost boundary. Such changes have released ancient permafrost carbon, nutrients, and
altered subsurface flow paths (Frey & McClelland, 2009; Frey et al., 2007; Miner et al., 2022; Plaza et al., 2019;
Romanovsky et al., 2010; Schuur et al., 2015). Warming has also led to longer growing seasons and vegetation
expansion in the northern tundra known as “greening” (Berner et al., 2020; Forbes et al., 2010; Miles &
Esau, 2016), which may also impact organic carbon delivery and atmospheric cycling in connected waterways
(Catalán et al., 2024). Furthermore, these landscapes are also impacted by changing precipitation patterns,
including more frequent extreme events (Sada et al., 2019; Xu et al., 2020), and anthropogenic disturbances such
as wildfires, deforestation, and resource extraction (Ivanov et al., 2022; Kirpotin et al., 2021; Kühling
et al., 2016). Such disturbances have mobilized aged carbon and nutrients from the landscape and modified the
chemical signatures of exported organic carbon across other connected aquatic systems (Drake et al., 2019;
Drake, Guillemette, et al., 2018; Rodríguez‐Cardona et al., 2020; Wilson & Xenopoulos, 2009). Together, cli-
matic and anthropogenic changes will likely impact ecosystem and carbon balance in rivers across these regions
(e.g., Karlsson et al., 2021; Krickov et al., 2021; Serikova et al., 2018, 2019), making it important to understand
the sourcing and contribution of different carbon pools to CO2 outgassing and overall export.

Dissolved organic carbon (DOC) is an essential component of the carbon cycle, representing the quantified
portion of dissolved organic matter (DOM) and serving as an important link between terrestrial and atmospheric
systems (Battin et al., 2009; Cole et al., 2007; Drake, Raymond, & Spencer, 2018; Tranvik et al., 2009). DOM
represents a complex mixture of organic compounds from terrestrial and internally produced (autochthonous)
sources that have undergone mixing, processing, and degradation (Berggren et al., 2022; Kellerman et al., 2018;
Yvin et al., 2024). DOM serves many ecosystem functions, most notably as a carbon substrate for heterotrophic
respiration and a nutrient source (Battin et al., 2009; D’Andrilli et al., 2019; Hensgens et al., 2021; Hutchins
et al., 2017; Kaiser, Canedo‐Oropeza, et al., 2017; Textor et al., 2019). Investigating the chemical characteristics
of DOM often reveals its source and processing history, which can be used to predict how it will function in
aquatic systems. For instance, DOM originating from soils or vegetation is highly aromatic and susceptible to
photodegradation, but more resistant to biological degradation on short timescales. In contrast, DOM from algal
or microbial sources is more aliphatic and rapidly consumed by microorganisms, and considered to be photo-
stable (Begum et al., 2023; Berggren et al., 2022; Cory et al., 2015; Guillemette et al., 2013; Koehler et al., 2012;
Textor et al., 2019). Highly aromatic chromophoric DOM (CDOM) is also important for surface heat transfer and
influences primary productivity, especially in coastal and marine waters (Hancke et al., 2012; Hill, 2008; Osburn
et al., 2009). However, DOM from fresh vegetation and thawed permafrost also contain components that are
biolabile whereas aged microbial DOM that has undergone extensive processing tends to be more biostable
(Catalán et al., 2016; Drake, Guillemette, et al., 2018; Hensgens et al., 2021; Lapierre & Del Giorgio, 2014;
Lechtenfeld et al., 2014; Spencer et al., 2015). Such contradictions highlight the importance of considering both
intrinsic and extrinsic constraints when upscaling to the ecosystem level, such as across large river systems.

The West Siberian Lowland (WSL) is the world's second largest wetland complex (600,000 km2), next to the
Amazon várzea, and contains one of the largest peatlands on Earth (Frey & Smith, 2005; Kremenetski et al., 2003;
Pokrovsky et al., 2015). These peatlands span permafrost‐free to continuous permafrost zones and store around 70
pg C in thick deposits (Kremenetski et al., 2003; Sheng et al., 2004) which are transported into connected rivers as
organic carbon (Frey & Smith, 2005; Olefeldt et al., 2013; Rosset et al., 2022). As the largest river draining the
WSL and the third largest in the Arctic by discharge, the Ob’ River exports about 4.12 Tg DOC into the Arctic
Ocean every year (Holmes et al., 2012) where it is mixed with coastal arctic waters, and mineralized on various
timescales (Drozdova et al., 2021; Hansell et al., 2004; Kaiser, Benner, & Amon, 2017; Opsahl et al., 1999).
However, this delivery is contingent on seasonal patterns. Winter baseflow is low due to reduced discharge from
ice cover, delivering aliphatic and aged DOM sourced from groundwater, whereas the spring delivers fresh
terrestrial CDOM representing over 30% of the yearly DOC input in just under 2 months (Amon et al., 2012;
Behnke et al., 2021; Gandois et al., 2021; Holmes et al., 2012; Raymond et al., 2007).

Similarly, landscape properties including peatlands, vegetation, and permafrost coverage influence DOM
sourcing and processing across the WSL. The southern permafrost‐free catchments supply the Ob’ River with
highly aromatic soil‐derived DOM via connected tributaries, particularly during high discharge (Mann
et al., 2016; Perminova et al., 2019; Pipko et al., 2023; Starr et al., 2024; Vorobyev et al., 2015), while northern
regions drain permafrost zones that export aged and biolabile DOM to headwaters during the summer at the time
of maximum active layer expansion (Krickov et al., 2024; Rogers et al., 2021; Spencer et al., 2015; Vorobyev
et al., 2022). As permafrost landscapes thaw, peatlands exert greater influence over DOC export and DOM
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composition into connected tributaries during inundation (Frey & Smith, 2005; Starr et al., 2023). These peatlands
integrate DOM from the landscape and enhance mineralization in headwaters of the floodplain (Krickov
et al., 2021; Payandi‐Rolland et al., 2020; Raudina et al., 2022), while more stable DOM is exported downstream
(Rosset et al., 2022). Given the significant CO2 emissions from the WSL (Karlsson et al., 2021; Serikova
et al., 2018, 2019), understanding the sourcing and seasonality of DOM from WSL rivers will become
increasingly important in the face of changing permafrost boundaries, active layer thickness, and hydrology (Frey
& McClelland, 2009; Miner et al., 2022; Xu et al., 2020).

While the WSL have been the subject of previous studies describing spatial relationships between DOM
composition (Frey & Smith, 2005; Perminova et al., 2019; Starr et al., 2024), they have all focused on late summer
flow, missing the critical impact of the spring freshet period. These studies have primarily addressed the influence
of peatland and permafrost extent on carbon export but not considered the impacts of other land use types such as
forest or mixed landscapes on aquatic DOM sourcing in surrounding rivers. Conversely, other studies have
described both the seasonal and spatial dynamics of WSL rivers with respect to elemental geochemistry, trace
metals, DOC (Krickov et al., 2020; Pokrovsky et al., 2015, 2016, 2020; Pokrovsky, Manasypov, et al., 2022;
Vorobyev et al., 2019), and greenhouse gas emissions (Karlsson et al., 2021; Krickov et al., 2023, 2024; Serikova
et al., 2018; Vorobyev et al., 2022), but have not incorporated them with DOM signatures. This study aims to
integrate both seasonal and spatial controls in WSL rivers by investigating changes in DOC, CDOM, and
molecular‐level DOM composition via 21 T Fourier transform‐ion cyclotron resonance mass spectrometry (FT‐
ICR MS), which can resolve mass differences between molecular formulae that are <1 mDa apart (Hendrickson
et al., 2015; Smith et al., 2018).

The goals of this study were to: (a) describe the seasonal dynamics of DOC and DOM composition across a subset
of tributaries from the middle reaches of the Ob’ River from winter to early autumn, (b) investigate the drivers of
molecular‐level signatures across seasons, between tributaries from the middle reaches of the Ob’ River, and
several northern permafrost‐fed tributaries during the time of maximum permafrost thaw, and (c) describe the
potential impacts of catchment properties on WSL river DOM composition and organic carbon sourcing. By
examining the seasonal and spatial composition of WSL river DOM, we aim to better understand large scale
drivers of carbon cycling in high‐latitude arctic rivers and how they may be impacted by future changes in climate
and land‐use.

2. Materials and Methods
2.1. Study Sites and Field Sampling

The Ob’ River is the largest arctic river by watershed area (2,990,000 km2) and supplies 15% of the total
freshwater discharge to the Arctic Ocean via the Kara Sea. The middle reaches of the Ob’ River (MRO) are part of
theWSL and characterized by extensive flooding beginning in the spring and persisting through summer resulting
in inundated floodplains, winding channels, and interconnected water bodies, described as the “flood zone”
(Vorobyev et al., 2015). This study focused on rivers from the boreal taiga biome in the permafrost‐free zone
(Figure 1, pink points) with lithology consisting of clays, sands, and silts from alluvial, lake‐alluvial, and some
aeolian origin (Pokrovsky et al., 2015). Landcover is characterized by forests (broadleaf, mixed, light needleleaf,
dark needleleaf), peatlands and bogs, grasslands, as well as lesser contributions from cropland and riparian
vegetation (Figure S1a in Supporting Information S1). Details regarding landcover data are provided in Text S1 in
Supporting Information S1. Mean annual air temperature is − 0.2°C and mean annual precipitation is 502 mm yr− 1

(Table S1 in Supporting Information S1). Eight rivers from the WSL within the middle reaches of the Ob’ River
(Ob’ mainstem, Chaya, Parabel, Vasyugan, Chigas, Chemondaevka, Tatosh, Brovka; Table S1 in Supporting
Information S1; Figure 1) were sampled in 9–10 March, 4–6 May, 8–9 June, and 9–10 September 2023 and are
hereafter referred to as “MRO rivers.” The Chigas River was not sampled in March and the Parabel was not
sampled in September.

The lower Taz River basin is located in the tundra and forest‐tundra biome within the continuous permafrost zone
(Figure 1, white points). The dominant lithology of this area consists of clays, silts, and sands that are overlain by
quaternary deposits (loeses, fluvial, glacial, lacustrine; Pokrovsky, Lim, et al., 2022; Pokrovsky, Manasypov,
et al., 2022). Landcover is characterized by peatlands and bogs, shrub and tundra, and grassy tundra (Figure S1b in
Supporting Information S1). Mean annual air temperature is − 6.5°C and mean annual precipitation is
500 mm yr− 1 (Table S1 in Supporting Information S1). Five Taz River tributaries (“Taz tributaries,”
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Sambotoyaha, Nuny Yaha, Nuny Yaha tributary, Vysakoyakha, Vysakoyakha tributary; Table S1 in Supporting
Information S1; Figure 1) were sampled on 26 August 2021 and included in this study to assess differences
between landcover inputs from permafrost‐free rivers and continuous permafrost rivers at the time of maximum
permafrost thaw.

2.2. Sample Collection and Water Quality Measurements

We collected surface water from the middle of the river at 20–30 cm depth for determination of hydrochemical
parameters. In winter, the surface waters were sampled from a large (60 × 60 cm) pit in the center of the ice cover.
Dissolved oxygen, pH, specific conductivity (SpC), and water temperature were measured in situ at 20 cm depth
using a WTW 3320 Multimeter. The river water was sampled in pre‐cleaned polypropylene bottles and imme-
diately filtered through pyrolyzed GF/F filters using pre‐cleaned Nalgene 250‐mL filtration units and a manual
Mityvac vacuum pump. The filtrates were acidified with ultra‐pure bi‐distilled HCl (2%) and immediately frozen
at − 18°C in the field freezer. Another portion of river water was filtered through disposable sterile Sartorius filter
units (0.45 μm pore size) and acidified with 2% ultrapure bi‐distilled HNO3 for trace metal analysis. In both cases,
the first 50 mL of filtrate was discarded.

Figure 1. Map of the Ob’ River watershed and sampling sites of the West Siberian Lowland (WSL) rivers. Samples were collected from tributaries in the middle reaches
of the Ob’ River (MRO, pink points), the Ob’ River mainstem (yellow point), and small tributaries of the Taz River (white points). Watersheds of the middle and upper
reaches of the Ob’ River are outlined in black while the watershed of the lower Taz River is outlined in white. Permafrost extent from isolated to continuous coverage is
colored from teal to blue. Reference sites for Tomsk and Salekhard are mapped as black points. Detailed landcover maps of the river basins are provided in Figure S1 in
Supporting Information S1.
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2.3. DOC, DIC, and Optical Analysis

DOC (acidified) and dissolved inorganic carbon (DIC) concentrations were determined using a Shimadzu TOC‐
VSCN Analyzer (Kyoto, Japan) with an uncertainty of 3% and a detection limit of 0.1 mg L− 1 using established
methodology (e.g., Pokrovsky et al., 2020; Vorobyev et al., 2022). Milli‐Q water blanks were passed through the
filters and demonstrated negligible release of DOC from the filter material.

CDOMwas quantified via UV‐visible absorbance spectra measured at room temperature in a 1 cm quartz cuvette
with a Horiba Scientific Aqualog (Horiba Ltd., Kyoto, Japan) at wavelengths of 230–800 nm. CDOM was
determined as the Napierian absorption coefficient at 350 nm (a350; m

− 1) and at 254 nm (a254; m
− 1). Spectral

slopes from absorption spectra are correlated with aromaticity and molecular weight and were calculated from
275 to 295 (S275‐295; nm

− 1; Helms et al., 2008). Specific UV absorption at 254 nm (SUVA254; L mg C− 1 m− 1) is
associated with aromatic composition and was calculated by dividing the decadic absorption coefficient at 254 nm
by the DOC concentration (mg L− 1; Weishaar et al., 2003). For comparison, Ob’ River DOC concentrations and
absorption spectra from 2009 to 2021 were obtained from the Arctic Great Rivers Observatory repository (Arctic
GRO; https://arcticgreatrivers.org). Finally, the fluorescence index (FI), which has been related to terrestrial and
microbial contributions to DOM, was calculated from the emission intensity at 470 and 520 nm at excitation
370 nm using excitation‐emission matrices also collected with the same instrument (Cory & McKnight, 2005;
McKnight et al., 2001) using established protocols (e.g., Kurek et al., 2024).

2.4. Solid Phase Extraction (SPE) and FT‐ICR MS Analysis

Filtered water samples were acidified (HCl, pH 2) and extracted with Bond‐Elut PPL columns (Agilent Tech-
nologies Inc., Santa Clara, CA) following established procedures (Dittmar et al., 2008). Columns were condi-
tioned by soaking with methanol overnight followed by a methanol rinse and two rinses with acidified Milli‐Q
water (HCl, pH 2). Approximately 50 μg Cwas isolated onto 100 mg 3mL bed volume PPL columns (assuming at
least 50% recovery), eluted with 1 mL methanol into precombusted (550°C, >4 hr) glass vials, and stored at
− 20°C until analysis. DOC recovery was assessed on several river samples with duplicate extractions. Methanol
extracts were collected in 40 mL glass vials and the methanol was evaporated by gently drying (50°C, overnight).
The organic residue was redissolved in Milli‐Q water (HCl, pH 2) and DOC concentrations were measured using
methods outlined in Section 2.3 (e.g., Kurek et al., 2024).

Methanolic extracts were analyzed on a custom‐built hybrid linear ion trap ultra‐high resolution FT‐ICR mass
spectrometer equipped with a 21T superconducting solenoid magnet at the National High Magnetic Field Lab-
oratory (Tallahassee, FL; Hendrickson et al., 2015; Smith et al., 2018). Negatively charged ions from DOM were
produced via electrospray ionization (ESI) at a flow rate of 500 nL min− 1 via a syringe pump. Typical conditions
for ion formation included: emitter voltage: − 2.8–3.2 kV; S‐lens RF level: 40%; and heated metal capillary
temperature: 350°C. The resulting spectra were conditionally co‐added to yield 100 individual time domain
transients of 3.1 s each for each experiment. Co‐added mass spectra were phase‐corrected (Xian et al., 2010) and
peaks were internally calibrated based on 10–15 highly abundant O‐containing series using a “walking” cali-
bration (Savory et al., 2011) as described previously (e.g., Kurek et al., 2024). Further details regarding FT‐ICR
MS methodology are provided in the supplemental methods (Text S1 in Supporting Information S1).

2.5. FT‐ICR MS Post‐Processing

Mass spectral peaks (>6σ root‐mean‐square (RMS) baseline noise)were exported to a peak list and processed using
PetroOrg© (Corilo, 2014). Molecular formulae were assigned to ions constrained by C4‐75H4‐150O1‐30N0‐4S0‐2 not
exceeding 300 ppb error (e.g., Kurek et al., 2024). For all spectra, between 13,000 and 22,000 specieswere assigned
elemental compositions (mean: 17,000) with RMS error between 50 and 80 ppb (mean: 70) and achieved resolving
power>1,600,000 atm/z 400.Molecular formula properties, including themodified aromaticity index (AImod) and
nominal carbon oxidation state (NOSC), were calculated according to Koch and Dittmar (2006, 2016) and Boye
et al. (2017), respectively. Mass‐weighted stoichiometric ratios were averaged (H/C, O/C, N/C, S/C) and formulae
were also grouped based on the percent relative abundance of their heteroatom classes (CHO, CHON, CHOS, and
CHONS). Formulae were classified based on Šantl‐Temkiv et al. (2013) which represent mixtures of
broad compound classes that relate to bulk molecular properties and biolability (e.g., Hensgens et al., 2021;
Kellerman et al., 2018; Kurek et al., 2023). Groups include condensed aromatic‐like (CA; 0.67 < AImod),
polyphenolic‐like (PPh; 0.50 < AImod < 0.67), highly unsaturated and phenolic low O/C (HUPLow O/C;
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AImod < 0.50, H/C < 1.5, O/C < 0.5), highly unsaturated and phenolic high O/C (HUPHigh O/C; AImod < 0.50,
H/C < 1.5, 0.5 ≤ O/C), and aliphatic‐like (Ali; 1.5 ≤ H/C), and the percent relative abundance of each class was
summed. Data derived from individual mass spectra including, number of peak assignments, RMS error, and
calculated properties for all species identified by 21T FT‐ICR MS used in this publication are provided in Data
Set S1 (Kurek, 2024).

Molecular formulae belonging to the island of stability (IOS), a group of 361 individual molecular formulae
reported by Lechtenfeld et al. (2014) in marine DOM and ubiquitous in freshwaters (e.g., Behnke et al., 2021;
Kellerman et al., 2018; Starr et al., 2023), were identified in each individual mass spectrum. Their relative
abundances were summed to estimate the contribution of stable, aged DOM likely representing thousands of
isomers from convergent degradation pathways (Kellerman et al., 2018). Similarly, we identified molecular
formulae as part of the Core Arctic Riverine Fingerprint (CARF), which is a group of 1,328 individual formulae
identified in the six largest arctic rivers across various years and hydroperiods (Behnke et al., 2021). The relative
abundance of CARF formulae was also summed to estimate stable DOM exported to marine systems from the
landscape (Kurek et al., 2024).

2.6. Geochemical Analysis

Filtered solutions for major and trace element analyses were acidified (2% ultrapure HNO3) and were stored in
pre‐washed HDPE bottles. The preparation of bottles for sample storage was performed in a clean bench room
(ISOA 10,000). Blanks were performed to control the level of pollution induced by sampling and filtration. Major
cations (Ca, Mg, Na and K), Si, P, Al, Fe, and Mn were determined with an Agilent iCap Triple Quadrupole (TQ)
ICPMS using both Ar and Hemodes to diminish interferences, with In and Re as internal standards added on‐line,
and 3 external in‐house standards. These were placed each in 10 samples per series of river water. Typical
analytical uncertainty was 2%. For all trace metals analyzed by ICP MS, the concentrations in blanks were below
analytical detection limits. The SLRS‐6 (Riverine Water Reference Material for Trace Metals certified by the
National Research Council of Canada) was used to check the accuracy and reproducibility of analyses (Yeghi-
cheyan et al., 2019).

2.7. Statistical Methods

Data analysis including linear regression was performed in R (R Core Team, 2020) and visualized using the
ggplot2 package (Wickham, 2016). Principal Component Analysis (PCA) of the river samples according to their
DOM composition and geochemical concentrations was conducted with the factoextra package in R (Kas-
sambara & Mundt, 2020). Spearman correlations between principal component scores and landcover variables
were calculated for each sample using the psych package in R (Revelle, 2024). Spearman correlations between
the relative abundance of individual DOM formulae found in all samples and principal component scores were
also conducted using similar methodology in R. Significantly correlated molecular formulae were only
considered if they had a false discovery rate corrected p‐value (p < 0.05; Benjamini & Hochberg, 1995).
Redundancy analysis (RDA) was conducted in R using the vegan package (Oksanen et al., 2024) to investigate
the relationship between the DOM composition (Y matrix, response) and geochemical concentrations (X matrix,
explanatory). DOM variables were Hellinger transformed prior to analysis. To simplify the model, colinear
geochemical variables were identified and omitted using a step function and further validated using variance
inflation factors (VIF < 20).

3. Results
3.1. Water Quality

Water quality parameters are summarized by season in Table 1. Mean water temperature in the MRO rivers
ranged from 0.2 to 22.0°C with the lowest average values inMarch and the highest values in June. The mean water
temperature for the Taz tributaries in August was within the range for the MRO rivers in September (10.9°C).
Similarly, mean O2 ranged from 34.1% to 82.0% with the lowest average values in March and the highest in June.
The mean O2 for the Taz tributaries exceeded the range for the MRO rivers (94.4%). In contrast, SpC and DIC
generally decreased from March (489 μS cm− 1, 68.7 mg L− 1) to September (275 μS cm− 1, 31.9 mg L− 1) in the
MRO rivers, reaching their minima in May. The mean SpC and DIC for the Taz tributaries were lower than in the
MRO rivers (46 μS cm− 1 and 3.6 mg L− 1, respectively). Finally, mean pH gradually decreased from March to
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June (8.0–7.6) in the MRO rivers with a similar range to the Taz tributaries (6.8 ± 0.6). These seasonal trends are
consistent with previous reports of other WSL rivers (e.g., Perminova et al., 2019; Pokrovsky et al., 2015;
Vorobyev et al., 2019, 2022).

3.2. DOC Concentrations and DOM Optical Properties

DOC concentrations and optical properties are presented in Figure 2 by month. DOC concentrations in the MRO
rivers increased from their minimum in March (mean: 5.9, range: 3.5–7.9 mg L− 1) to September (23.5, 8.9–
42.6 mg L− 1) with DOC concentrations in the Taz tributaries comparable to June and September MRO rivers
(18.3, 13.7–24.7 mg L− 1; Figure 2a). Similarly, Napierian absorption at 350 nm, as a proxy for CDOM, followed
an analogous pattern with the lowest values in March (6.2, 3.3–8.9 m− 1), highest in September (58.4, 13.2–
137.1 m− 1), and CDOM in the Taz tributaries comparable to June and September MRO rivers (39.7, 27.9–
70.0 m− 1; Figure 2b). Spectral slopes (S275‐295) were steepest in March (0.019, 0.017–0.020 nm− 1) and became
shallower in May (0.015, 0.013–0.016 nm− 1), where they remained relatively stable until September, but notably
shallower in the Taz tributaries (0.014, 0.013–0.014 nm− 1; Figure 2c). Conversely, in MRO rivers SUVA254

Table 1
Mean (±SD) Water Quality and DIC Concentrations of West Siberian Lowland (WSL) Rivers by Sampling Month

O2 (% sat.) pH SpC (μS cm− 1) Water temp (°C) DIC (mg L− 1)

March (n = 7) 34.0 ± 21.0 8.0 ± 0.3 489 ± 77 0.2 ± 0.1 68.7 ± 18.6

May (n = 8) 78.0 ± 9.1 7.8 ± 0.2 164 ± 59 1.5 ± 0.8 19.1 ± 6.8

June (n = 8) 87.6 ± 22.0 7.6 ± 0.4 227 ± 112 22.0 ± 4.1 27.7 ± 16.5

September (n = 7) 82.0 ± 5.6 7.6 ± 0.4 275 ± 152 13.8 ± 2.2 31.9 ± 21.2

Taz (n = 5) 94.4 ± 7.0 6.8 ± 0.6 46 ± 21 10.9 ± 0.9 3.6 ± 2.0

Note. Taz River tributaries were sampled in August.

Figure 2. Boxplots of (a) dissolved organic carbon (DOC) concentrations, (b) CDOMabsorption at 350 nm (a350), (c) S275‐295,
and (d) SUVA254 of West Siberian Lowland (WSL) rivers by month. Samples are from the middle reaches of the Ob’ River
(MRO, brown), Taz tributaries in August (purple), as well as past measurements from the Ob’ River at Salekhard (light blue)
obtained from Arctic GRO (https://arcticgreatrivers.org). Solid vertical lines emphasize geographical separation between
MRO rivers and Taz tributaries. Note: DOC concentrations from Salekhard include 2003–2021, while optical data only
include 2009–2021. Outlier value outside of the y axis range in panel (b) is labeled and depicted as a triangle.
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increased from March (2.2, 1.8–2.5 L mg C− 1 m− 1) to May (3.5, 2.6–
4.1 L mg C− 1 m− 1) and only slightly increased by September with a similar
range of values in the Taz tributaries (3.5, 2.9–4.0 L mg C− 1 m− 1; Figure 2d).

DOC and CDOM ranges were consistent with other tributaries in the WSL
(Frey & Smith, 2005; Pokrovsky et al., 2015; Starr et al., 2024), however;
summerDOCconcentrationswere typically higher inMRO rivers than theOb’
mainstemnearTomsk (3–8mgL− 1; Perminova et al., 2019; Pipko et al., 2023).
Seasonal trends were similar to the six largest arctic rivers (Ob’, Yenisey,
Lena, Kolyma, Yukon, Mackenzie), but the WSL rivers had higher DOC
concentrations and CDOM in June and September, particularly compared to
the Ob’ River near the mouth at Salekhard (Behnke et al., 2021; Mann
et al., 2016; Spencer et al., 2009; Figures 2a and 2b). Spectral slopes were
steeper than the Ob’ at Salekhard and most other large arctic rivers (Johnston
et al., 2018; Spencer et al., 2009; Figure 2c) with similarity to autochthonous
and groundwater‐fed North American rivers (0.018–0.024 nm− 1; Spencer
et al., 2012). In March, SUVA254 was lower than several arctic rivers sampled
in the winter including the Ob’, Yenisey, Lena, Dvina, and Onega (2.5–
4.1LmgC− 1m− 1; Behnke et al., 2021; Johnston et al., 2018;Mann et al., 2016;
Starr et al., 2023), but increased inMay‐September and remained similar to the
Ob’ River at Salekhard and the middle reaches (2.9–4.0 mg C− 1 m− 1;
Figure 2d; Pipko et al., 2023), as well as smaller Siberian rivers like the
Severnaya Dvina, Onega, and Graviyka (3.5–4.2 L mg C− 1 m− 1; Gandois
et al., 2021; Johnston et al., 2018; Starr et al., 2023).

DOC concentrations correlated significantly with CDOM across the MRO
rivers and Taz tributaries in all seasons (r2= 0.94, p < 0.001)with similar slopes to theOb’ River at Salekhard from
2009 to 2021 (Figure 3). The a350‐DOC slope (2.95) was comparable to the combined slope of the six largest arctic
rivers (2.92; Mann et al., 2016), and smaller permafrost‐free arctic rivers including the Severnaya Dvina (3.08;
Johnston et al., 2018) and Onega River (3.77; Starr et al., 2023). Compared to other major rivers, the a350‐DOC
slope is steeper than the Columbia River (2.42; Spencer et al., 2012) but shallower than large tropical rivers such as
the Congo (3.92) and Ogooué (4.15; Lambert et al., 2015).

3.3. SPE Recovery

DOC recovery via SPE was assessed on five representative river samples from this study (Table S2 in Supporting
Information S1). Between 70% and 93% DOC (mean: 78.4%) was retained on PPL columns which is slightly
higher than recoveries measured in temperate US wetlands (60%–68%; Kurek et al., 2024), but comparable to
recoveries from blackwater rivers and permafrost‐fed streams (68%–82%; Yvin et al., 2024). The high recoveries
suggest much of the DOM could be retained in the PPL extracts and likely originates from aromatic, terrestrial
sources (Yvin et al., 2024). However, we recognize that PPL extracts represent just a fraction of the DOM pool
and that the unextracted fraction may contain additional biodegradable compounds, such as hydrophilic species
(Grasset et al., 2023; Raeke et al., 2016). Regardless, SPE‐DOM is highly comparable across studies and has been
shown to vary proportionally with bulk optical and isotopic properties as well as organic S and N across diverse
aquatic ecosystems (e.g., Kellerman et al., 2018; Kurek et al., 2020; Poulin et al., 2017).

3.4. DOM Properties Derived From FT‐ICR MS Analysis

The relative abundance of compound classes and stoichiometric ratios are presented in Figure 4 and Table S3 in
Supporting Information S1 by month. The relative abundance of CA+PPh compounds in MRO rivers increased
from their minimum in March (mean: 10.2, range: 9.5%–11.0%) to their max in September (20.6, 15.9–24.8;
Figure 4a) with a similar trend in CHO‐containing formulae (March: 79.7%, September: 84.2%; Figure S2a in
Supporting Information S1). Taz tributary CA+PPh composition was similar to June and September (20.1%,
19.0%–21.8%; Figure 4a) whereas %CHO was lower (82.0%, Figure S2a in Supporting Information S1).
HUPLow O/C and HUPHigh O/C compounds followed opposite seasonal trends with HUPLow O/C decreasing
sequentially from March (39.2%, 33.6%–43.3%) to September (25.0%, 19.1%–27.9%; Figure 4b), while

Figure 3. a350‐DOC relationship of samples from this study (solid line)
compared to past measurements from the Ob’ River at Salekhard (short and
long dashes). Samples from the middle reaches of the Ob’ River (MRO) are
colored according to their sampling month including March (red), May
(orange), June (yellow), September (green), and Taz tributaries in August
(purple). Gray shading represents the 95% confidence interval.
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HUPHigh O/C increased fromMarch (45.8%, 41.6%–51.8%) to September (51.0, 46.9–57.0; Figure 4c). The relative
abundance of CHON, CHOS, and CHONS‐containing formulae followed a pattern analogous to HUPLow O/C,
peaking inMarch (CHON:13.2, CHOS: 6.0, CHONS: 1.1) and decreasing in September (CHON:11.0, CHOS: 4.2,
CHONS: 0.6; Figures S2b–S2d in Supporting Information S1). Taz tributary HUPLow O/C andHUPHigh O/C relative
abundanceswere in similar ranges toMRO rivers in September (Figures 4b and 4c), CHONandCHOSwere higher
than September (Figures S2b and S2c in Supporting Information S1), and CHONS was similar across all months
(Figure S2d in Supporting Information S1). Finally, aliphatic‐like compounds peaked in May (6.2%, 5.1%–8.0%)
and decreased to their minimum in September (3.4%, 2.7%–4.2%) with similar ranges in the Taz tributaries (4.6%,
3.0%–5.9%; Figure 4d).

Both IOS and CARF formulae relative abundance followed HUPLow O/C seasonal trends (Figure S3 in Supporting
Information S1). IOS and CARF peaked in March (28.7% and 57.4%, respectively) and decreased in May (21.7%
and 51.2%, respectively)with Taz tributary values slightly lower than theminima inMRO rivers (19.9%and 49.8%,
respectively; Figure S3 in Supporting Information S1). March IOS content was comparable to winter values in the
Ob’ River at Salekhard (28.2%–30.4%) andmarine DOM (30%–33%) but decreased to lower values inMay (18%–
25%;Figure S3a in Supporting Information S1). In contrast, CARF relative abundancewas lower in all seasons than
in the Ob’ River at Salekhard (64%–70%; Behnke et al., 2021; Figure S3b in Supporting Information S1).

3.5. Geochemistry Groupings and Trends

Several major elements from the MRO rivers and Taz tributaries were analyzed and grouped based on overall
seasonal trends (Table S4 in Supporting Information S1). Group 1 consisted of Fe, Al, and P whose median
concentrations increased from March to September. In the Taz tributaries, median Fe and Al concentrations were
in similar ranges to MRO rivers in September, while P was comparable to concentrations in May and June. Group
2 consisted ofMn and Si whose median concentrations peaked inMarch, decreased through June, and increased in
September. Mn concentrations in the Taz tributaries were in similar ranges to MRO rivers in September while Si
was in the same range as inMay–June. Group 3 consisted of Na, Ca, andMgwhose median concentrations peaked
in March, decreased in May, and then gradually increased through September. Group 3 concentrations in the Taz
tributaries were all lower than May MRO concentrations. Finally, median K concentrations peaked in May and
were in similar ranges in March, June, and September but much lower in the Taz tributaries. Element

Figure 4. Boxplots of FT‐ICR MS compound classes from this study including (a) CA+PPh (condensed aromatic and
polyphenolic‐like), (b) HUPLow O/C (Highly unsaturated and phenolic low O/C), (c) HUPHigh O/C (Highly unsaturated and
phenolic high O/C), and (d) Aliphatics (aliphatic‐like). Samples from the middle reaches of the Ob’ River (MRO) are colored
according to their sampling month including March (red), May (orange), June (yellow), September (green), and Taz
tributaries in August (purple). Solid vertical lines emphasize geographical separation between MRO rivers and Taz
tributaries.
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concentrations and trends were comparable to previously values reported
across permafrost‐free WSL rivers (e.g., Pokrovsky et al., 2015, 2016).

3.6. Ordination Analysis

Optical and FT‐ICR MS DOM parameters were summarized and illustrated
by the PCA in Figure 5, where 86.2% of the variance could be explained by
just two principal components (PC1 and PC2). PC1 (75.9%) correlated
positively with aliphatic‐like properties (S275‐295, H/C), S‐content (S/C), and
microbial sourcing (FI) and negatively with aromaticity (a350, SUVA254,
AImod) with samples separating by sampling month. In contrast, PC2 (10.3%)
correlated positively with N‐content (N/C) with overlap between all months
and the Taz tributaries. Water quality parameters and geochemical concen-
trations were also summarized and illustrated by the PCA in Figure S4 in
Supporting Information S1 with samples clustering by month across both
axes.

The relationship between DOM composition and elemental concentrations
were investigated using RDA (Figure 6). Model significance was verified
using ANOVA (p < 0.001) with both axes determined to be significant
(p < 0.001). Major and trace solute concentrations explained 76.6% of the

variance in the DOM variables with 70.0% on the first axis (RDA1) and 6.6% on the second axis (RDA2). Along
RDA1 > 0, SpC and DIC clustered with S/C and S275‐295 and Si, Mn, and pHwith FI and H/C. At RDA1 < 0, DOC
and Al clustered with AImod, O/C, NOSC, SUVA254, and a350. Along RDA2 > 0, K clustered with N/C which was
opposite of Fe (RDA2 < 0).

4. Discussion
4.1. Seasonality of WSL Rivers

WSL tributaries from the middle reaches of the Ob’ River (MRO rivers) experienced dramatic changes in DOM
composition and elemental geochemistry from winter (March), spring (May), summer, (June), and early autumn
(September; Table 1; Figure 2; Figure 4). Below we discuss the seasonal controls of these trends and their im-
plications for aquatic carbon cycling in this region.

In March, rivers were frozen and effectively disconnected from the surface
resulting in lowO2 and high concentrations ofDIC,Group 3 elements, andSpC
due to ice exclusion and groundwater inputs (Table 1; Table S4 in Supporting
Information S1; Pokrovsky et al., 2015; Vorobyev et al., 2019). Low DOC
concentrations and CDOM (Figures 2a and 2b), likely originating from
groundwater sources, resulted in a slightly shallower a350‐DOC slope than the
overall Ob’ River relationship (Figure 3, red points). This suggests the river
exported less CDOM per unit DOC downstream (i.e., SUVA254; Figure 2c)
which was instead enriched in autochthonous, microbial‐like signatures
characterized by steeper S275‐295 slopes, aliphatic‐like compounds, and highN,
S‐content (Figure 2; Figure 4d; Figure S2 in Supporting Information S1).
These molecular signatures likely represented processed and aged DOM as
winter DOC in the Ob’ River at Salekhard is typically 14C‐depleted (Behnke
et al., 2021) and high IOS content has also been linked to 14C‐depleted DOC in
various rivers (Figure S3a in Supporting Information S1; Kellerman
et al., 2018). However, enrichment of aliphatic‐like and N and S‐containing
formulae has also been linked to microbial processing and enhanced bio-
lability (Kellerman et al., 2015; Textor et al., 2019), meaning components of
this DOM pool could be respired in the Ob’ mainstem under favorable ther-
modynamic conditions (Boye et al., 2017; Valle et al., 2018), particularly as
water temperatures increase and surface waters are reoxygenated during ice
break‐up in the spring.

Figure 5. Principal component analysis (PCA) biplot of all samples based on
dissolved organic matter composition. Samples from the middle reaches of
the Ob’ River (MRO) are colored according to their sampling month
including March (red), May (orange), June (yellow), September (green), and
Taz tributaries in August (purple).

Figure 6. Redundancy analysis (RDA) triplot depicting the variance in
dissolved organic matter composition (Principal component analysis from
Figure 5, gray points, red points and red text) explained by elemental
concentrations and water quality (black text and arrows).
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Spring typically occurs from April to early June, inundating the MRO floodplain and exporting over 50% of all
dissolved solutes from the watershed in just 2 months (Krickov et al., 2021; Vorobyev et al., 2019). In May, K
concentrations, DOC, CDOM, and CA+PPh compounds all increased (Figure 2; Figure 4a; Table S4 in Sup-
porting Information S1), representing the pulse of terrestrial DOM transported into arctic rivers during periods of
greater landscape connectivity driven by meltwater (e.g., Behnke et al., 2021; Holmes et al., 2012; Mann
et al., 2016; Raymond et al., 2007). Although much of this terrestrial DOM is aromatic, there was also an increase
in the relative abundance of aliphatic‐like compounds in May (Figure 4d) representing fresh DOM inputs from
leached surface litter and vegetation which are thought to be highly biolabile substrates for respiration (D’Andrilli
et al., 2019; Hensgens et al., 2021; Textor et al., 2019). Thus, while CA+PPh compounds are exported down-
stream to the lower reaches of the Ob’ River as CDOM, aliphatic‐like compounds are potentially respired upon
mixing in the middle reaches, possibly contributing to the higher CO2 emissions from these regions in the spring
and summer compared to continuous permafrost zones (Serikova et al., 2018).

By late June, water temperatures had increased as well as SpC, DIC, and Group 1 element concentrations due to
reduced dilution of groundwater baseflow from the passing of peak discharge (Table 1; Table S4 in Supporting
Information S1; Pokrovsky et al., 2015; Vorobyev et al., 2019). Mean DOC concentrations and CDOM had also
increased from March, illustrating the continual input of terrestrial DOM into WSL tributaries from the sur-
rounding floodplain despite the overall decrease in riverine discharge (Krickov et al., 2021; Vorobyev
et al., 2015). However, this DOM was still compositionally similar to DOM from the freshet given their
aromaticity and heteroatom content with the main difference being a decrease in aliphatic‐like and small relative
increase in CA+PPh (Figures 2c and 2d; Figures 4a and 4d; Figure S2 in Supporting Information S1). Such
increases in aromatic CA+PPh may enhance CO2 outgassing from WSL tributaries during the late summer as
these highly aromatic compounds sourced from the landscape are typically photolabile, particularly as residence
times increase during summer and the region experiences longer exposure to sunlight (Franke et al., 2012;
Panneer Selvam et al., 2017). Given sufficiently low discharge conditions and substrate availability, photo-
degradation of aromatic CA+PPh compounds could increase the proportion of aliphatic‐like formulae down-
stream and contribute significantly to CO2 fluxes in low‐order headwater streams across similar systems
(Berggren et al., 2022; Cory et al., 2015; Maavara et al., 2023).

Terrestrial DOM input persisted until early autumn (September) with bulk aromaticity remaining relatively
unchanged across the open water period (i.e., SUVA254, Figure 2d; CA+PPh, Figure 4a) and instead the relative
abundance of HUPHigh O/C and other oxygenated compounds increased (Figure 4c; Table S3 in Supporting In-
formation S1). This suggests a change in the terrestrial DOM sourcing from fresh litter and surface layers from
May‐June, to more degraded and processed DOM from peat and deeper soil layers in the uplands by the end of
summer (September), as also suggested by increases in Group 1 element and Si concentrations (Table S4 in
Supporting Information S1; Pokrovsky et al., 2020). Though peak discharge had long passed, these rivers are still
connected to the floodplain and prone to high precipitation events that temporarily increase discharge during the
autumn (Krickov et al., 2021; Pokrovsky, Manasypov, et al., 2022), effectively flushing DOM out of the sur-
rounding soil layers into the rivers (Starr et al., 2023). Despite relatively low autumn DOC fluxes from this region
to downstream (Pokrovsky et al., 2020; Vorobyev et al., 2019), MRO riverine DOM and its extensive floodplain
are likely important sources of CDOM to the Ob’ River in autumn as northern tributaries from the permafrost zone
become disconnected from the landscape when air temperatures decrease.

4.2. Molecular‐Level Signatures of WSL Rivers

Seasonality also had a strong impact on the intensity differences of individual DOM formulae across the WSL
rivers. Molecular formulae that correlated positively with PC1 scores from Figure 5 were more aliphatic‐like
(higher H/C), less oxygenated (low O/C), and N and S‐enriched compared to negatively correlated formulae
(Figure 7a). Given their similarity to the molecular composition of various groundwater systems (e.g., Dvorski
et al., 2016; McDonough et al., 2022), the positively correlated formulae therefore illustrate the prevailing
signature of groundwater DOM present within river systems (Figure 7b). As the analysis was conducted only with
molecular formulae present in every sample, this implies that they are also present during the summer and autumn,
though at much lower relative intensities, meaning that they likely represent the baseflow input of groundwater
DOM across the WSL rivers. In contrast, negatively correlated formulae are consistent with the DOM compo-
sition of surface waters from boreal lakes and streams (e.g., Groeneveld et al., 2020; Hutchins et al., 2017;
Kellerman et al., 2015), likely representing the signature of processed aromatic terrestrial inputs through summer
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(Figure 7a). Similarly, these formulae illustrate the continuous seepage of soil and peat‐derived DOM to the Ob’
River even under freezing conditions (Figure 3), as has been suggested in other permafrost‐free boreal watersheds
influenced by wetlands (e.g., Johnston et al., 2018).

Along RDA1, aliphatic‐like and S‐enriched DOM properties clustered with SpC, DIC, pH, and Group 2 elements
while aromaticity and oxygenation clustered with DOC and Al in the opposite direction (Figure 6). This further
illustrates the dependency of microbially‐sourced groundwater DOM and terrestrial DOM on seasonality, as well
as the cotransport of metals, such as Al, with aromatic DOM from the landscape (Pokrovsky et al., 2016; Pok-
rovsky, Lim, et al., 2022; Pokrovsky, Manasypov, et al., 2022). While oxygenation generally followed aroma-
ticity, it was also negatively associated with Mn (Figure 6), suggesting that these properties could be related
independently of hydrologic sourcing. Oxygen limitation during the winter compels respiring microorganisms to
utilize alternate terminal electron acceptors, such as manganese(IV) (oxy)hydroxides, resulting in dissolved
winter Mn concentrations that are an order of magnitude greater than the summer (Table S4 in Supporting In-
formation S1; Lovley, 1991; Pokrovsky et al., 2016). Due to thermodynamic constraints, anaerobic respiration
selectively oxidizes higher NOSC compounds, removing them from the bulk composition and progressively shifts
the remaining DOM pool to lower average NOSC values (Boye et al., 2017; Valle et al., 2018). Formulae with
lower oxidation states, such as HUPLow O/C compounds, have less electron donating‐ and accepting capacity,
reducing their ability to mediate electron transfer between substrates during anaerobic respiration (Kurek
et al., 2023). Therefore, the negative relationship between O/C and NOSC with Mn represents the seasonal effect
of redox conditions on WSL river DOM composition, possibly serving as an important control over DOM
preservation in other WSL rivers during the winter months.

All formulae significantly correlated with PC2 were similar in aromaticity, occupying the same range of H/C
values, but positively correlated formulae were shifted to higher O/C and almost entirely composed of CHON‐
containing formulae while negatively correlated formulae were shifted to lower O/C ratios and CHO‐
containing (Figure 7b). Thus, variance along PC2 was driven by the intensity of oxygenated N‐containing
formulae, representing a specific subset of the bulk DOM. The separation of molecular formulae by O/C is
similar to patterns observed in temperate wetlands where formulae that were more abundant in wetland surface
waters clustered at O/C > 0.4 and those more abundant in porewaters were shifted to lower O/C values (Kurek
et al., 2024). This similar pattern in WSL rivers could suggest that DOM composition is heavily impacted by
water interactions with the surface and subsurface. Processes such as leaching from vegetation and surface
organic layers afford fresher and more recently processed DOM from van Krevelen regions described as lignin‐
like and tannin‐like (e.g., Allain et al., 2024; Hensgens et al., 2021), while oxygenated and aromatic DOM that
passes through clays and minerals adsorb onto surfaces and are removed from the bulk solution (Groeneveld
et al., 2020).

Figure 7. van Krevelen diagrams of spearman correlation coefficients between individual FT‐ICRMS formulae and principal
component loadings (a) PC1 and (b) PC2 from Figure 5. Positively correlated formulae are colored in red and negatively
correlated formulae are in blue. Arrows describe compositional changes of dissolved organic matter (DOM) sourcing from
the spearman correlations. Bars describe the heteroatom composition of positively (+) and negatively (− ) correlated DOM
formulae in each panel and are denoted by CHO (light blue), CHON (orange), CHOS (green), and CHONS (red). Compound
class regions are described by dashed/solid lines and include: aliphatics (aliphatic‐like), highly unsaturated and phenolic
(HUP), polyphenolic‐like (PPh), and condensed aromatic‐like (CA).
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K concentrations clustered with N/C along the positive axis of RDA2 and negatively with Fe concentrations,
decoupling them from seasonality (Figure 6). While both elements are characteristic of terrestrial sourcing
(Krickov et al., 2020; Pokrovsky et al., 2015, 2016), their divergent relationship with N/C further demonstrates
the influence of soil and litter layers on riverine DOM composition. High K concentrations suggest plant litter and
vegetation leaching from shallow surface layers, such as during the spring freshet (Pokrovsky et al., 2015), while
Fe is typically sourced from subsurface mineral horizons (Pokrovsky et al., 2016). Therefore, the partitioning of
terrestrial sources between surface litter layers and subsurface mineral soils could account for the variance in
molecular‐level DOM composition during the open water period (Figure 7b). Differences in sourcing likely
impacts downstream DOM biolability and fluvial CO2 emissions across this region (Krickov et al., 2024; Ser-
ikova et al., 2018, 2019) with fresh terrestrial material considered to be highly bioavailable on short times scales
(Lapierre & Del Giorgio, 2014).

Interestingly, the DOM composition of the Taz tributaries was similar to the MRO rivers in June‐September
(Figure 5) rather than clustering separately despite the differences in elemental geochemistry and landcover be-
tween the two regions (Figure S4 in Supporting Information S1; Krickov et al., 2024; Pokrovsky, Lim, et al., 2022;
Pokrovsky,Manasypov, et al., 2022). TheTaz tributarieswere comparable in aromaticity and oxygenation toMRO
rivers from the same season, but slightly more enriched in N and S‐containing formulae (Figure 5; Figure S2 in
Supporting Information S1). This is likely due to the influence of continuous permafrost in these watersheds
(Drake, Guillemette, et al., 2018;Moore et al., 2023); however, permafrost DOM is typically enriched in aliphatic‐
like formulae, the lack of which suggests that many of these compounds were rapidly mineralized in headwaters
during transport in the early summer (Guillemette et al., 2017; Rogers et al., 2021; Spencer et al., 2015).
Furthermore, the clustering of Taz tributaries with MRO rivers in the summer and autumn suggests that despite
their geographical separation, WSL rivers are continuously supplied with a pool of aromatic DOM that is
compositionally similar between subsurface soil layers and permafrost at maximum thaw. Previous findings re-
ported latitude as the main control over DOC concentrations rather than seasonality in these regions (Pokrovsky
et al., 2015; Pokrovsky, Lim, et al., 2022). Here, we demonstrate that seasonality may be more important than
latitude or permafrost extent for determining the molecular‐level DOM composition, at least within the context of
the late summer and early autumn. It is likely that the composition ofDOMexported from these regions into theOb’
mainstemmay vary from the spring melt through the open water period due to sourcing and latitudinal differences;
however, by late summer their properties become similar reflecting common degradation pathways, mineral‐water
interactions, and homogenization in small headwater streams. Sampling across larger permafrost gradients and
multiannual timescales may provide additional insight into these degradation pathways and the relative contri-
butions between the surface layers and subsurface soil in high‐latitude arctic rivers.

4.3. Landscape Controls on Riverine DOM Composition

Over 10% of the variance in WSL river DOM composition (PC2) was impacted by terrestrial sourcing driven by
individual rivers and land use of each watershed (Figure 5; Table 2), suggesting that surrounding landcover also
contributes to WSL river DOM composition and organic C sourcing to the Arctic Ocean. Watershed area had a
negative relationship with PC2 DOM scores; however, this relationship is largely due to the Taz tributaries being
on average smaller than the MRO rivers (Table S1 in Supporting Information S1), and instead likely reflects the
differences in N‐content of permafrost watersheds as discussed in Section 4.2. Furthermore, previous studies have
reported varying significance of watershed size on carbon dynamics across this region and instead determined
landcover to be more significant (e.g., Krickov et al., 2023, 2024; Pokrovsky et al., 2015).

Indeed, peatland coverage correlated negatively with DOM PC2 and overall N‐content (Figure S5 in Supporting
Information S1), similar to findings in other WSL rivers (Starr et al., 2024). Aromatic DOM properties also
increased with peatland coverage, though only in June‐September, while %CHON decreased across all seasons
(Figure S5 in Supporting Information S1). We also observed minimal impacts of peatland coverage on DOM
composition in the continuous permafrost zone, even at maximum summer thaw, highlighting the dominant role
of permafrost in carbon transport across northern regions (Starr et al., 2023). This indicates that non‐permafrost
watersheds with a greater percentage of peatland coverage export more aromatic DOM during summer low flow,
with typically less organic N throughout regardless of season. As northern peatlands represent a massive source of
vulnerable carbon (Hugelius et al., 2020), this could indicate an important pathway for terrestrial carbon
mobilization in arctic rivers, particularly as permafrost landscapes thaw and become influenced by inundated
peatlands. These landscapes are an important source of DOC (Frey & Smith, 2005) and terrestrial DOM to large
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arctic rivers across high‐latitude systems (Amon et al., 2012; Gandois
et al., 2021; Kaiser, Benner, & Amon, 2017; Rosset et al., 2022). However,
due to its high aromaticity and low N‐content, this exported organic matter is
not likely immediately biolabile and instead could be degraded on longer
timescales in coastal systems and in the Arctic Ocean influencing heat
transfer and carbon storage (Hansell et al., 2004; Kaiser, Benner, &
Amon, 2017; Opsahl et al., 1999).

Despite the importance of peatlands, correlations with peatland coverage
were weaker than with forest cover, and we identify a strong negative cor-
relation between the ratio of the combined needleleaf forests to broadleaf
forests with PC2 (Needleaf:Broadleaf; Table 2). Furthermore, we find a
similar positive trend between aromatic DOM properties and Needleaf:
Broadleaf in June–September in addition to a decreasing trend with %CHON

across all seasons (Figure S6 in Supporting Information S1). This suggests that during the open water period when
rivers are connected to the landscape, watersheds with greater proportions of needleleaf forests export more
aromatic and N‐depleted DOM than those with more broadleaf forest cover. Conversely, DOM is more enriched
in N‐containing molecular formulae in rivers whose watersheds contain greater broadleaf forest coverage than
needleleaf forests in all seasons, highlighting the important role of soils and the subsurface for DOM processing in
these rivers (Figures 7b and 7d).

Past studies have also reported differences between organic matter sourced from coniferous and deciduous
forests. For instance, mobile DOM fractions from soils in coniferous forests had higher SUVA254 values than
from deciduous forests where the immobile organic matter was more aromatic (Jaffrain et al., 2007). Similarly,
DOM from coniferous headwaters were enriched in terrestrial fluorophores and had higher molecular weights
than DOM from deciduous forests (Cuss & Guéguen, 2015); however, coniferous DOM leaches have also been
identified as less biologically reactive than DOM from deciduous leachates (Hensgens et al., 2021). This could
suggest that the DOM signatures exported from arctic rivers with lower Needleaf:Broadleaf ratios are more
biolabile and may also account for some of the large differences in CO2 fluxes reported in rivers across the WSL
(Krickov et al., 2024; Serikova et al., 2018). However, biolability varies by plant species (Allain et al., 2024;
D’Andrilli et al., 2019) and the impact of composition on aquatic carbon cycling is still largely unknown as these
molecular signatures represent diverse mixtures of leachates and soils with few studies directly addressing
biodegradation in high‐latitude arctic systems. Regardless, we demonstrate that the ratio of needleleaf to
broadleaf forest cover could be an important control over DOM composition and biolability in WSL rivers and
future arctic river studies should consider this relationship as warming‐induced landscape changes are actively
changing flow paths and hydrologic connectivity.

4.4. Impacts of Landscape Change to WSL Riverine DOM

Warming soils and longer summer seasons will increase the active layer depth in permafrost regions and push the
permafrost boundary northward, releasing large stores of soil carbon (Miner et al., 2022; Romanovsky
et al., 2010; Schuur et al., 2015). Past studies have hypothesized how shifting permafrost boundaries will impact
geochemical concentrations and greenhouse gas fluxes across these regions (e.g., Krickov et al., 2024; Pokrovsky
et al., 2015, 2016; Pokrovsky, Lim, et al., 2022; Pokrovsky, Manasypov, et al., 2022; Serikova et al., 2018), and
we explore related impacts on DOC and DOM composition within the Taz tributaries. On short timescales, low‐
order tributaries will receive greater contributions of permafrost‐derived DOM into headwaters characterized by
greater biolability from aliphatic‐like and N,S‐enriched formulae (Rogers et al., 2021; Spencer et al., 2015).
Though the relative abundance of these formulae is currently greater in the Taz tributaries than the MRO rivers,
further warming may increase their proportion, similar to what has been observed in thermokarst thaw slumps and
Yedoma thaw (12.8 ± 5.4%; Moore et al., 2023; Drake, Guillemette, et al., 2018; Drake, Raymond, &
Spencer, 2018). As continued warming expands active layers and saturates pore spaces, rapid mineralization of
these permafrost‐derived DOM signatures will likely lead to increased CO2 fluxes across northern regions,
making them comparable to current emissions from rivers in sporadic and permafrost‐free zones (Krickov
et al., 2024; Serikova et al., 2018). Northern rivers will also become more hydrologically connected to the
landscape over time (Ala‐aho et al., 2018) and likely mobilize more DOM from the extensive peatlands of the
WSL, increasing overall export of DOC and CDOM to the Arctic Ocean (Drozdova et al., 2021; Frey &

Table 2
Significant Spearman Correlations Between Landcover and PC2 Scores
From Figure 5

rho p

Watershed area (log‐transformed) − 0.62 6.5 × 10− 5

% Mixed forest − 0.37 0.04

% Peatland − 0.51 0.002

% Broadleaf forest 0.63 2.0 × 10− 4

% Light needleleaf forest − 0.72 8.3 × 10− 6

% Dark needleleaf forest − 0.82 3.6 × 10− 8

Needleaf:Broadleaf − 0.79 2.2 × 10− 7
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Smith, 2005; Rosset et al., 2022; Starr et al., 2024). Greater CDOM delivery into arctic coastal systems could
increase mineralization via photodegradation and have ramifications for surface heat transfer as well as Arctic
Ocean productivity (Hancke et al., 2012; Hill, 2008; Osburn et al., 2009).

Northern tree line expansion and arctic greening will also impact Siberian tundra and taiga landscapes, changing
the distribution of surface vegetation and litter layers (Berner et al., 2020; Forbes et al., 2010; Miles &
Esau, 2016). As coniferous forests migrate northward, connected watersheds will likely become more aromatic,
driven by an increase of CA+PPh compounds delivered from surface soils as well as an expansion of flow paths to
surrounding vegetation (Catalán et al., 2024; Rantala et al., 2016). Bulk parameters such as CDOM and SUVA254

will likely increase and become comparable to mean values from the MRO rivers in autumn (Figures 2b and 2d).
Furthermore, this shift to aromatic DOM may decrease overall short‐term DOM biolability in connected waters
(Catalán et al., 2024; Guillemette et al., 2013; Koehler et al., 2012) but conversely may make it more susceptible
to photodegradation during transport and in receiving ecosystems (Cory et al., 2015; Franke et al., 2012; Panneer
Selvam et al., 2017). However, it is important to note that these rivers will also receive greater inputs from the
subsurface and groundwater due to active layer expansion (Frey & McClelland, 2009; Xu et al., 2020), likely
increasing the contribution of DIC and decreasing DOC to the overall carbon export (Pokrovsky, Lim, et al., 2022;
Pokrovsky, Manasypov, et al., 2022). Increase of active layer thickness will likely enhance delivery of labile, low
molecular weight DOM from dispersed peat ice, which contains high proportion of easily degradable carboxylic
acids (Kuzmina et al., 2022; Lim et al., 2020, 2022). In contrast, groundwater input will increase the contribution
of aged DOM in northern rivers, including low O/C and IOS compounds (Figure S3a and Table S3 in Supporting
Information S1), which are typically more biostable on short timescales (Kellerman et al., 2018; Lechtenfeld
et al., 2014). Therefore, the overall DOM composition of northern rivers and its impact on carbon cycling will
likely reflect a combination of surface and subsurface expansion with specific impacts dependent on hydrology,
peatland extent, and dominant vegetation.

Finally, changes to the WSL rivers are likely to be driven by both anthropogenic disturbances, such as defor-
estation, wildfires, resource extraction, and changes to precipitation (Kirpotin et al., 2021; Kühling et al., 2016;
Sada et al., 2019; Xu et al., 2020). Though these disturbances are regional and the overall impact onWSL rivers is
largely unknown, we can surmise that the coverage of peatlands and forests may change in these watersheds and
have downstream effects on carbon cycling. Much of the agricultural land in this region was abandoned in the
1990s and transitioned to grasslands; however, large portions have been reclaimed and converted to cropland in
recent decades (Ivanov et al., 2022; Kühling et al., 2016). Wetland drainage and forest conversion to croplands
and grasslands will likely mobilize large pools of organic carbon from the soil into connected rivers. This will
shift the composition of exported DOM from highly aromatic and biostable on short timescales, to DOM that is
more aliphatic‐like, N‐enriched, and biolabile (Drake et al., 2019; Spencer et al., 2019; Wilson & Xen-
opoulos, 2009). Additionally, the overall discharge from the Ob’ River has been increasing this century; however,
projected DOC fluxes to the Arctic Ocean are unclear, reflecting a combination of increased groundwater
contribution and DOC loss from wildfires and mineralization (Kicklighter et al., 2013; Li et al., 2019; Rodríguez‐
Cardona et al., 2020). The Ob’ River has also experienced expansion of the ice‐free season and increased winter
precipitation, causing the spring freshet to occur earlier in the year with greater intensity (Sada et al., 2019; Xu
et al., 2020). As much of the DOM transported from the landscape during peak discharge is fresh and biolabile
(Figure 4d), the relative abundance of aliphatic‐like formulae in these rivers may increase with peak discharge
during the spring, promoting mineralization during transport to the costal Arctic Ocean (Behnke et al., 2021;
Kaiser, Canedo‐Oropeza, et al., 2017).

In summary, despite the enormous size and importance of the Ob’ River floodplain, it has received considerably
less attention than other large wetland systems (e.g., Amazon, Congo) with respect to how land use changes will
impact carbon dynamics. Our work uncovers baseline trends in seasonal and spatial riverine DOM composition
across the WSL and identifies areas for future work to address how changing land cover will impact seasonal
carbon export and processing across this region.

5. Conclusion
This study investigated the DOM composition of WSL rivers from the middle reaches of the Ob’ River (MRO
rivers) with respect to both seasonal and spatial patterns. We report several comparable patterns in DOC and
DOM optical properties between large arctic rivers and smaller permafrost‐free Siberian rivers. DOC, CDOM,
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and molecular‐level aromaticity increased in MRO rivers from winter (March) through early autumn
(September), representing the transition from groundwater‐sourced DOM to terrestrial sources. Furthermore,
molecular‐level DOM signatures revealed additional differences in terrestrial sourcing between surface litter
layers in the spring freshet and deeper subsurface soil layers in early autumn as well as the role of redox processes
influencing DOM cycling in winter. These results suggest that seasonality was the main control over DOM
composition and export across the sampled rivers. We also identified secondary spatial patterns across the MRO
rivers, particularly between the tributaries of the Taz River in the continuous permafrost zone. Taz River trib-
utaries were compositionally similar to MRO rivers in the summer and autumn with respect to aromaticity but had
a greater relative abundance of N and S‐containing formulae, likely derived from permafrost inputs. Differences
between DOM aromaticity and organic N‐content across individual watersheds also varied with landcover, such
as peatland, forest coverage, and the ratio of needleleaf to broadleaf forests. As high‐latitude arctic systems
experience warming, changes to precipitation patterns, and anthropogenic disturbances, seasonal and spatial
trends in WSL river DOM export will likely respond. Landscape changes will mobilize new biolabile carbon
pools from disturbances such as permafrost thaw, while changes to seasonal delivery will probably amplify the
terrestrial pulse during the spring freshet, both having ramifications for coastal export and aquatic greenhouse gas
emissions.
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