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Abstract West Siberia contains some of the largest soil carbon stores on Earth owing to vast areas of
peatlands and permafrost, with the region warming far faster than the global average. Organic matter transported
in fluvial systems is likely to undergo distinct compositional changes as peatlands and permafrost warm.
However, the influence of peatlands and permafrost on future dissolved organic matter (DOM) composition is
not well characterized. To better understand how these environmental drivers may impact DOM composition in
warming Arctic rivers, we used ultrahigh resolution Fourier‐transform ion cyclotron resonance mass
spectrometry to analyze riverine DOM composition across a latitudinal gradient of West Siberia spanning both
permafrost‐influenced and permafrost‐free watersheds and varying proportions of peatland cover. We find that
peatland cover explains much of the variance in DOM composition in permafrost‐free watersheds in West
Siberia, but this effect is suppressed in permafrost‐influenced watersheds. DOM from warm permafrost‐free
watersheds was more heterogenous, higher molecular weight, and relatively nitrogen enriched in comparison to
DOM from cold permafrost‐influenced watersheds, which were relatively enriched in energy‐rich peptide‐like
and aliphatic compounds. Therefore, we predict that as these watersheds warm, West Siberian rivers will export
more heterogeneous DOM with higher average molecular weight than at present. Such compositional shifts
have been linked to different fates of DOM in downstream ecosystems. For example, a shift toward higher
molecular weight, less energy‐rich DOM may lead to a change in the fate of this material, making it more
susceptible to photochemical degradation processes, particularly in the receiving Arctic Ocean.

Plain Language Summary West Siberia is warming faster than other regions and contains vast areas
of peatlands and permafrost, which contain vast stores of carbon. This carbon is transported off the landscape by
rivers and the composition of this exported carbon is likely to change with continued warming, but there is no
consensus on exactly what changes will occur. To study these potential changes, we used ultrahigh resolution
mass spectrometry to analyze molecular‐level organic matter composition across a gradient of permafrost
influence and peatland cover in West Siberian watersheds. Warm permafrost‐free watersheds had organic
matter that was more diverse, of higher molecular weight, and had unique molecular composition compared to
cold permafrost‐influenced watersheds. We also found that while peatland cover explained much of the
compositional diversity between rivers, permafrost ultimately controlled the influence of peatland cover on
dissolved organic matter composition, effectively acting as a switch on the compositional signal from peatlands.
We predict that as West Siberia warms, the fate of organic matter transported by rivers in the region will thus
change and the role of photochemical degradation processes may become more important.

1. Introduction
Northern peatland and permafrost soils are two of the Earth's most significant reservoirs of organic carbon (OC),
storing approximately 415 and 1,500 Pg C, respectively (Hugelius et al., 2020; Schuur et al., 2015). These stores
are facing rapid warming, with a projected release of up to hundreds of Pg C over the coming century (Natali
et al., 2021; Schuur et al., 2013, 2022). Rivers receiving OC from these landscapes carry geochemical signatures
that can provide insights into how these ecosystems are changing (Behnke et al., 2021; Frey, McClelland
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et al., 2007, Frey, Siegel, et al., 2007; Spencer et al., 2015; Wild et al., 2019). The majority of OC transported by
Arctic streams and rivers is in the dissolved phase, and the concentration and characteristics of dissolved organic
matter (DOM) exported to the Arctic Ocean has implications for food webs, biogeochemical processes, and
climate change feedbacks (Fabre et al., 2019; Kaiser et al., 2017; Terhaar et al., 2021). Specifically, changes in
riverine DOM composition and thus biolability have the potential to alter both primary production and respiration
in marine ecosystems (Behnke et al., 2021; Clark et al., 2022). Rapid warming is changing both the amount and
composition of exported DOM, but the exact nature of these changes is still not fully characterized (Behnke
et al., 2021; Frey & McClelland, 2009). While many studies have examined the impact of either permafrost
influence or peatland cover (i.e., the percentage of the watershed covered by peatland) on exported DOM (e.g.,
Sepp et al., 2019; Spencer et al., 2007, 2015; Stubbins et al., 2017; Xenopoulos et al., 2003), relatively few have
sought to consider the influence and interaction of both factors (e.g., Frey & Smith, 2005; Gandois et al., 2019;
Walker et al., 2013), despite the fact that nearly half of stored peatland OC is influenced by permafrost (Hugelius
et al., 2020; Schuur et al., 2015). Understanding the impact and interplay of permafrost influence and peatland
cover on riverine DOM export is thus necessary for understanding how warming landscapes may alter the Arctic
carbon cycle.

DOM represents a compositionally complex and polyfunctional mixture of organic compounds that spans a range
of molecular weights. The composition of DOM in surface waters reflects the terrestrial attributes that rivers
traverse, including wetland area, soil type, and land cover (Mann et al., 2014). Many of the molecular formulae
that comprise DOM contain bioavailable components that can be used for microbial metabolism and support
coupled biogeochemical processes like denitrification (Barnes et al., 2012). The degradation of DOM is affected
by abiotic environmental factors (i.e., temperature, nutrient availability, redox conditions) and by the chemical
composition of the DOM itself. For example, highly aromatic, high molecular weight compounds have been
suggested to be less available for biodegradation and are more likely to be stored on longer time scales once
exported to marine environments (Behnke et al., 2021; Benner et al., 2005; Jiao et al., 2010). However, these
aromatic components may be more susceptible to photochemical degradation, especially once exported into the
coastal ocean (Bowen et al., 2020; Grunert et al., 2021; Ward & Cory, 2016). Conversely, energy‐rich aliphatic
compounds and low molecular weight components of the DOM pool have been often observed to be highly
susceptible to biodegradation and subject to rapid degradation in oxygenated waters (D’Andrilli et al., 2015;
Drake et al., 2015; Jiao et al., 2010; Spencer et al., 2015). Therefore, understanding the composition and thus
reactivity of the source material is important for understanding the fate of DOM exported from the landscape.

Permafrost exerts strong controls on hydrology, affecting both surface and groundwater flow, and on dissolved
OC (DOC) concentration and DOM composition (Juhls et al., 2020; Lin et al., 2021; O’Donnell et al., 2016).
Permafrost thaw releases stored OC and impacts the mobilization and processing of DOM from terrestrial systems
into, and through, aquatic systems (Schuur et al., 2008; Striegl et al., 2005). It has been suggested that in West
Siberia specifically, permafrost exerts influence over DOC transport by regulating the impact of groundwater
flow and the leaching of organic material from the active soil layer (Frey & Smith, 2005; Frey, McClelland et al.,
2007; McClelland, et al., 2007; Pokrovsky et al., 2015). Permafrost‐derived DOM typically has a molecular‐level
composition characterized by a high relative abundance (RA) of energy‐rich aliphatic compounds and past
research has attributed the rapid biodegradation of permafrost‐derived DOM to its distinct aliphatic signature
(Drake et al., 2018; Spencer et al., 2015; Textor et al., 2019). As permafrost thaw continues, it is important to
understand how other landscape variables that affect biogeochemical cycling (e.g., peat cover) may impact DOM
generation, composition, and export in changing permafrost environments.

Peatland cover is one of the best indicators of DOC concentrations in surface waters globally (Aitkenhead &
McDowell, 2000; Xenopoulos et al., 2003) and in Arctic and boreal systems, specifically (Frey & Smith, 2005;
Hall et al., 2021; Kortelainen et al., 2006). DOC concentration increases with peatland area in watersheds, with
peatland influence explaining as much as 75% of OC export in some catchments (Kortelainen et al., 2006).
Peatland DOM is typically characterized by high molecular weight and aromatic compounds, and is typically of
relatively recent age (Chanton et al., 2008; Tfaily et al., 2013). Peatlands currently act as net carbon sinks (Loisel
et al., 2020; Smith et al., 2004), but some projections estimate that peatlands will become either net carbon sources
and/or net sources of radiative forcing under continued warming through the release of greenhouse gases (Friborg
et al., 2003; Frolking et al., 2011; Hugelius et al., 2020). Some predictions assert that as a whole, Arctic peatlands
will continue to act as net carbon sinks under future warming (Chaudhary et al., 2020; Gallego‐Sala et al., 2018),
or under certain warming scenarios (Qiu et al., 2022). However, predicting whether overall peatland area may
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shrink or expand with future human impacts is difficult both because of the high variability in hydrology and
terrain across the Arctic as well as a dearth of available data (Chaudhary et al., 2020; Fewster et al., 2022; Morris
et al., 2018). Furthermore, previous research suggests that interactions between permafrost and peatland may
create unique impacts on DOC export, but further research is necessary to understand the impacts of these in-
teractions on DOM composition (Frey & Smith, 2005). Because of this uncertainty in the role of Arctic peatlands
in OC processing under continued global change, it is important to examine their impacts on DOM composition
and export and potential interactions between permafrost and peatlands where they occur concurrently to better
understand how the role of northern high‐latitude peatlands in the global carbon cycle may shift in the future.

The West Siberian Lowland contains the largest expanse of frozen peatlands in the world (Pokrovsky et al., 2015,
2020) with an estimated carbon storage of ∼47 ± 23 kg C m− 2 (Lim et al., 2022), but this carbon‐rich region is
warming faster than the rest of the Arctic (Frey & Smith, 2005). The Intergovernmental Panel on Climate Change
predicts both a warmer and wetter shift for Siberian climate (IPCC, 2023), suggesting an increase in annual runoff
from Siberian rivers and streams. Long‐term increases in DOC concentration in boreal regions have been
attributed to greater primary production because of warming and elevated atmospheric CO2 and increased rates of
permafrost thaw (Fenner et al., 2009; Moore, 2009). Increases in both runoff and DOM production suggest that
warming may enhance the amount of DOM exported from the landscape via Siberian rivers. This increase in
DOM export can be expected to occur concurrently with shifts in DOM composition and thus reactivity, but the
exact nature of these changes is not well constrained. Therefore, the uncertainty with respect to the fate of Siberian
riverine DOM calls for increased research efforts into DOM composition and its controls in the region.

Here, we examine riverine DOM along gradients of permafrost and peatland cover in West Siberia to explore the
likely impacts of climate warming on DOM composition.We examine permafrost‐influenced and permafrost‐free
watersheds with similar distributions of peatland cover, allowing for the analysis of concurrent peatland cover and
permafrost influence effects on DOM. This “substitute‐space‐for‐time” approach has previously been used in
West Siberia (Frey & Smith, 2005; Frey, McClelland, et al., 2007, Frey, Siegel, et al., 2007; Smith et al., 2005)
and allows projection of potential changes in DOM composition under future warming scenarios. Previous studies
focused on West Siberia have examined DOC concentration and optical parameters to assess bulk DOM
composition (Frey & Smith, 2005; Lim et al., 2022; Raudina et al., 2017). Here, we utilize ultrahigh resolution
DOM compositional data to expand on these previous observations by examining how shifts driven by permafrost
cover and peatland inputs in West Siberian watersheds impact DOM at the molecular level and subsequently infer
how these compositional shifts may impact the fate of exported riverine DOM. The sub‐parts per million mass
measurement accuracy, precision, and mass resolving power (m/Δm50% > 2,000,000 at m/z 400) of Fourier‐
transform ion cyclotron resonance mass spectrometry (FT‐ICR MS) at 21 T coupled with negative‐ion electro-
spray ionization enables assignment of tens of thousands of molecular formulae providing insight into West
Siberian DOM composition and cycling (Behnke et al., 2021; Kellerman et al., 2015; Roth et al., 2022), enabling a
comprehensive assessment of how permafrost and peatlands may impact riverine DOM composition in West
Siberia. We hypothesize that in permafrost‐free watersheds, peatland cover will lead to greater variability in
DOM composition as previously noted for DOC concentration (Frey & Smith, 2005). Furthermore, as permafrost
has been shown to have a distinct molecular‐level DOM composition, we hypothesize that permafrost‐influenced
watersheds will exhibit unique compositional signatures, for example, enrichment in aliphatic moieties.

2. Methods
2.1. Study Site and Sample Collection

Water samples were collected from streams and rivers across West Siberia during the late‐summer periods of
2000 and 2001 as described in Frey and Smith (2005). This sampling effort covered catchments ranging from
38 km2 to ∼2,700,000 km2. Collected water samples were filtered in the field through Osmonics 0.22 micron
mixed ester membranes and stored in acid‐washed high density polyethylene bottles at − 20°C until analysis. A
total of 73 samples collected across a latitudinal gradient from ∼55 to 68° N were used in this study, sampling 20
cold permafrost‐influenced (CPI) and 53 warm permafrost‐free (WPF) watersheds (Figure 1). Delineations of
these watershed types were established using the southern limit of permafrost as mapped by Brown (1998). DOC
concentrations from these samples were previously reported in Frey and Smith (2005) but duplicate samples were
frozen and maintained at the University of California, Los Angeles. In 2022 the stored samples were transferred to
Florida State University for DOM compositional analysis.
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2.2. GIS Landcover Delineation

As previously outlined in Frey and Smith (2005), watershed boundaries were
delineated using the Digital Chart of the World drainage network data, the
GTOPO30 digital elevation model, U.S. Tactical Pilotage Charts, U.S.
Operational Navigation Charts, and Russian Oblast maps in ESRI ArcGIS v.
8.0. The percentage of peatland cover for each watershed was calculated
using a geographic information system‐based inventory of peatlands in the
region (Sheng et al., 2004; Smith et al., 2004) and mean annual air temper-
ature (MAAT) was calculated for each watershed using gridded climate
normal for 1961–1990 (New et al., 1999).

2.3. Solid Phase Extractions

DOM from filtered water samples was isolated using solid phase extraction
onto individual PPL cartridges (Agilent Technologies) in preparation for
negative‐ion electrospray ionization FT‐ICR MS analysis. PPL cartridges
were prepared for extractions using established protocols (Johnston
et al., 2018); specifically, the polymer was first soaked in methanol (high‐
performance liquid chromatography grade) for at least 4 hr, followed by two
rinses with ultrapure water, one rinse with methanol, and twomore rinses with
acidified ultrapure water (to pH 2). Filtered samples were acidified to pH 2
with 12 M HCl before 50 μg C equivalent aliquots were extracted onto
100 mg PPL cartridges and eluted with methanol into precombusted (550°C,
> 5h) vials to a final concentration of 50 μg OC mL− 1 following established
methods (Dittmar et al., 2008). Eluted samples were kept cold (− 20°C) at
Florida State University prior to 21 T FT‐ICR MS analysis.

2.4. Negative‐Ion Electrospray Ionization 21 T FT‐ICR MS

Solid‐phase extracted DOM eluents were analyzed at the National High
Magnetic Field Laboratory in Tallahassee, Florida on a custom‐built hybrid/
linear ion trap FT‐ICR MS equipped with a 21 T superconducting solenoid
magnet (Hendrickson et al., 2015; Smith et al., 2018) with negative electro-
spray ionization (ESI; 50 μm i.d. fused silica emitter at 500 nL/min). Typical
conditions for negative ion formation: emitter voltage: − 2.0–2.8 kV; S‐lens

RF level: 40%; heated metal capillary temperature: 350°C; at a flow rate of 500 nL min− 1. Acquired mass spectra
were obtained by coadding 100 individual 3.1 s transients for each mass spectrum and phase‐corrected (Xian
et al., 2010). Mass spectral peaks with a signal magnitude greater than six‐times the baseline noise level (6σ) were
converted to Kendrick mass scale and internally calibrated with 10–15 highly abundant homologous series
spanning the entire molecular weight distribution based on the “walking” calibration method (Savory et al., 2011).
Elemental composition assignment was performed with PetroOrg©,™ (Corilo, 2015) with heteroatom con-
straints: C1–100H4–200O1–25N0–2S0–1 and <200 ppb mass error Blakney et al., 2011. There were a total of 30,812
molecular formulae assigned across the entire sample set, with a molecular formulae assignment of >90% across
all samples. All 21 T FT‐ICR MS raw files, calibrated peak lists, and elemental compositions are publicly
available via the Open Science Framework at https://osf.io/ via DOI 10.17605/OSF.IO/Q46TS.

Compound classes were defined based on elemental ratios and modified aromaticity indices (AImod) calculated
from the neutral elemental composition (Koch & Dittmar, 2006, 2015). These classes were defined as: (a) highly
unsaturated and phenolic (HUP), low O/C ratio (AImod < 0.5, H/C < 1.5, O/C < 0.5), (b) HUP, high O/C ratio
(AImod < 0.5, H/C < 1.5, O/C ≥ 0.5), (c) aliphatic (H/C ≥ 1.5, N = 0), (d) condensed aromatic (AImod ≥ 0.67), (e)
polyphenolic (0.67 > AImod > 0.5), and (f) peptide‐like (H/C ≥ 1.5, N > 0) (Kellerman et al., 2015). Relative
abundances of each formula were determined by normalizing the magnitude of each peak relative to the sum of all
assigned peaks in each sample. The nominal oxidation state of carbon (NOSC) was determined using the equation
presented in Riedel et al. (2012):

Figure 1. Map showing the sampling sites in West Siberia. Warm
permafrost‐free watersheds are depicted as circles and cold permafrost‐
influenced watersheds are depicted as triangles. The color of the points
represents peatland cover (%), where cooler colors (blue) indicate less
peatland cover and warmer colors (red) indicate greater peatland cover.
Regions without permafrost, with isolated permafrost, and with continuous
and discontinuous permafrost are displayed from bottom to top respectively
in light, medium, and dark gray. River networks are symbolized with blue
lines.
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NOSC = 4 − [
4c + h − 3n − 2o − 2s

c
]

where c, h, n, o, and s refer to the number of atoms of carbon, hydrogen, nitrogen, oxygen, and sulfur, respectively
per molecular formula, assuming that all elements other than carbon are in their initial oxidation states. Con-
tributions of both elemental composition (e.g., CHO, CHON, CHOS, CHONS) and compound class to detected
composition (as % RA or %RA) were then calculated as the sum of all the relative abundances of each peak
defined as a given elemental composition or compound class divided by the summed abundances of all assigned
formulae.

2.5. Statistical Analysis

Principal component analysis (PCA) was conducted using the “vegan” package in R (Oksanen et al., 2020).
Sample variances (s2) were calculated for both CPI (n = 20) and WPF (n = 53) watershed samples. Data was
analyzed for normality using the Shapiro‐Wilk test and for homogeneity of variance using Levene's test in R.
Wilcoxon rank‐sum tests were used to analyze differences in MAAT, peatland cover, and DOC between
watershed types and to analyze the box plots in Figures 3–5. To explore the effect of interactions between
watershed type and peatland cover, mixed‐effect analysis of covariance (ANCOVA) analyses were conducted for
each measured variable. Prior to ANCOVA analysis, non‐normal data were transformed where possible to reduce
violations of both normality and homoscedasticity where Levene's test showed heteroscedasticity (Olejnik &
Algina, 1984). Specifically, average mass, NOSC, CHO (% RA), high O/C HUPs (% RA), Condensed aromatics
(CA) (% RA), and polyphenolics (% RA) were square root transformed and CHOS (% RA), CHON (% RA), low
O/C HUPs, aliphatic (% RA), and peptide‐like (% RA) were log transformed. CHONS (% RA) was unable to be
normalized using transformation. Results were considered statistically significant based on a p value threshold of
0.05 and are presented both in the text and in Table S1 in Supporting Information S1.

3. Results
3.1. MAAT, Peatland Cover, and DOC Concentration

Mean annual air temperature (MAAT) ranged from − 7.22 to 2.67°C across all sampled watersheds with an
overall average of − 1.26 ºC for the entire region (Table 1). WPF watersheds were significantly warmer than CPI
watersheds by an average of 5.68°C (p < 0.005, Table 1). Peatland cover ranged from 0 to∼76% coverage overall
(mean = 38.8% ± 22.8%) and our sampling design captured approximately equal ranges of peatland cover across
both WPF and CPI watersheds (p = 0.77, Table 1, Figure 2a). DOC ranged from 2.67 to 66.58 mg L− 1 across all
samples (mean = 25.70 ± 18.89 mg L− 1; Table 1) and appears to be highest where MAAT is near zero, with the
maximum measured concentration occurring in a watershed with an average MAAT of 0.34 ºC (Figure 2b). WPF
watersheds had approximately five times more DOC on average than CPI watersheds (32.81 ± 17.39 and
6.86 ± 3.09 mg L− 1, respectively, p < 0.005). DOC increased with peatland cover percentage in WPF watersheds
only (p < 0.005, Figure 2b) and exhibited higher variance among WPF sites than in CPI sites (p < 0.005,
Table 2).

3.2. DOM Composition

Negative‐ion ESI FT‐ICR MS at 21 T detected between 9,752 and 15,486 molecular formulae (mean =
13,346 ± 1,137) across all samples, with no significant differences between WPF (mean = 13,311 ± 1,059) and
CPI (13,439 ± 1,348) watersheds (p = 0.145, Table 1). There was no significant effect of peatland cover on
number of molecular assignments (p = 0.145) or of watershed type alone (p = 0.056); however, there was a
significant interaction between watershed type and peatland cover (p = 0.016), where a greater number of
molecular formulae were identified from CPI watersheds and a lower number of molecular formulae from WPF
watersheds as peatland cover increased. The average molecular weight of all singly charged m/z ratios was
558.13± 26.29 Da and tended to be highest around 0°C, with the maximummass observed in a watershed with an
average MAAT of − 0.22°C (Figure 3a), similar to the maximum DOC concentration. WPF watersheds and CPI
watersheds exhibited DOM with statistically similar average mass (565.93 ± 22.89 and 537.46 ± 23.78 Da,
respectively, p = 0.472, Table 1, Figure 3b), and peatland cover did not appear to impact average mass in CPI
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watersheds (Figure 3a, Figure S1a in Supporting Information S1). However, average mass increased with higher
peatland cover in WPF regions, with significant ANCOVA results from both peatland cover (p < 0.005) and
interaction between peatland cover and permafrost (p = 0.036, Figure S1a in Supporting Information S1). The
average AImod, an indicator of the presence of aromatic structures (Kellerman et al., 2018; Koch & Dittmar, 2006,
2015), was 0.31 ± 0.03 and was similar between watershed types (p = 0.409, Table 1; Figures 3c and 3d), but
generally decreased with decreasing peatland coverage (p < 0.005, Figure 3c). There was no significant inter-
action between watershed type and peatland coverage with respect to AImod (p= 0.134, Figure S1b in Supporting
Information S1). NOSC, a qualitative indicator of the oxidation state of organic matter where higher values have
been correlated with lower bioavailability in aerobic environments (Drake et al., 2018; Zhou et al., 2019),
averaged − 0.02 ± 0.08 (Figure 3e) and was slightly higher in WPF watersheds than in CPI watersheds, although
this difference was not significant (mean = 0.0 ± 0.08 and − 0.08 ± 0.05, respectively, p = 0.538, Table 1;
Figure 3f). There was no significant effect of either peatland cover (p = 0.413), or peatland cover and watershed
type (p = 0.627, Figure S1c in Supporting Information S1) with respect to NOSC.

The RA of molecular formulae classified as CHO ranged from 56.50 to 90.0 %RA overall (mean = 79.79 ± 7.60
%RA, Table 1; Figure 4a). CHO%RAwas similar between watershed types (p= 0.628, Table 1; Figure 4b). CHO
%RA increased with peatland cover (p < 0.005, Figure 4a), but there was no significant interaction between
peatland cover and watershed type (p = 0.093, Figure S2a in Supporting Information S1). CHOS %RA ranged
from 2.30 to 33.47 %RA (mean = 6.70 ± 5.77 %RA, Table 1; Figure 4c). CHOS %RA was similar between
watershed types (mean = 10.28 ± 8.01 %RA, p = 0.360, Table 1; Figure 4d) but exhibited marginally higher
variance in CPI watersheds (p = 0.05, Table 2). CHOS %RA decreased as peatland cover increased (p < 0.005)
but there was no significant interaction between peatland cover and watershed type (p = 0.14, Figure S2b in
Supporting Information S1). Across all samples, the %RA of CHON compounds ranged from 6.53 to 23.93 %RA

Table 1
Mean Annual Air Temperature, Peatland Cover, DOC Concentration, and Dissolved Organic Matter Composition Data for
West Siberia

Total (n = 73) WPF (n = 53) CPI (n = 20)
Variable Mean ± SD Mean ± SD Mean ± SD

MAAT (°C) − 1.26 ± 2.75 0.29 ± 0.99 − 5.39 ± 1.13

Peatland Cover (%) 38.8 ± 22.8 38.1 ± 23.3 40.6 ± 21.8

DOC (mg L− 1) 25.70 ± 18.89 32.81 ± 17.39 6.86 ± 3.09

Number of molecular formulae 13,346 ± 1,137 13,311 ± 1,059 13,439 ± 1,348

Average Mass (Da) 558.13 ± 26.29 565.93 ± 22.89 537.46 ± 23.78

AImod 0.31 ± 0.03 0.31 ± 0.03 0.31 ± 0.02

NOSC − 0.02 ± 0.08 0.00 ± 0.08 − 0.08 ± 0.05

CHO (% RA) 79.79 ± 7.60 80.60 ± 7.85 77.66 ± 6.59

CHOS (% RA) 6.70 ± 5.77 5.36 ± 3.99 10.27 ± 8.01

CHON (% RA) 13.30 ± 4.08 13.78 ± 4.51 12.02 ± 2.23

CHONS (% RA) 0.21 ± 0.53 0.27 ± 0.61 0.06 ± 0.09

HUPs, High O/C (% RA) 50.12 ± 6.15 52.62 ± 4.89 43.50 ± 3.82

HUPs, Low O/C (% RA) 32.03 ± 5.74 31.13 ± 5.78 34.42 ± 5.02

Condensed Aromatics (% RA) 1.77 ± 0.52 1.70 ± 0.51 1.96 ± 0.49

Polyphenolics (% RA) 10.78 ± 2.38 10.58 ± 2.66 11.33 ± 1.27

CA + PP (% RA) 12.55 ± 2.90 12.28 ± 3.17 13.29 ± 1.76

Aliphatics (% RA) 5.12 ± 4.78 3.79 ± 2.78 8.63 ± 6.90

Peptide‐like (% RA) 0.14 ± 0.18 0.15 ± 0.21 0.12 ± 0.08

Aliphatics + PL (% RA) 5.26 ± 4.96 3.94 ± 2.99 8.75 ± 6.98

Note. Condensed aromatics and polyphenolics are combined and abbreviated as CA + PP, and Peptide‐like is abbreviated as
PL. MAAT, Peatland cover, and DOC are presented from Frey and Smith (2005).
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(mean = 13.30 ± 4.08, Table 1; Figure 4e). CHON %RA was significantly
higher in WPF watersheds (mean = 13.78 ± 4.51) compared to CPI water-
sheds (mean = 12.02 ± 2.23, p < 0.005, Table 1; Figure 4f). CHON %RA
decreased as peatland cover increased in WPF watersheds only (Figure 4e),
with significant effects of both peatland cover (p < 0.005) and peatland cover
and watershed type together (p = 0.009, Figure S2c in Supporting Informa-
tion S1). The variance in CHON %RA between watershed types was also
higher in WPF watersheds (p < 0.005, Table 2). The least abundant com-
pound class, CHONS, ranged from 0.00 to 3.13 %RA (mean = 0.21 ± 0.53)
across all samples (Table 1; Figure 4g). The %RA of CHONS was higher in
WPF watersheds (mean 0.27 ± 0.61 %RA), than in CPI watersheds (mean
0.06 ± 0.09 %RA), but due to the high variability in WPF watersheds, this
relationship was not statistically significant (p = 0.06, Table 1; Figure 4h;
Figure S2d in Supporting Information S1). The %RA of CHONS decreased as
peatland area increased (p = 0.008), but there was no significant interaction
between watershed type and peatland cover (p = 0.186).

Across all samples, high O/C HUPs ranged from 30.33 to 58.92 %RA
(mean = 50.12 ± 6.15 %RA, Table 1; Figure 5a). High O/C HUPs were
significantly more abundant in WPF watersheds (mean= 52.62± 4.89 %RA)
than in CPI watersheds (mean = 43.50 ± 3.82 %RA, p = 0.038, Table 1;
Figure 5b). The %RA of high O/C HUPs increased with increasing peatland
cover (p = 0.009), but this appeared to be limited to WPF watersheds
(Figure 5a). However, the effect of permafrost and peatland cover interactions
on high O/C HUPs was not statistically significant (p = 0.073, Figure S3a in
Supporting Information S1). Low O/C HUPs ranged from 22.50 to 55.38 %
RA for the entire dataset (mean = 32.03 ± 5.74 %RA, Table 1; Figure 5c).
The %RA of low O/C HUPs was similar between watershed types (Table 1;
p = 0.157, Figure 5d). Peatland cover had a negative relationship with low O/
C HUPs (p = 0.009), and this appeared to be limited to WPF watersheds only
(Figure 5c) with a significant interaction between peatland cover and
watershed type (p = 0.003, Figure S3b in Supporting Information S1).
Condensed aromatics (CA) and polyphenolics (PP) are both markers of
terrestrially‐sourced DOM (Kurek et al., 2022; Wagner et al., 2015) and

therefore are presented here grouped together as CA+ PP, ranged from 4.15 to 17.75 %RA (mean= 12.55± 2.84
%RA, Table 1; Figure 5e). Peatland cover appeared to increase the %RA of these formulae (p < 0.005), spe-
cifically in WPF samples (Figure 5e) with a significant interaction between peatland cover and watershed type
(p = 0.029, Figure S3c in Supporting Information S1). Conversely to CA + PP, peptide‐like (PL) and aliphatic
formulae represent markers of in situ or microbial DOM and have been shown to be linked to biolabile DOM
(Drake et al., 2018; Kellerman et al., 2018; Spencer et al., 2015; Textor et al., 2019) and are presented here
combined as PL+Aliphatics. The %RA of these typically autochthonous and microbial markers ranged from 2.02
to 28.98 %RA (mean = 5.26 ± 4.96 %RA) overall (Figure 5g). CPI watersheds had a significantly higher %RA of
PL + Aliphatics than WPF watersheds (p = 0.03, Table 1; Figure 5h). The %RA of PL + Aliphatics decreased
with increasing peatland cover (p < 0.005, Figure 5g). There was no significant effect of the interaction between
peatland cover and watershed type on PL + Aliphatic %RA (p = 0.396, Figure S3d in Supporting
Information S1).

To further examine relationships between landscape variables and DOM composition within the dataset, a PCA
encompassing DOC concentration and FT‐ICR MS parameters was performed (Figure 6). PC1, driven by AImod,
average mass, CHO %RA, NOSC, and PL + Aliphatics %RA explained 51.7% of the variance (Figure 6a, Table
S2 in Supporting Information S1) and appears to correlate with increasing peatland cover from left to right along
PC1 (Figure 6b). PC2 explained 19.7% of the variance and was driven by high O/C HUPs, CHON, CHONS, and
PL + Aliphatics %RA (Figure 6a, Table S2 in Supporting Information S1). PC2 appears to correlate with
permafrost influence, with CPI watersheds separating along the axis of PC2, regardless of peatland cover
(Figure 6b).

Figure 2. Variation in DOC concentration across landscape‐level drivers in
rivers in West Siberia. Panel (a) depicts DOC (mg L− 1) versus peatland
cover (%), and (b) depicts DOC (mg L− 1) versus watershed mean annual air
temperature (°C) with peatland cover (%) overlaid as a colored scale, with
cooler colors (blue) indicating less peatland cover and warmer colors (red)
indicating greater peatland cover. Warm permafrost‐free watersheds are
depicted as circles and cold permafrost‐influenced (CPI) CPI watersheds are
depicted as triangles. Data replotted from Frey and Smith (2005).
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4. Discussion
4.1. Characterizing Riverine DOM in West Siberian Watersheds

We found marked differences in DOM composition varying with both permafrost influence and peatland cover,
with peatland cover driving high variance in permafrost‐free watersheds but not permafrost‐influenced water-
sheds, which displayed relatively low, stable variance. This signifies that warming‐induced changes to Arctic land
cover and soil characteristics are likely to increase not only the amount of DOC transported by West Siberian
rivers as reported previously (Frey & Smith, 2005), but also the overall heterogeneity of DOM composition. CPI
watershed DOM was generally characterized by lower DOC concentration, a lower %RA of CHON classified
molecular formulae and high O/C HUPs, and a greater %RA of PL + Aliphatic classed compounds (Table 1;
Figures 2b, 4f, 5f, and 5h). The relative increase in the %RA of high H/C and PL + Aliphatics is typical of the
molecular signature for permafrost soil‐derived DOM (Spencer et al., 2015; Stubbins et al., 2017; Textor
et al., 2019), and therefore may be indicative of potential inputs from permafrost thaw and subsequent transport of
permafrost‐derived DOM into CPI watersheds. The higher %RA of aliphatics also suggests that CPI watershed
DOM may have greater biolability than that of WPF watersheds, as previous research suggests that aliphatic
DOM inputs from permafrost thaw are often rapidly biodegraded (D’Andrilli et al., 2015; Spencer et al., 2015;
Textor et al., 2019).

WPF watershed DOM exhibited greater variability in DOC concentration, %RA CHOS, CHON, and poly-
phenolics (Table 2). This variability in molecular signature highlights the heterogeneity of DOM sources across
permafrost‐free West Siberian ecosystems. These results suggest a greater diversity of soil layer and
groundwater inputs in rivers that drain permafrost‐free watersheds versus those with permafrost influence, as
well as the potential for more microbial degradation in the longer residence time flow paths of WPF watersheds
(Behnke et al., 2021). Human impacts have the potential to further increase the diversity of these inputs;
warming temperatures, forest fires, and shifting precipitation regimes are implicated in vegetation changes like
forest and shrub expansion, or Arctic greening (Kirpotin et al., 2021; Myers‐Smith et al., 2020). It can be

Table 2
Variance Analysis for All Measured Parameters

WPF variance (s2) CPI variance (s2) Levene's test p value

MAAT (°C) 0.98 1.27 0.241

Peatland Cover (%) 542.4 475.7 0.288

DOC (mg L− 1) 302.37 9.57 <0.005

Number of molecular formulae 1,120,520 1,817,080 0.657

Average Mass (Da) 524.07 565.68 0.367

AImod 0 0 0.547

NOSC 0.01 0 0.417

CHO (% RA) 61.58 43.49 0.382

CHOS (% RA) 15.9 64.2 0.050

CHON (% RA) 20.33 4.96 <0.005

CHONS (% RA) 0.37 0.01 0.128

HUPs, High O/C (% RA) 23.87 14.6 0.742

HUPs, Low O/C (% RA) 33.38 25.18 0.891

Condensed Aromatics (% RA) 0.27 0.24 0.843

Polyphenolics (% RA) 7.1 1.6 0.040

CA + PP (% RA) 9.84 2.84 0.063

Aliphatics (% RA) 7.74 47.62 0.012

Peptide‐like (% RA) 0.04 0.01 0.264

Aliphatics + PL (% RA) 8.16 47.19 0.016

Note. Statistically significant p values (< 0.05) are represented with bold type face. MAAT, Peatland cover, and DOC are
presented from Frey and Smith (2005).
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expected that Arctic DOM will become increasingly heterogeneous as permafrost thaw and vegetation changes
continue into the future, providing a greater variety of DOM sources and longer watershed residence times
enabling greater microbial degradation of DOM (Behnke et al., 2021). This heterogeneity represents a greater
variety of both available metabolic substrate and stable compounds and has implications for greenhouse gas
production and storage as DOM is exported from the landscape toward the Arctic Ocean.

4.2. Peatland or Permafrost: Identifying Controls on Riverine DOM

As peatland cover increases across both permafrost‐free and permafrost‐influenced watersheds, average mass,
AImod and the %RA of CHO, CHOS, high O/C HUPs, and CA + PP increased concurrently, while the %RA of
CHON and PL + Aliphatics decreased (Figures S1a, S1b, S2a, S2b, S3a, S3c, and S3d in Supporting Informa-
tion S1). This indicates that peatland cover acts as a control not only on DOC concentration in surface waters
(Xenopoulos et al., 2003) but also with respect to DOM composition, specifically through contributions of more
terrestrial DOM with higher average mass. This agrees with other observations from both peat porewater, which
has been shown to have high aromaticity and molecular weight (Prijac et al., 2022; Tfaily et al., 2013), and from
data collected from the largest Arctic rivers, where the Ob’ River, which contains the greatest peatland area of all

Figure 3. Average Mass (Da), AImod, and nominal oxidation state of carbon (NOSC). In the left column, variables are
presented against watershed mean annual air temperature (°C). Triangles indicate cold permafrost‐influenced (CPI)
watersheds and circles indicate warm permafrost‐free (WPF) watersheds. Color represents peatland cover (%), with cooler
colors (blue) indicating lower coverage and warmer colors (red) indicating greater coverage. In the right column, box plots for
each variable are presented for each watershed type (CPI vs. WPF), where the lower and upper box hinges correspond to the
25th and 75th percentiles, and the horizontal line within the box represents the median. Wilcoxon rank sum test results are
presented on the box plot panels.
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six major Arctic watersheds, is observed to export the most aromatic DOM (Amon et al., 2012; Behnke
et al., 2021). Furthermore, Arctic watersheds such as the Severnaya Dvina and Onega that have extensive peatland
coverage have been shown to export DOM that is even more aromatic in nature and exhibit higher average mass
DOM than that found in the major Arctic rivers with comparatively less peatland cover in their watersheds
(Johnston et al., 2018; Starr et al., 2023). Despite being an important control on riverine DOM, difficulties in
delineating Arctic wetland area, predicting changes to total peatland area, and limited data from northern high‐
latitude peatlands constrain attempts to scale these impacts to DOM export from the Pan‐Arctic watershed. While
the impacts of permafrost thaw on riverine DOM composition have been the focus of many research efforts, the
data presented here clearly highlights the need to improve estimates of peatland cover change in order to better
predict Arctic carbon dynamics.

Across thesewatersheds, past research highlighted that permafrost effectively shuts down the influence of peatland
cover on DOC concentration (Frey & Smith, 2005). Our results find a similar control with respect to permafrost on
DOM composition. Peatland cover and permafrost influence showed significant interactions on several of our
measured variables, including average mass and the %RA of CHON, low O/C HUPs, and CA + PP. These var-
iables are controlled by peatland cover only inWPF watersheds, with average mass and CA+ PP %RA increasing
with peatland cover, and CHON and lowO/CHUPs decreasing as peatland cover increases (Figures 4e, 5c, and 5e,
respectively). However, the absence of effects from peatland cover on these variables in CPI watersheds suggests
that the presence of permafrost is a paramount control on the impact of peatland cover on some aspects of DOM
composition. Put simply, in the CPI watersheds the presence of permafrost does not allow the variability of
peatland cover to manifest an influence over DOM composition as is apparent in the WPF watersheds.

Furthermore, given the clustering of high peatland cover sites at the positive end of PC1 (Figure 6), peatland cover
appeared to explain more than half of the variance in DOM. This alone might suggest that peatland cover is a more
important driver of DOM characteristics than permafrost influence inWest Siberia. However, despite the apparent
stronger control of peatlands on riverine DOM that emerged in the PCA, permafrost appears to act as a switch
controlling the influence of peatlands. Thus, it stands to reason that as the Arctic continues to warm, peatland cover

Figure 4. Relative abundance (%) of heteroatom classes against watershed mean annual air temperature (°C) and box plots for watershed type (cold permafrost‐
influenced (CPI) vs. warm permafrost‐free (WPF)): (a) CHO, (b) CHO box plot, (c) CHOS, (d) CHOS box plot, (e) CHON, (f) CHON box plot, (g) CHONS,
(h) CHONS box plot. Triangles indicate CPI watersheds and circles indicate WPF watersheds. Color represents peatland cover (%), with cooler colors (blue) indicating
lower coverage and warmer colors (red) indicating greater coverage. Box plots for each variable are presented for each watershed type (CPI vs. WPF), where the lower
and upper box hinges correspond to the 25th and 75th percentiles, and the horizontal line within the box represents the median. Wilcoxon rank sum test results are
presented on the box plot panels.
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will become amore important control onDOMcomposition in watersheds previously influenced by permafrost, as
rising temperatures and permafrost thaw unlock the influence of peat cover on riverine DOM composition.

4.3. Predicting the Fate of West Siberian DOM Under Future Warming

Using a space‐for‐time approach to analyze DOM compositional changes under continued warming, we suggest
that DOM in systems currently underlain by permafrost may start to resemble the DOM signature of WPF sites.
Greater DOC concentrations in WPF watersheds compared to CPI watersheds suggest that West Siberia may
follow the observed trend of increasing surface water DOC concentrations with continued warming in both West
Siberia (Frey & Smith, 2005; Krickov et al., 2018) and across other Arctic regions (Shogren et al., 2019; Tank
et al., 2016; Toohey et al., 2016). Importantly, our data suggest that warming may increase not only the amount of
DOC but also the heterogeneity of DOM exported by West Siberian rivers. However, some of our measured
variables appear to reach maximum or minimum values around 0°CMAAT, such as DOC concentration, average
mass, NOSC, and the %RA of CHO and high O/C HUPs (Figures 3a, 3c, 4a, and 5a). This apparent pattern may
represent production or export limitation as observed by Laudon et al. (2012), or a balance between production
and respiration inWest Siberian rivers. Thus, potential shifts in DOM composition in Siberian watersheds may be
limited to a certain range of warming, and may potentially reverse as temperatures continue to warm. Despite this,
we posit that under continued warming and permafrost thaw, West Siberian DOM will likely undergo the
following changes:

1. Peatland influence will become a more important control on DOM composition as permafrost thaws. As
surface hydrology increasingly interacts with subsurface and groundwater systems (e.g., Frey, McClelland,
et al., 2007; Smith et al., 2007) under continued permafrost degradation, OC rich peatland soils will become
available for leaching and export in watersheds previously influenced by permafrost.

2. DOM composition in rivers will have greater heterogeneity as the influence of peatland cover is amplified
across the landscape. Some parameters that will become more variable include average mass, heteroatom
content (e.g., CHON, CHONS), and aromaticity.

Figure 5. Relative abundance (%) of compound classes against watershed mean annual air temperature (°C) and box plots for watershed type (cold permafrost‐
influenced (CPI) vs. warm permafrost‐free (WPF)): (a) HUPs (High O/C), (b) HUPs (High O/C) box plot, (c) HUPs (Low O/C), (d) HUPs (Low O/C) box plot,
(e) Condensed aromatics (CA) and polyphenolics (CA+ PP), (f) CA+ PP box plot, (g) peptide‐like (PL) and aliphatics, (h) PL+Aliphatics box plot. Triangles indicate
CPI watersheds and circles indicate WPF watersheds. Color represents peatland cover (%), with cooler colors (blue) indicating lower coverage and warmer colors (red)
indicating greater coverage. Box plots for each variable are presented for each watershed type (CPI vs. WPF), where the lower and upper box hinges correspond to the
25th and 75th percentiles, and the horizontal line within the box represents the median. Wilcoxon rank sum test results are presented on the box plot panels.
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3. West Siberian DOM compositions will likely shift toward higher average
mass, an increasing %RA of high O/C HUPs, and a decreasing %RA of
aliphatic and peptide‐like compounds in warming Arctic watersheds.
These shifts in DOM composition may have ramifications for the fate of
exported material (D’Andrilli et al., 2015; Kaiser et al., 2017; Spencer
et al., 2015; Textor et al., 2019), including potentially a greater role for
photochemical degradation (Bowen et al., 2020; Grunert et al., 2021;Ward
& Cory, 2016). Thus, we suggest that the Arctic Ocean may receive
relatively more high molecular weight DOM from freshwater inputs as
warming continues and that exported DOM may be more susceptible with
respect to photochemical degradation processes.

Ultimately, these shifts in DOM composition depend on the balance of
changing sources from permafrost inputs to peatland dominance and so, in the
short‐term, an increase in relatively biolabile DOM export may be observed
concurrent with increasing permafrost thaw until permafrost stores are
depleted in the watersheds and peatland stable DOM export becomes the
dominant process. As higher molecular weight, more aromatic peatland DOM
may also be more susceptible to photochemical degradation, these exports
may be tempered by photochemical degradation in transit as aromaticmoieties
have been observed to be susceptible to UV irradiation (Bowen et al., 2020;
Wagner et al., 2018; Ward & Cory, 2016). Changes in pH, temperature,
nutrient availability, and other abiotic factors, as well as changes in microbial
activity and community composition, can also alter the chemical trans-
formation of exported DOM (O’Donnell et al., 2016b; Timko et al., 2015;
Young et al., 2005); thus, our predictions based solely on changes in DOM
composition represent just one part of a complex and rapidly changing
question. It is readily apparent that future research efforts are required that
couple DOM composition analysis with microbial and hydrochemical ana-
lyses to better delineate future controls on DOM processing and fate.

These observed shifts in DOM composition are an important component of a
changing Arctic carbon cycle, as DOM is an important substrate for
biogeochemical transformation and a potential source of greenhouse gas
emissions. Permafrost thaw is predicted to also impact soil characteristics, OC
storage, and greenhouse gas emissions in Arctic and boreal peatlands
(Bruhwiler et al., 2021; Kåresdotter et al., 2021; Kreplin et al., 2021). For
example, in permafrost‐influenced peatlands in Canada, thaw is predicted to
increase OC accumulation and net carbon storage rates while also increasing
net radiative forcing through increased methane emissions (Turetsky et al.,
2007). Furthermore, there is a large amount of uncertainty in predicting how
peatland cover will change under continuing permafrost thaw. Arctic wetland
areas have been projected to both shrink and expand with permafrost thaw
(Bruhwiler et al., 2021; Kreplin et al., 2021) and predicting which will occur
is hindered by high landscape heterogeneity across the Pan‐Arctic watershed
and limitations in delineating wetlands. Establishing a consensus on the
changing export and fate of DOM in the Arctic is as also limited by sparse
long‐term monitoring efforts, especially in smaller catchments and outside of
usual field seasons (Shogren et al., 2020; Starr et al., 2023). Efforts to scale

predicted OC storage and emissions from warming peatlands to the entire Pan‐Arctic region are constrained by
this uncertainty. Understanding the interactions between permafrost and peatlands and their combined effects on
DOM composition, and thus its role in the environment, is necessary for understanding carbon cycling in the
Arctic as warming continues. This study illustrates the entwined nature of the control peatlands and permafrost
may have on Arctic carbon cycles, and how thawing permafrost and warming peatlands may impact the
composition of DOM exported to downstream fluvial, lacustrine, and marine ecosystems.

Figure 6. Principal component analysis (PCA) of compositional parameters
in West Siberian watershed samples showing (a) the loadings for each
variable and (b) the individual samples plotted on the PCA. Triangles
indicate cold permafrost‐influenced watersheds and circles indicate warm
permafrost‐free watersheds. Color represents peatland cover (%), with
cooler colors (blue) indicating lower coverage and warmer colors (red)
indicating greater coverage.
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