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changes in N cycling pathways between the palsa and bog. We observed an approximate 10-fold increase in
dissolved ON and a significant rise in ammonium concentration between the palsa and thaw front. Additionally,
there was a reduction in the peptide-like fraction and an increase in the aromatic fraction of dissolved ON
molecules. Dissolved ON concentrations decreased by 73 % between the thaw front and bog, while expression of
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ammonium-producing genes was significantly higher in the bog compared to the palsa. Our findings highlight the
release and rapid compositional shift of ON during thaw transitions. This underscores the need for further studies
on thaw-released N to enhance models predicting N cycling and Arctic greenhouse gas emissions.

1. Introduction

Approximately 15 % of land area in the northern hemisphere is un-
derlain by permafrost, serving as a major sink for both carbon and ni-
trogen (Hugelius et al., 2014; Hugelius et al., 2020; Mishra et al., 2017;
Obu, 2021; Schuur et al.,, 2013; Zhang et al., 2008). The northern
circumpolar permafrost region stores an estimated 1600 Pg of carbon and
67 Pg of nitrogen accumulated over thousands of years in frozen or
saturated anoxic soils, representing approximately 33 % and 50 % of the
total global carbon and nitrogen stocks respectively (Batjes, 1996;
Harden et al., 2012; Schuur et al., 2022; Voigt et al., 2017). Climate
change is expected to release large quantities of these stocks as green-
house gas (GHG), and between 1971 and 2019 warming in permafrost
regions has increased two to four times faster than global averages,
accelerating permafrost loss and environmental disturbances (Abbott
et al., 2022; AMAP, 2021).

Permafrost peatlands, a subset of permafrost, cover ~3.7 million km?
and store ~415 Pg of carbon and ~10 Pg of nitrogen (Harris et al., 1988;
Holmes et al., 2022; Hugelius et al., 2020; Wilson et al., 2016). Many
permafrost peatlands are especially susceptible to thawing as their
average annual near-surface temperatures are within 1 °C of freezing
(Jorgenson et al., 2001). Therefore, minimal warming can raise average
annual temperatures above 0 °C, inducing thaw and exposing the stored
organic carbon and nitrogen to biogeochemical mineralization (McGuire;
et al., 2018; Schéadel et al., 2014). This increased mineralization is ex-
pected to release substantial amounts of GHG, contributing to climate
change and further accelerating thawing (Schuur et al., 2015). While
many studies focus on carbon cycling and carbonaceous GHG (Cooper
et al., 2017; Knoblauch et al., 2018; Schaefer et al., 2014), research on
nitrogen cycling and nitrogenous GHG release is comparatively limited.
However, the fate of organic nitrogen is drawing increased interest due in
part to its potential transformation to NoO (a greenhouse gas with a
warming potential 298 times greater than CO, (Butterbach-Bahl et al.,
2013; Hugelius et al., 2020; Marushchak et al., 2021; Voigt et al., 2017)
and the important role that nitrogen plays in nutrient cycling.

Nitrogen availability and utilization in permafrost peatlands are
influenced by seasonal thaw depth and thaw conditions (Fiencke et al.,
2022; Harms and Jones, 2012; Norby et al., 2019; Walker et al., 2005).
The active layer, which thaws each summer, varies in depth depending
on seasonal conditions and temperature. Within this layer, the upper
5-15 cm contains lower nitrogen concentrations than deeper, perennially
frozen soils. However, nitrogen bioavailability is limited by either
restricted root access within the deeper active layer or by frozen condi-
tions in the permafrost below (Keuper et al., 2012; Salmon et al., 2018).
Research has demonstrated that active layer expansion of ~10 cm into
permafrost can result in a sevenfold increase in dissolved inorganic ni-
trogen (DIN) release compared to seasonally thawed regions (Keuper
et al., 2012; Salmon et al., 2018). Nitrogen inputs to peatlands through
biological fixation and atmospheric deposition are relatively minor
compared to stored nitrogen content (Ramm et al., 2022), despite vary-
ing with landscape and vegetation type. In permafrost systems, thaw
events provide the primary source of nitrogen for biogeochemical cycling
(Burke et al., 2022; Chen et al., 2018; Fiencke et al., 2022; Keuper et al.,
2012).

Nitrogen cycling in terrestrial ecosystems involves complex in-
teractions between organic and inorganic forms, mediated by microbial
processes and environmental conditions (Kuypers et al., 2018). In
permafrost systems, these cycles are particularly important as they in-
fluence ecosystem productivity and greenhouse gas emissions (Abbott

and Jones, 2015; Marushchak et al., 2021; Patzner et al., 2022a).
Recently, Ramm et al. (2022) proposed an updated model for nitrogen
cycling within permafrost soils suggesting higher nitrogen cycling ac-
tivity in seasonally thawed surface soils than previously presumed
(Ramm et al., 2022). This model illustrates the relationships between
organic nitrogen pools and the production of bioavailable nitrogen forms
(ammonium, nitrate, and Ny). Their work indicates that while protein
depolymerization rates are high, they do not directly control nitrogen
turnover. Instead, dissolved organic nitrogen (DON) concentration dur-
ing seasonal thawing appears to be the primary driver of inorganic ni-
trogen cycling (Ramm et al., 2022). Furthermore, the composition of the
DON can affect ammonification and production of inorganic nitrogen;
however, the controls of ammonification in thawing permafrost are still
not well-studied (Fiencke et al., 2022; Ramm et al., 2022; Wegner et al.,
2022; Wild et al., 2014). Soil conditions during thaw also affect inorganic
nitrogen concentrations by influencing the activity of nitrogen cycling
pathways (Fiencke et al., 2022; Voigt et al., 2020). For example, thaw
transition studies have observed increased nitrate concentrations in
thawed soil with moderate moisture (40-80 % water filled pore space)
adjacent to existing permafrost. These studies suggest that increased ni-
trate concentrations could enhance N;O emissions via denitrification,
provided that an active nitrogen reducing microbial community is pre-
sent (Mao et al., 2019; Wegner et al., 2022). Ultimately, nitrogen demand
and fate in permafrost systems are controlled by the interplay of available
ammonium, nitrification and denitrification activity, and soil moisture
conditions. In permafrost peatlands, thaw creates distinct moisture in-
terfaces that manifest as either thermokarst features or thaw slumps (Mao
etal., 2019; Schuur et al., 2007; Wegner et al., 2022). When thaw occurs
adjacent to bog areas, soil can collapse and become saturated depending
on water table depth. In thaw slumps, rather than exhibiting the peat
breakage characteristic of thermokarsts, the peat surface undergoes
elevation loss while maintaining structural integrity (Varner et al., 2022).
These thaw transitions represent zones of variable water saturation and
rapidly shifting microbial communities and have been identified as po-
tential hotspots of GHG release due to their fluctuating oxic and anoxic
conditions (Elder et al., 2021; Fiencke et al., 2022; Wegner et al., 2022).
However, to our knowledge, previous studies examining nitrogen dy-
namics across thaw transitions have not investigated fully saturated
thawed soil conditions (Mao et al., 2019; Wegner et al., 2022), nor have
they characterized the composition of the organic nitrogen pool
(AminiTabrizi et al., 2020; Hodgkins et al., 2014; Hodgkins et al., 2016;
Mann et al., 2015; Moore et al., 2023). Understanding biogeochemical
nitrogen cycling within these dynamic thaw front environments requires
detailed characterization of both the released organic nitrogen compo-
sition and the expression of microbial genes involved in nitrogen trans-
formation pathways (Grosse et al., 2016; Ramm et al., 2022; Voigt et al.,
2017).

Evaluating organic nitrogen composition within complex organic
matter requires molecular-level analytical techniques capable of
resolving tens of thousands of polyfunctional molecules. Such charac-
terization demands a mass analyzer with high dynamic range, high
sensitivity, and ultrahigh resolving power across a wide molecular
weight range (m/z 150-1500) (Bahureksa et al., 2022; Smith et al.,
2018). Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) uniquely meets these requirements, with the 21 T hybrid
linear ion trap/FT-ICR mass analyzer achieving the highest resolving
power to date (3,000,000 at m/z 200) (Bahureksa et al., 2022). The ul-
trahigh resolution of 21T FT-ICR MS enables accurate molecular formula
assignments within complex dissolved organic matter (DOM) matrices
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(Bahureksa et al., 2021; Hawkes and Kew, 2020; Nebbioso and Piccolo,
2013; Patzner et al., 2022a; Sleighter and Hatcher, 2007). This capability
allows for post-analysis isolation of nitrogen-containing formulae, sepa-
rating them from the larger, total DOM pool. Such isolation enhances our
ability to track patterns of selective degradation or preservation of
nitrogenous species that would otherwise be obscured in the total DOM
pool. While FT-ICR MS has been successfully employed to study OM
composition changes between bogs and fens and in laboratory incubation
studies, it has not yet been applied to characterize organic nitrogen
within a thaw front (Hodgkins et al., 2016; MacDonald et al., 2021;
Stiicheli et al., 2018; Textor et al., 2019; Wilson et al., 2022; Zherebker
et al., 2019).

In this study, we examined the thaw transition from palsa to thaw
front to bog, which represents the progressive stages of permafrost thaw.
We present a molecular-level characterization of DON and inorganic
nitrogen using electrospray ionization FT-ICR MS, NMR spectroscopy,
and elemental analysis, allowing us to examine the changes in the
composition of both organic and inorganic nitrogen and corroborate
shifts in molecular structure. In addition, we complemented our chemical
analysis by examining previously collected palsa and bog samples for the
expression of genes associated with microbial nitrogen cycling pathways.
Although these samples were collected during a separate field campaign
than the porewater samples used for molecular and elemental analysis,
the site conditions are highly comparable. This allowed us to evaluate the
microbiome response in these distinct systems and provide a possible
explanation for the biogeochemical shifts we observed. We hypothesized
that (i) the thaw front will have elevated ammonium concentrations but
not elevated nitrate concentrations due to wet, anoxic conditions, (ii)
across the palsa-to-thaw front transition, peptide-like molecules will be
depleted while aromatic molecules will be more abundant due to pref-
erential microbial degradation, and (iii) the predominantly anoxic bog
will not show increased microbial gene expression associated with
denitrification due to nitrate limitations.

2. Materials and methods
2.1. Site description

Field sampling was conducted at Stordalen Mire (68 22’ N, 19 03'E), a
subarctic peatland underlain by discontinuous permafrost in northern
Sweden with peat depth between 1 and 3 m (Malmer et al., 2005). This
site has been studied since the 1970s, with anthropogenic warming
driving ecosystem changes through permafrost thaw (Holmes et al.,
2022; Rosswall et al., 1975; Rosswall and Granhall, 1980). The site
comprises three distinct ecosystems (palsa, bog, and fen), whose char-
acteristics and boundaries have remained stable over time, as demon-
strated through DOM and gas flux measurements (AminiTabrizi et al.,
2020; Holmes et al., 2022; Lakomiec et al., 2021; Patzner et al., 2022a;
Patzner et al., 2022; Varner et al., 2022; Wilson et al., 2022). Although at
our sampling site the position of the thaw front has progressed into the
palsa, the adjacent palsa and bog have been stable ecosystems since at
least 2000 (Olefeldt and Roulet, 2012). Greenhouse gas emissions at
Stordalen are primarily controlled by thaw state and saturation condi-
tions rather than interannual variation, and ecosystem differences
remain consistent interannually (Lakomiec et al., 2021; Varner et al.,
2022). This temporal stability supports the validity of comparing our
samples collected at different time points (cores in 2016; porewater in
2019 and 2022).

We selected Stordalen Mire because its palsa-to-bog thaw transition
provides a well-defined system where the shift to waterlogged, anoxic
conditions coincides with reductive dissolution of Fe(III) minerals and
substantial DOC release and oxidation (Patzner et al., 2022a). The sam-
pling location within the mire as well as a photo of the sampling site are
shown in Fig. 1. The three dominant vegetation communities of the mire
are (1) ericaceous and woody plants in palsa (intact permafrost); (2)
Sphagnum spp., sedges, and shrubs in ombrotrophic peatland or bog
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Fig. 1. (A) Stordalen mire, Abisko (Sweden) shown with palsa and bog regions.
Transects 1-4 are shown as blue lines, transect 5 is shown as a purple line, and
the soil cores used for metatranscriptome analysis are shown as red arrows.
Palsa and bog regions are based on reported hydrological data (Holmes et al.,
2022; Johansson et al., 2006; Olefeldt et al., 2012) and first hand observation
during sampling. Maps data: Google Earth, CNES/Airbus, Lantmateriet/Metria,
Maxar Technologies; copyright 2024. (B) Transect one lysimeters shown
crossing the thaw transition. Palsa, thaw front, and bog regions in addition to
sample points for transect one are shown. Dashed lines show thaw front moving
away from the camera. Photo was taken looking north at 68°21'18.70"N,
19° 2/38.00"E.

{
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1
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(intermediate thaw); (3) sedges, mainly Eriophorum spp. in minero-
trophic peatland or fen (full permafrost thaw) (Backstrand et al., 2010;
Olefeldt et al., 2012).The palsa is oxic, features pH values of 4.5-5.5, and
is elevated by underlying intact permafrost, leading to higher elevation
than nearby bogs (Bockheim and Munroe, 2014; Payandi-Rolland et al.,
2021). Bogs generally feature pH values of ~3.6, are waterlogged, and
contain deep underlying permafrost (Fofana et al., 2022; Hodgkins et al.,
2014, 2016; Olefeldt and Roulet, 2012).

2.2. Sample collection

Sampling was conducted along four transects incorporating the thaw
transition (Fig. 2A). A fifth transect was collected 3 m adjacent to the
initial sampling grid for inorganic and organic nitrogen content analysis.
Transects 1-4 were collected in June/July 2019 and transect 5 was
collected in September 2022. Transect locations were based on previ-
ously sampled palsa and bog locations (Patzner et al., 2020). Thaw front
location was determined by measuring rapid reductive dissolution of
reactive iron (III) (oxyhydr)oxide minerals due to soil saturation,
releasing a pulse of aqueous Fe* (Patzner et al., 2022a). Therefore, the
thaw front position was defined as the point in the transect with the
highest Fe2+(aq) concentration, correlating with the point of soil satura-
tion. Due to natural variation in the thaw progression, the thaw front
occurred at different points in our sampling transects (Fig. 2A). Based on
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Fig. 2. (A) Top-down view of porewater sampling transects with sample points
marked by thaw conditions along the transect. Palsa (P) and bog (B) are
numbered according to their distance from the thaw front. The thaw front (TF)
is identified as the point with the maximum Fe®*(, concentration in each
transect. Transects are labeled as T1-4 and are spaced 1 m apart. Transect 5 is
located approximately 3 m to the south of T4 and crosses the same thaw tran-
sition. Transects 1-4 were used for elemental analysis. FT-ICR MS and NMR
analyses were conducted on porewater from T1 and T4, respectively, and dis-
solved organic nitrogen (DON) was measured for T5. (B) Cross-section of
porewater sampling within each transect showing sampling depth at 30 cm,
lysimeters spaced every meter, permafrost collapse at the thaw front, and the
approximate height of the water table in the bog. Green and gray layers
comprise the active layer's primarily organic content and transition between
organic and mineral horizons respectively. The light blue region shows
permafrost ice.

thaw front location, the palsa (defined as intact permafrost) and the bog
(opposing the palsa on the other side of the thaw front) were both labeled
according to their respective distances from the thaw front (Fig. 2A).
Porewater was collected along each transect at a depth of 30 cm, corre-
sponding to the interface between the seasonally thawed active layer and
the underlying perennially frozen permafrost, and consistently located
within a transition zone between the organic and mineral horizons
(Patzner et al., 2022a). Samples were labeled according to their position
in the transect (Fig. 2B). The thawed-frozen interface serves as a lateral
flow path, directing water from precipitation and active layer deepening
from palsa to bog (Koch et al., 2013). Porewater was collected using
lysimeters that were spaced 1 m apart along a given transect. The
collected porewater was syringe filtered (0.22 pm) and transferred to
dinitrogen-flushed SCHOTT bottles that were wrapped in aluminum foil
to prevent photodegradation. The samples were then stored at 4 °C until
further analysis, and sample volumes are reported in SI Table S1. In-
strument access and sample volume limitations necessitated the use of
select transects for FT-ICR MS and NMR, which are shown in Fig. 2A.
Further description of porewater sampling can be found in previous work
(Patzner et al., 2022a).

2.3. Porewater analysis

Total iron (Fe) and Fe2+(aq)) was measured by acidifying the pore-
water using 2 M HCI followed by a ferrozine assay and colorimetric
analysis measured at 560 nm with further detail described in previous
work (Patzner et al.,, 2022a; Patzner et al., 2020; Stookey, 1970). To
measure DOC concentration, porewater was acidified with 2 M HCI to
remove inorganic carbon and analyzed by total carbon analyzer (High
TOC II, Elementar, Germany). Dissolved organic nitrogen was deter-
mined by measuring total nitrogen alongside DOC and subtracting
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inorganic nitrogen (Patzner et al., 2022a; Patzner et al., 2020; Treat et al.,
2016). Ammoniumg,gq), nitrateaq), and nitriteq) concentrations were
measured with a flow injection analyzer (Seal Analytical, Germany)
equipped with a dialysis membrane to remove Fe2+(aq) and prevent side
reactions during measurement. Due to sample volume limitations, nitrite
and nitrate were analyzed in transects 1-4, DOC, Fe2+(aq), and ammo-
nium were analyzed in transects 1-5, and DON was analyzed in transect 5
(Table S2).

The mean analyte concentrations of the palsa samples (n = 13), thaw
front samples (n = 5), and bog samples (n = 11) were statistically
compared to each other. First, the normality of the analyte concentra-
tions from each thaw state were evaluated using the Shapiro-Wilk test. If
the populations of each thaw state were normally distributed, then the
average analyte concentration of two thaw states were compared with
the Welch's t-test. If one of the populations was not normally distributed,
then the Mann-Whitney U test was used.

2.4. Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance spectroscopy was utilized to determine
the distribution of structural groups in total organic matter. Although 'H
NMR does not select for nitrogen containing compounds, it does provide
an overview of the DOM chemistry that can be used for sample com-
parison with the corroborating molecular class abundances identified
using FT-ICR MS (Bahureksa et al., 2021; Kim et al., 2022; Zark &
Dittmar, 2018). Filtered (0.22 pm) porewater was lyophilized and yiel-
ded approximately 1 mg of freeze dried material. The freeze dried ex-
tracts were further dried over phosphorus pentoxide in a vacuum
desiccator and then re-dissolved into 60 pL of deuterium oxide (DO,
99.9 % D) and 5 pL of sodium deuteroxide (NaOD, 99.5 % D, 30 wt % in
D,0). These dissolved samples were then centrifuged (10,000xg and 4
°C), and the supernatants were transferred into 1.7 mm NMR tubes
(Norell). All samples were analyzed using a Bruker BioSpin Avance III
500 MHz NMR spectrometer (Karlsruhe, Germany) equipped with a
'H-15N-13C TXI 1.7 mm microprobe with an actively shielded Z gradient.
One-dimensional 'H NMR spectra were collected using water suppres-
sion via pre-saturation utilizing relaxation gradients and, the spectra
were collected using 2048 scans per sample with a recycle delay of 2 s
and 32K time domain points. The spectra were processed using a
zero-filling factor of two and were apodized by multiplication with an
exponential decay corresponding to 0.3 Hz line broadening (Mitchell
et al,, 2018). NMR spectra were integrated based on typical DOM
chemical shift regions associated with materials derived from linear
terpenoids (MDLT; 0.6—1.6 ppm), carboxyl-rich alicyclic molecules
(CRAM; 1.6—3.2 ppm), carbohydrates and peptides (3.2—4.5 ppm), and
aromatic and phenolic components (6.5—8.4 ppm) (Mitchell et al., 2018;
Woods and Simpson, 2011). The integration was performed using
Analysis of Mixtures (AMIX; v. 3.9.15) software and expressed as per-
centage of the sum of the specific integration regions such that our
comparison considered relative changes between these specific regions.
It is important to note that some resonances (~1.9 ppm: likely from acetic
acid; ~3.3 ppm likely from methanol; and ~8.4 ppm: likely from formic
acid) (Mitchell et al., 2018; Tong et al., 2021; Woods and Simpson, 2011)
do not align with the typical regions of DOM but were not excluded
during integration due to overlapping resonances in some samples.

2.5. Metatranscriptome sequencing

Metatranscriptome sequencing was utilized to evaluate upregulation or
downregulation of gene expression of enzymes in nitrogen cycling path-
ways, including but not limited to ammonification, nitrification, and
denitrification. To survey microbial gene expression in Stordalen Mire, we
used the genomes recovered in Woodcroft and Singleton et al. (Woodcroft
et al., 2018). The 1529 metagenome-assembled genomes (MAGs) were
dereplicated at 99 % identity with dRep (v2.6.2) (Olm et al., 2017) into 649
MAGs. The 99 % dereplicated MAGs were annotated with DRAM (v1.4.4)
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(Shaffer et al., 2020). To assess the gene expression of these MAGs in the
palsa and bog, we used metatranscriptome samples previously published in
Ellenbogen et al. (2023). The metatranscriptomes derive from cores taken
in July 2016 from defined palsa and bog environmental conditions at an
adjacent thaw transition, and the thaw states have been well defined by
previous work (Backstrand et al., 2010, 2008; Holmes et al., 2022;
Johansson et al., 2006; Varner et al., 2022). We recognize the possibility of
variability between the porewater transects and metatranscriptome peat
cores. However, site restrictions prevented the collection of peat cores at
the porewater thaw transition location. Furthermore, both sites represent
well-defined thaw transitions in Stordalen Mire (Holmes et al., 2022).
Additionally, the conditions of the palsa and bog are consistent at an
interannual scale although there are year to year differences, the observed
differences between them are consistent (AminiTabrizi et al., 2020; Wilson
et al., 2022). Therefore, we are confident that the findings from the met-
atranscriptome analysis can be applied to the comparable porewater
sampled from the palsa to bog transition. Soil cores were sectioned in the
field at three depths: “surface” (1-4 cm), “middle” (10-14 cm), and “deep”
(20-24 cm) and immediately put into LifeGuard (Qiagen). Metatran-
scriptome analysis used the deep section of the cores, as the 20-24 cm
depth is most comparable to the 30 cm depth of porewater samples. Core
sections were stored at —20 °C until analysis. DNA and RNA were
co-extracted from 5 to 10 g peat using the Mobio PowerMax Soil DNA/RNA
isolation kit (cat# 12966-10). Details on metatranscriptome library prep-
aration, raw reads, gene annotation, and pathway expression comparison
are provided in more detail in the SI (SI Section 1 and SI Data 1).

2.6. 21 T FT-ICR MS analysis

Fourier transform ion cyclotron resonance mass spectrometry assigns
nitrogen-containing molecular formulae within the dissolved organic
matter pool. The ability to segregate formulae according to elemental
classes, like those that include nitrogen, enables us to differentiate
compositional variations within each class that might otherwise be
indiscernible within the total FT-ICR MS identified OM pool. Porewater
DOM was analyzed with 21 T FT-ICR MS to identify and monitor DON
compositional changes. Porewater was prepared for FT-ICR MS analysis
by solid phase extraction (SPE) under N atmosphere (glove bag)
following a modified procedure based on Dittmar et al. (2008) and Li
et al. (2016), which has been described in previous work (Patzner et al.,
2022a; Patzner et al., 2020; Stiicheli et al., 2018). The samples were
processed under Ny using degassed solvents to maintain the oxygen
concentrations present in situ, and Hypersep Retain CX cartridges were
selected for SPE due to reported improved nitrogen containing formulae
and peptide-like formulae recovery compared to commonly used PPL
cartidges (Stiicheli et al., 2018). Hypersep Retain CX SPE cartridges
(part# 60107-305, Thermo Fisher Scientific, Waltham, MA) were rinsed
with 5 mL of HPLC grade methanol (Sigma-Aldrich, Rehovot, Israel)
followed by 5 mL of 0.01 M HCl. Each DOM sample was acidified to pH
~2.5 and 0.5 mg C was loaded onto the SPE columns. After sample
loading, the SPE cartridges were rinsed with 5 mL of 0.01 M HCI followed
by drying with N3 for 3-5 min. Finally, the samples were eluted with 1
mL of HPLC grade methanol and stored in airtight amber sample vials
wrapped in aluminum foil at 4 °C. No additional dilution of the samples
was performed prior to FT-ICR MS analysis.

Samples were analyzed as negative ions in a custom-built hybrid
linear ion trap FT-ICR mass spectrometer equipped with a 21 T super-
conducting solenoid magnet (Hendrickson et al., 2015; Smith et al.,
2018). Ionization conditions, instrument settings, and molecular formula
assignment procedure are described in more detail in the SI (SI Section
2). The molecular formulae were assigned molecular class (condensed
aromatic, aromatics/polyphenols, highly unsaturated, unsaturated
aliphatic, saturated fatty acids, peptides, and sugars) according to the
formula boundaries outlined by Poulin et al. (2017) (Table S3). For all
mass spectra presented herein, between 10,024-11,357 mass peaks were
assigned elemental compositions with root-mean-square mass
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measurement accuracy of 55-70 ppb with achieved resolving power of 3,
400,000 at m/z 200. The m/z range including all samples was
165.0193-1155.211. Data processing post-formula assignment was per-
formed with RStudio utilizing R software (V4.1.2). Table S4 shows the
sample name, RMS error, and number of assignments for all spectra
discussed herein. PetroOrg files, calibrated peak lists, and peak assign-
ments are publicly available via the Open Science Framework via DOI
10.17605/0SF.I0/TZKWN.

3. Results

3.1. The thaw front featured the highest aqueous Fe**, DOC, ammonium,
and DON concentrations

Transects 1-4 exhibited a pulse of Fe2+(aq) and DOC at the satu-
rated thaw front (Fig. 3A). Transect 5, which was collected to analyze
DON concentrations, showed changes in concentration of Fe2+(aq),
ammonium, and DOC consistent with the previously sampled four
transects, despite the 3-year gap in sampling time. The palsa, generally
dry and oxic (Hodgkins et al., 2014), had the lowest levels of all
measured species (Fig. 3 and Table S2). The only exception to this was
nitrate, which had no statistically significant change between any of
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Fig. 3. Porewater composition across the thaw transition. (A) DOC and Fe?* (aq)
concentrations across the thaw transition. (B) Ammonium, nitrate, and DON
concentrations across the thaw transition. Reported values and error bars
represent the average and standard deviation of palsa-to-bog sampling transects.
Error bars are not present for DON as only one transect (T5) was analyzed for
DON, so n = 1 for all DON values. There were no DON values for Bog 2 and Bog
3 since there were no Bog 2 and Bog 3 sampling points for transect 5 due to the
position of the thaw front. N-values for the remaining sample positions varied
due to different thaw front positions in the transects (see Table S2 for full
transect data).
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the thaw states (Welch's t-test, P > 0.05) ranging between 1.27 and
0.07 mg/L. The thaw front had the highest concentrations of all
analyzed species, with significantly higher levels (Welch's t-test, P <
0.05) of DOC and ammonium compared to the palsa and bog. The bog,
which the palsa drains into via the thaw front (Olefeldt and Roulet,
2012), contained concentrations of ammonium that were not signifi-
cantly different (Welch's t-test, P > 0.05) from the palsa. Similarly to
ammonium, DON concentration decreased by 73 % immediately after
the thaw front (Fig. 3B). Differences in DON concentrations could not
be evaluated with Welch's t-test or the Mann-Whitney U test because
DON was only measured along transect 5. Nevertheless, the thaw front
DON concentration was substantially higher compared to other sam-
pling points (10-fold increase compared to the average palsa concen-
tration). Since the trends in DOC and Fe2+(aq) are consistent across all
transects when aligned to the pulse of Fe2+(aq) (i.e., the thaw front),
we can conclude that the geochemical profiles of the transects are
comparable. Therefore, we propose that results from more detailed
molecular analyses (FT-ICR MS and NMR) that were performed on
select transects can be applied to the general thaw transition at Stor-
dalen Mire.
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3.2. Thaw front DON has lower H/C and lower relative abundance of
aliphatic formula compared to palsa and bog

Van Krevelen diagram analysis showed clear compositional differ-
ences between the palsa and thaw front sites (Fig. 4A) The palsa (P2),
thaw front, and bog (B3) featured 11272, 10852, and 10024 total mon-
oisotopic formulae, respectively. Higher relative abundance formulae in
the thaw front had lower H/C and higher O/C ratios and were more
aromatic-like than in the palsa (Fig. 4A and B). Specifically, the per-
centage of aromatic/polyphenols-like and condensed aromatic-like
formulae increased from 23 % in the palsa to 27 % in the thaw front
followed by a decrease to 23 % in the bog. Higher aromatic-like content
in the thaw front could be attributed to microbial degradation of poly-
phenolic compounds (Patzner et al., 2022a). Despite a 7.5-fold increase
in DOC and a tenfold increase in the DON concentration at the thaw front,
the number of identified DOC and DON formulae underwent minimal
change. Assigned DON formulae represented approximately 27 % of the
total formulae across all conditions. As observed in the total formulae,
when only nitrogen-containing formulae (referred from here as CHNO
formulae) were compared, the highly abundant CHNO formulae in the
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Fig. 4. Molecular formula characterization performed by FT-ICR MS of porewater samples. (A) Van Krevelen diagrams displaying comparisons between palsa (P2) and
thaw front samples. Distribution of the total formula showing regions of higher abundance in palsa (green) and higher abundance in thaw front (purple). Color is
determined by the difference in the relative abundance for a given formula between the palsa and the thaw front, with positive values having higher relative
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thaw front also featured higher O/C and lower H/C ratios and were more
aromatic-like than the palsa (Fig. 4C).

To further examine compositional differences in the assigned CHNO
formulae, we isolated and compared formulae that were unique to each
thaw state, hereafter referred to as the “unique pool”. When comparing
the unique CHNO pools between the palsa and thaw front, there is a clear
compositional difference in CHNO formulae, which is distinct from the
unique CHO pools. (Fig. 4B and C). Comparable to the total formulae
pools, the unique CHNO formulae shifted from more aliphatic-like in the
palsa to more aromatic-like in the thaw front. In the palsa, most unique
CHNO formulae with high relative abundance feature H/C values around
1.5, with only a few formulae in the region of highest unique CHO.
Conversely, the thaw front lacks unique formulae with H/C values near
1.5 but features a cluster of formulae in the more aromatic-like region,
consistent with its unique CHO pool. The unique CHNO pools reveal a
distinct pattern: many formulae found in the palsa are missing from the
thaw front, and vice versa (Fig. 4C).

To determine which formulae contributed to the differences in the
unique CHNO pools, we compared unique CHNO formulae by assigned
molecular class (Table S3). The thaw front contained more aromatic-like
and less peptide-like unique CHNO formulae when compared to either
palsa or bog (Fig. 4D-Table S5). Notably, when comparing the palsa and
thaw front, the proportion of unique CHNO formulae that were peptide-
like decreased from 17 % to O %. Simultaneously, the aromatic/
polyphenols-like and condensed aromatic-like formulae increased from
5 % to 50 %. Although the thaw front drains into the bog, the high pro-
portions of condensed aromatic/polyphenol-like and low proportion of
peptide-like unique CHNO formulae of the thaw front were not present in
the bog. From the thaw front to the bog, the unique CHNO condensed
aromatic and aromatic/polyphenol-like fraction decreased from 43 % to 6
%. Unique CHNO peptide-like formula increased from the thaw front to
the bog, increasing from 1 % in the thaw front to 8 % in the bog, but did
not return to palsa levels.

3.3. Carbohydrate- and peptide-like content was lowest at the thaw front
The FT-ICR MS results were complemented with solution-state H

NMR spectroscopy data to evaluate the molecular structure of porewater
DOM throughout transect 4 (Fig. 5A, spectra shown in Fig. S1). The
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Fig. 5. (A) Relative abundance of general structural classes within porewater
samples along the thaw transition determined by 'H NMR. Sample position
shown on the x-axis as P1-3 (palsa 1-3), TF (thaw front), B1-2 (bog 1-2). CRAM
= carboxyl-rich alicyclic molecules, MDLT = materials derived from linear
terpenoids. (B) Fold change in average metatranscriptome expression of mi-
crobial nitrogen cycling pathways between palsa (n = 3) and bog (n = 3) cores.
The expression of pathways marked with (*) significantly (LIMMA, p < 0.05)
increased, (#) increased but not significantly (LIMMA, p > 0.05), and (~)
decreased but not significantly (LIMMA p > 0.05) when comparing gene
expression in the bog to that in the palsa. Positive y-axis values indicate that the
gene featured average greater expression in the bog than the palsa. See SI Data 1
for pathway information and statistics.
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percentage of carbohydrates and peptides in the thaw front were
approximately half of any other sample point (13 % in thaw front and
21-35 % in all other samples). The proportional decrease in carbohy-
drates and peptides correlated with a proportional increase in carboxylic
rich alicyclic molecules (CRAM), considered an important product of
microbial degradation (Hertkorn et al., 2006), which increased from 41
% in P1 to 60 % the thaw front. Like the FT-ICR MS results, the chemical
composition in the thaw front did not persist into the bog. Notably the
proportional CRAM content of the bog fell within the range of CRAM
percentages in the palsa, and carbohydrate and peptide proportional
content increased from thaw front to bog, although to only ~75 % of the
palsa average. The remaining fractions, materials derived from linear
terpenoids (MDLT) and aromatic/phenolic, featured nominal propor-
tional changes across the thaw transition.

3.4. Microbial nitrogen cycling gene expression increased in the bog

To uncover the potential microbial processes contributing to ni-
trogen cycling in the palsa and bog, we mapped field metatran-
scriptome reads to a database of Stordalen Mire microbial
metagenome assembled genomes (Woodcroft et al., 2018). We then
aggregated genes into nitrogen cycling pathways and looked for
altered gene expression levels between the palsa and bog
(Fig. 5B-Supplementary Data 1). In the anoxic bog, several gene
pathways were significantly upregulated (LIMMA, p < 0.05) including
nitrogenase (nifDKH), dissimilatory nitrate reduction to ammonia
(DNRA, nrfA and nirBD), nitrogen transporters, denitrification en-
zymes (narGH, nirK, norB), and peptidase pathways. Additionally,
expression of genes in nitrogen assimilation (nirA, nasA) were upre-
gulated in the bog but not to a significant extent (LIMMA, p > 0.05).
Expression of nitrification (hao) was the only pathway to have lower
expression in the bog than the palsa, but the decrease was not sig-
nificant (LIMMA, p > 0.05).

4. Discussion
4.1. Thaw-induced conversion of DON to inorganic nitrogen

Several modeling studies suggest that the main factor controlling the
production of inorganic nitrogen in thawing permafrost is the release of
organic nitrogen (Hansen and Elberling, 2023; Ramm et al., 2022;
Salmon et al., 2018). This release occurs due to the deepening of the
active layer and the subsequent transformation of DON into ammonium
(Lacroix et al., 2022; Mao et al., 2020; Ramm et al., 2022). When there is
limited ammonium, which is the case for the active layer in most arctic
soils, plant and microbial immobilization of nitrogen is dominant
(Fiencke et al., 2022; Hansen and Elberling, 2023; Jones and Kielland,
2002; Salmon et al., 2018; Wegner et al., 2022). However, two in situ
studies of permafrost thaw collapse linked DON release to elevated ni-
trate concentrations due to the improved drainage and oxic conditions
after thaw (Mao et al., 2019; Wegner et al., 2022). Unlike these studies,
the soil during and after the thaw front at our site remained saturated and
at or below water level. At the thaw front we observed a large pulse of
DON and significantly higher levels of ammonium compared to palsa and
bog (Fig. 3). Despite the substantial ammonium within the thaw front,
there was no significant change in nitrate concentrations across the thaw
transition. In the well drained and oxic palsa, the limited nitrate is likely
due to the low concentrations of DON and the lack of ammonium, which
acts as substrate for nitrification. Conversely, in the thaw front and bog,
the high saturation and anoxic conditions were likely the main limiters of
nitrification (Fiencke et al., 2022; Kuypers et al., 2018; Olefeldt and
Roulet, 2012; Wegner et al., 2022). Therefore, it is likely that the DON
released during thaw is primarily mineralized to ammonium and any
further nitrification is limited by the anoxic conditions. Our findings
align with reported seasonal saturation of thaw slump floors, which
observed increased ammonium concentrations and DON without
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accumulating nitrate (Fiencke et al., 2022; Wegner et al., 2022). We
propose that, confirming our first hypothesis, the high levels of ammo-
nium within the thaw front are likely the result of rapid ammonification
of DON.

4.2. Shifting composition of dissovled organic nitrogen at the thaw front

Within the thaw front, both NMR and FT-ICR MS results indicated the
lowest proportions of peptide-like and carbohydrate molecules
throughout the thaw transition (Figs. 3 and 4), despite a tenfold increase
in DON concentration (Fig. 3). FT-ICR MS analysis of nitrogen-containing
formulae showed the highest proportions of aromatics/polyphenols and
condensed aromatics within the thaw front. NMR analysis of the total
DOM pool revealed little change in aromatic and phenolic structures along
the thaw transition, but it showed a substantial increase in CRAM struc-
tures at the thaw front. This increase likely reflects the overall oxidation
and condensation of the DOM pool observed in previous studies (Patzner
et al., 2022a), a pattern not captured in the nitrogen-specific FT-ICR MS
analysis. The shift toward more condensed, less labile structures in both
analyses, coupled with the decrease in peptide-like compounds, suggests
active degradation of the nitrogen pool at the thaw front (D'Andrilli et al.,
2015; Hertkorn et al., 2006). This interpretation aligns with soil amend-
ment and incubation studies showing preferential mineralization of pep-
tides and amino acids over larger nitrogen-containing organic molecules
under conditions with abundant labile organic carbon (e.g., glucose)
(Chen et al., 2018; Wild et al., 2013, 2014). Furthermore, arctic plant
communities can preferentially uptake amino acids over nitrate, further
increasing demand for labile DON (Jones and Kielland, 2002; Kielland,
1994; Schimel and Stuart Chapin, 1996; Wild et al., 2018). High nutrient
demand in thaw fronts is expected as they have been identified as points of
elevated microbial activity and active organic matter decomposition
(Fiencke et al., 2022; Patzner et al., 2022a; Voigt et al., 2020). While we
did not directly measure DON transformation, multiple lines of evidence
suggest selective degradation is occurring. We observed a simultaneous
decrease in labile peptide-like compounds and enrichment of less labile
aromatic or cyclic molecules. This selective transformation of the DON
pool parallels patterns documented in anoxic marine sediments, where
peptides undergo selective deamination and microorganisms preferen-
tially utilize free amino acids for cellular synthesis (Abdulla et al., 2018).
The increased microbial activity previously reported at the thaw front
(Patzner et al., 2022a; Patzner et al., 2022) would create higher demand
for cellular building blocks, driving the observed depletion of available
peptides. These findings confirm our second hypothesis and align with
previous studies of permafrost nutrient cycling and DOC transformation
(AminiTabrizi et al., 2020; Hodgkins et al., 2016; Mao et al., 2019; Ramm
et al., 2022; Ward and Cory, 2015; Wild et al., 2014).

4.3. Organic nitrogen consumption at the thaw front leaves the bog
nitrogen-limited

Metatranscriptomic data revealed an upregulation of gene expression
for enzymes in nitrogen scavenging pathways in the bog (Fig. 5B). These
pathways include nitrogen fixation, DNRA (a process often overlooked in
permafrost studies) (Ramm et al., 2022), and mineralization via pepti-
dases. Furthermore, in the water-saturated and anoxic bog, denitrification
gene expression was significantly higher than in the palsa. Notably, we saw
expression of genes encoding nitrate reductase (narGH), nitrite reductase
(nirK), and nitric oxide reductase (norB) but not nitrous oxide reductase
(nosZ), hinting that incomplete denitrification occurred in the bog. This
could represent a pathway of nitrogen loss in the bog and N»O generation,
further contributing to nitrogen limitation (Ramm et al., 2022). However,
saturated wetlands in the arctic have been found to have negligible N,O
emissions, due to the high water table acting as a diffusion barrier (Voigt
et al,, 2020). Anaerobic ammonia oxidation and complete ammonia
oxidation could be additional pathways of nitrogen loss from the system,
yet we did not detect gene expression for either of these processes.
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At the thaw front, we observed a substantial increase in total DON
concurrent with a reduction in the proportion of peptide-like molecular
content. The adjacent bog showed a greater proportional decrease in DON
concentration compared to DOC concentration (Fig. 3), indicating either
preferential removal of nitrogen-containing molecules from solution or
subsequent DOC release. This decrease in the proportion of nitrogen-
containing organic matter in the bog corresponds with our metatran-
scriptomic results showing increased expression of nitrogen scavenging
genes, suggesting a microbial response to reduced bioavailable DON.

After the pulse of ammonium at the thaw front, the anoxic conditions
in the bog would limit nitrification, an aerobic process, which explains
the persistence of low nitrate concentrations from thaw front to bog
(Fig. 3). Furthermore, this limited nitrification would in turn limit
denitrification by restricting production of nitrate (Fiencke et al., 2022;
Voigt et al., 2020; Wegner et al., 2022). The observed decrease in DON,
ammonium, and nitrate concentrations between the thaw front and bog
suggests that the most labile and bioavailable nitrogen was likely trans-
formed into ammonium and subsequently immobilized through biomass
incorporation or removed though denitrification to N,O (Kuypers et al.,
2018; Voigt et al., 2017). However, contrary to our third hypothesis,
denitrification increased in the bog despite the restricted nitrate sub-
strate availability. This unexpected finding may reflect either increased
denitrification activity or, more likely, upregulation of denitrification
pathways as a mediating response to limited nitrate availability - similar
to the upregulation of nitrogen scavenging pathways observed more
broadly in the bog gene expression (Fig. 5). Although we did not collect
metatranscriptome samples from the thaw front, our previous study
documented increased activity of iron reducers and methanogens within
it (Patzner et al., 2022a). Therefore, we propose the rapid appearance of
high ammonium concentrations in this zone suggests similarly elevated
nitrogen cycling activity, particularly ammonification. Although pore-
water and metatranscriptome samples were collected from different lo-
cations within Stordalen Mire, the consistent thaw conditions and
ecology across sites (Holmes et al., 2022) allow these complementary
datasets to inform our understanding of nitrogen transformations across
the thaw transition.

4.4. Nitrogen availability is influenced by peptide content during
permafrost thaw

Our data reveal an inverse relationship between peptide-like DON
and ammonium concentrations along the permafrost thaw transition. At
the thaw front, we observe depletion of labile peptide-like DON
alongside enrichment of aromatic DON and elevated ammonium levels.
In contrast, both the bog and palsa show higher peptide content with
limited ammonium (Figs. 3-5). The consistent inverse relationship be-
tween peptide content and ammonium levels across sites suggests that
peptide availability may act as a control point for nitrogen cycling, with
peptide degradation regulating the ammonium pool available for sub-
sequent nitrogen transformations. Although we did not directly mea-
sure nitrogen transformations at the thaw front, our metatranscriptomic
analysis of the bog revealed increased expression of bioavailable ni-
trogen scavenging genes. These metatranscriptomic results support the
role of microbial communities in driving nitrogen transformations at
the thaw front. The relationship between nitrogen and carbon cycling in
thawing permafrost remains poorly characterized, though nitrogen
availability is expected to influence carbon mineralization and perma-
frost carbon feedback through both cellular synthesis and DOC miner-
alization priming (Abdulla et al., 2018; Schuur et al., 2022; Voigt et al.,
2020). Based on our findings, we propose that components of Ramm's
model (Ramm et al., 2022), particularly the controls on ammonification
rates, can be applied to thaw fronts and bogs, with our suggested ex-
tensions illustrated in Fig. 6. Future studies directly examining meta-
transcriptomic activity at the thaw front will be crucial for fully
understanding the fate of nitrogen-containing organic matter during
permafrost thaw.
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Fig. 6. (A) Modified conceptual model for nitrogen cycling within permafrost
soils based on Ramm et al. (2022)(Ramm et al., 2022). Green arrows show
uptake processes, yellow arrows show mineral N turnover processes, and red
arrows show caseous losses. (B) Adapted model to show palsa vs. thaw front
organic matter and nutrient transformation supported by empirical data re-
ported herein. Data shows that high concentrations of organic nitrogen within
the thaw front correlate to high ammonium concentrations and reduced peptide
content. The production of ammonia can prime the microbial degradation of
highly abundant DOC, potentially elevating the production of GHGs and
biomass. Arrows are sized to indicate the expected relative amount of the
transformation process based on previous GHG emission and nitrogen priming
findings (Keuper et al., 2012; Mao et al., 2020; Voigt et al., 2017). Fig. 6(A) is
based on Fig. 1 in “A review of the importance of mineral nitrogen ...” by Ramm
et al. (Ramm et al., 2022) and is licensed under a Creative Commons Attribution
4.0 International License (CC BY 4.0).

4.5. Conclusions

Our results provide some of the first detailed characterization of
organic nitrogen dynamics within a permafrost thaw transition, revealing
that the composition of organic nitrogen released during thaw signifi-
cantly impacts nutrient cycling and creates biogeochemical hotspots
within the thaw front environment. Notably, permafrost collapse and soil
saturation resulted in high ammonium concentrations localized to the
thaw front. Among nitrogen-containing molecules, the thaw front
exhibited lower fractions of peptide and carbohydrate molecules and a
higher fraction of aromatic molecules, aligning with previously reported
selective degradation patterns of the total organic matter pool (Patzner
et al.,, 2022a; Ramm et al., 2022; Wild et al., 2014). Nitrogen trans-
formation during and after thaw appeared limited to DON mineraliza-
tion, with no significant changes in nitrate concentration. However, the
upregulation of denitrification under anoxic conditions in the bog sug-
gests microbial metabolism could either contribute to N2O emissions via
incomplete denitrification (nitrate to N2O) or mitigate N3O release
through complete denitrification (nitrate to No) (McGuire; et al., 2018;
Mueller et al., 2015; Wegner et al., 2022). The absence of genes encoding
N2O reductase in the bog suggests thaw fronts may serve as previously
underrepresented N3O sources in climate models. Future studies
combining metatranscriptome data from the thaw front with N,O flux
measurements would further elucidate nitrogen dynamics and improve
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our understanding of nitrogen mass balance in these systems. Our find-
ings emphasize that future permafrost peatland studies and GHG models
should incorporate thaw transitions due to their rapid and highly local-
ized nitrogen dynamics.
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