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Microbial iron cycling during palsa hillslope
collapse promotes greenhouse gas emissions
before complete permafrost thaw
Monique S. Patzner 1, Merritt Logan 2, Amy M. McKenna 3, Robert B. Young 2,4, Zhe Zhou 1,5,

Hanna Joss1, Carsten W. Mueller 6,7, Carmen Hoeschen 6, Thomas Scholten 8, Daniel Straub 9,10,

Sara Kleindienst 9, Thomas Borch 2, Andreas Kappler 1,11 & Casey Bryce12✉

Reductive dissolution during permafrost thaw releases iron-bound organic carbon to pore-

waters, rendering previously stable carbon vulnerable to microbial decomposition and sub-

sequent release to the atmosphere. How mineral iron stability and the microbial processes

influencing mineral dissolution vary during transitional permafrost thaw are poorly under-

stood, yet have important implications for carbon cycling and emissions. Here we determine

the reactive mineral iron and associated organic carbon content of core extracts and pore-

waters along thaw gradients in a permafrost peatland in Abisko, Sweden. We find that iron

mineral dissolution by fermentative and dissimilatory iron(III) reduction releases aqueous

Fe2+ and aliphatic organic compounds along collapsing palsa hillslopes. Microbial community

analysis and carbon emission measurements indicate that this release is accompanied by an

increase in hydrogenotrophic methanogen abundance and methane emissions at the collap-

sing front. Our findings suggest that dissolution of reactive iron minerals contributes to carbon

dioxide and methane production and emission, even before complete permafrost thaw.
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C limate change has enormous consequences for permafrost
environments, causing rapid changes in soil conditions
(such as thermal and moisture regime, and aeration) with

direct consequences for organic (OC) destabilization1. Permafrost
soils store ~60% of the world’s soil OC in 15% of the global soil
area2,3. This preserved OC will become increasingly exposed to
microbial decomposition and thus can be released from the active
layer to the atmosphere as greenhouse gases (GHGs) such as
carbon dioxide (CO2) and methane (CH4)4 or discharged by
drainage5. However, the magnitude of the release of this OC
depends strongly on a large variety of factors6, including the
hydrology, soil parent material, organic matter content and the
ability of soil minerals to protect OC from degradation, which can
regulate long-term preservation of OC7.

Reactive iron (Fe) minerals (defined as the solid Fe phases that
are reductively dissolved by sodium dithionite8–10) have been
shown to preserve OC over geological timescales in numerous
environments7,9 and thus are considered as an effective rusty
carbon sink11. These Fe minerals are known to stabilize OC by
sorption/co-precipitation and protect it from degradation by
generating Fe-OC associations that are more persistent in
soils9,12–16. However, by providing a terminal electron acceptor
for anaerobic respiration17,18, Fe(III) minerals can also enhance
OC decomposition and lead to CO2 formation. The fate of Fe and
associated OC determines Fe-OC aggregate formation and ulti-
mately accessibility for microbial decomposition18–20. Previous
research has identified Fe-OC interactions in several permafrost
environments (e.g21–26.). It has been shown that reactive Fe
minerals can bind 7 to 20% of total OC (TOC) in intact per-
mafrost environments10,27, but cannot preserve OC along a
permafrost thaw gradient10. This Fe-bound carbon stock in intact
permafrost environments, such as palsas underlain by intact
permafrost, which becomes mobilized with permafrost thaw, is
equivalent to between 2 and 5 times the amount of carbon
released yearly through anthropogenic fossil fuel emissions10.

Palsas have been the focus of extensive research (e.g28–32.),
however, the stability of solid phase Fe-OC associations during
transitional processes, such as palsa collapse into partially-thawed
bogs, remain understudied. The need to better understand the
climate impact of transitional processes in thawing permafrost
was stated previously by Shelef et al.33 who emphasize large
uncertainty in permafrost carbon stocks (>200%) due to largely
unidentified biogeochemical processes at collapsing fronts, which
either lead to carbon sequestration or carbon release as green-
house gases. Indeed, greenhouse gas emissions such as CO2 and
CH4 dynamics can strongly differ between end-members and
transitional thaw stages34.

With permafrost thaw, soils become water-logged and oxygen
(O2) limited, favoring reductive dissolution of reactive Fe(III)
minerals10. Fe(III)-reducing microorganisms are able to use the
reactive Fe(III) as an electron acceptor for anaerobic respiration
and, depending on its composition, the associated OC as an elec-
tron source, resulting in CO2 and Fe(II) formation35. Thus, Fe(III)
reduction directly contributes to CO2 emissions18,35. Lipson et al.36

previously stated that net reduction of Fe oxides, leading to for-
mation of CO2, contributes an estimated 40–63% to ecosystem
respiration in permafrost environments. Fe(III) reduction may also
influence CH4 emissions in thawing permafrost peatlands: Fe(III)
reduction could outcompete methanogenesis37 by being thermo-
dynamically more favorable or in contrast, Fe(III) reduction could
favor methanogenesis by leading to proton consumption and thus
to an increasing pH38. The complex balance of these processes that
either suppress or promote GHG emissions such as CO2 and CH4

highlights the need for a fundamental understanding of microbial
Fe metabolisms and their interactions with methanotrophs and
methanogens, which is currently lacking.

The release of OC previously associated with reactive Fe
minerals into surrounding porewater following reductive dis-
solution could lead to further microbial decomposition of OC and
emission of GHGs such as CO2 and CH4. Mineral-associated OC
(MAOC) has been proposed to be comprised of low molecular
weight compounds of microbial (e.g., microbial polysaccharides,
amino sugars, muramic acid) and plant origin with low activation
energies of MAOC for degradation by microbes22,39–42. Prater
et al.42 highlighted that the association of OC with mineral sur-
faces follows the same binding mechanisms as previously descri-
bed for temperate soils13,43, sorbing OC with similar chemical
composition12,15,44–47. The release of MAOC with permafrost
thaw is considered as an important driver of the composition of
arctic surface waters and microbial respiration48–50. Recent studies
described carboxylic-rich51 and aliphatic Fe mineral-associated
OC in forest soils as more resistant to degradation during
reductive dissolution52. In Siberian permafrost soils, hydrophobic,
aromatic DOC was preferentially sorbed by shallower, acidic soil
horizons and correlated with an increasing abundance of Fe
oxides53. The chemical composition of OC bound to Fe minerals
in permafrost environments, however, still remains unknown.

To understand the direct impact of the reductive dissolution of
reactive Fe minerals on carbon mobilization and net GHG
emissions in thawing permafrost peatlands, it is essential to
determine (1) co-occurring greenhouse gas emission patterns, (2)
the stability of Fe-OC associations in intact permafrost soils, (3)
the potential bioavailability of this Fe mineral-associated OC
before and after mineral dissolution and (4) changes in the pre-
sent and active microbial community which might metabolize OC
associated with reactive Fe minerals but also later release OC as
greenhouse gases such as CO2 and CH4 following permafrost
thaw. In particular, the characterization of Fe(III)-reducing bac-
teria which are key players in reactive Fe mineral dissolution and
their interplay with methanotrophs and methanogens is crucial to
understand the links between the microbial iron and carbon cycle
in thawing permafrost environments.

We followed the dynamic biogeochemical interactions of Fe-
OC associations in the active layer along collapsing palsa hill-
slopes, where palsas underlain by intact permafrost with high
contents of reactive Fe mineral-associated OC19 are collapsing
into partially-thawed, semi-wet bogs. Fe-OC associations were
characterized in the solid phase using selective extractions,
scanning electron microscopy (SEM), nanoscale secondary ion
mass spectrometry (nanoSIMS), and Mössbauer spectroscopy,
and the effect of palsa collapse on porewater geochemistry and
CO2 and CH4 fluxes was quantified. OC associated with reactive
Fe minerals in the solid phase and DOC in the porewater along
the palsa hillslope were investigated at the molecular-level with
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS). The present and active microbial community was
characterized using DNA- and RNA-based 16S rRNA amplicon
(gene) sequencing. All samples were taken during a field cam-
paign in June/July 2019 and thus represent biogeochemical pro-
cesses in the thawed summer season.

Results and discussion
Greenhouse gas emissions promoted by microbial iron cycling
in thawing permafrost peatlands. In the palsa and at the col-
lapsing front (Supplementary Figs. S1 and S2), net CO2 emissions
measured from static flux chambers were similar on average
(1.57 ± 0.27 µmol m−2 s−1) and slightly decreased in the bog to
1.12 ± 0.51 µmol m−2 s−1 (Fig. 1). Replicate analysis of CO2

concentrations in the automatic Eosense eosFD gas flux chambers
showed similar CO2 emissions along the palsa hillslope (Sup-
plementary Fig. S3). Net CH4 emissions were very low in the
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Fig. 1 Microbial iron-cycling and carbon release as dissolved organic carbon (DOC), carbon dioxide and methane emissions along a palsa hillslope.
a Carbon dioxide and methane emissions along the palsa hillslope with highest emissions at the collapsing front. The reported values and error bars
represent the average and standard deviation of measurements collected on three days at three separate time points in June/July 2019. b Aqueous iron
(Fe2+) and DOC pulse along the palsa hillslope in the transition zone (interface between organic and mineral horizon, 30 cm depth) with highest values at
the collapsing front. Reported values and error bars represent the average and standard deviation of eight palsa to bog hillslopes sampled in June/July
2019. Suprapermafrost water was analyzed in the deeper mineral horizons and cannot explain the pulse of aqueous Fe2+ and DOC at the collapsing front
(Supplementary Fig. S6). c Relative 16S rRNA gene abundance of iron- and methane-cycling strains along the palsa hillslope with highest abundances at the
collapsing front: I) Fe(II)-oxidizing, II) Fe(III)-reducing, III) methanogenic and IV) methanotrophic. Small letters above data mean significant differences
(P < 0.05, one-way ANOVA: TukeyHSD test).
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palsa (0.003 ± 0.001 µmol m−2 s−1), increased at the collapsing
front to 0.025 ± 0.001 µmol m−2 s−1 and then slightly decreased
in the bog (0.013 ± 0.001 µmol m−2 s−1; Fig. 1). Emission rates of
CO2 and CH4 in the palsa and the bog are in line with previous
studies at Stordalen mire54–56, however, emissions at the collap-
sing front, where palsa is collapsing into the bog, have been
unknown.

Previous work demonstrated that highest concentrations (mg
per g soil) of reactive Fe minerals and associated OC can be found
in the zone where the organic and mineral horizons meet, termed
the “transition zone”10. This should not be confused with the
layer where active layer meets permafrost, which we do not refer
to as the “transition zone” in this case. In the presented study, we
focused on the transition zone (interface between organic and
mineral horizon) to determine how stable these reactive Fe
minerals associated with OC are during palsa collapse. DOC
concentrations in the porewater of the transition zone were low in
the intact palsa (Palsa A, 58.0 ± 16.5 mg L−1). Porewater DOC
increased towards the collapsing front to 208 ± 169 mg L−1 in the
more collapsed palsa (Palsa B). Highest DOC concentrations were
found directly at the collapsing front (536 ± 132 mg L−1) and
then decreased in the bog (280 ± 113 to 206 ± 80.3 mg L−1)
(Fig. 1, Supplementary Figs. S1 and S4).

The aqueous Fe2+ concentrations show the same trend as the
DOC (Fig. 1). Aqueous Fe2+ concentrations in the palsa were
lowest along the palsa hillslope (4.47 ± 3.16 to 22.6 ± 30.1 mg L−1;
Fig. 1) and increased at the collapsing front. Highest aqueous
Fe2+ concentrations were measured at the collapsing front
(153.2 ± 40.1 mg L−1) and decreased again at the two measured
locations in the bog to 48.9 ± 11.4 and 82.4 ± 47.9 mg L−1 (Fig. 1).
Other elements such as dissolved phosphorous (P) also strongly
correlated with the aqueous Fe2+ pulse at the collapsing front,
suggestive of mineral dissolution and release of mineral-
associated P (Supplementary Fig. S5). No aqueous Fe(III)
concentrations were detected in the porewater along the palsa
hillslope into the bog. Suprapermafrost water (water flowing
above the permafrost surface) was present in the deeper mineral
horizon and showed no pulse of DOC or aqueous Fe2+ at the
collapsing front (Supplementary Fig. S6). Generally, palsas and
bogs are only fed by precipitation and melt water and have more
acidic surface waters (pH ~4). Fens are fed by surface water and
groundwater, and maintain slightly acidic to alkaline pH57.

The release of OC and aqueous Fe2+ along the palsa hillslope
was accompanied by an increase in the relative 16S rRNA gene
sequence abundance (DNA-based) of iron- and methane-cycling
microorganisms in the transition zone and mineral horizon from
the palsa to the collapsing front (Fig. 1; Supplementary Fig. S7).
Towards the collapsing front, Fe(III)-reducing bacteria increased
from 0.41 ± 0.07 to 2.46 ± 0.34% in the transition zone and from
0.21 ± 0.05 to 2.42 ± 0.27% in the mineral horizon (Fig. 1). Fe(II)-
oxidizing bacteria also increased from the palsa to the collapsing
front from 0.54 ± 0.26 to 2.33 ± 0.33% in the transition zone and
from 0.92 ± 0.58 to 1.66 ± 0.44% in the mineral horizon.
Methanogens increased along the palsa hillslope from
0.42 ± 0.37 to 2.83 ± 0.26% in the transition zone and from
1.40 ± 1.40 to 11.7 ± 3.12% in the mineral horizon. Methano-
trophs increased from the palsa to the collapsing front from
0.90 ± 0.30 to 1.93 ± 0.09% in the transition zone and from
0.58 ± 0.08 to 1.26 ± 0.29% in the mineral horizon (Fig. 1). Along
the palsa hillslope, the relative 16S rRNA gene sequence
abundances of iron- and methane-cycling microorganisms were
stable in the organic horizon (Fig. 1). The iron- and methane-
cycling microorganisms are described in detail in Fig. 2. For
estimated absolute abundances of bacteria and archaea as well as
the manually-compiled database used to identify iron- and
methane-cycling microorganisms and the whole microbial

community see Fig. 2 and SI (Supplementary Figs. S8 and S9
and Supplementary Tables S1–S4).

This data reveals that reactive Fe minerals are already
destabilized during palsa collapse, even before complete perma-
frost thaw. Lateral flow by runoff of rain and/or melt water57,58 in
the transition zone between organic and mineral horizon, caused
by bulk density shifts (organic horizon: 0.03 ± 0.01 g cm−3 and
mineral horizon: 0.84 ± 0.26 g cm−3)10, as also described for other
permafrost hillslopes59, favors micro-oxic conditions. These
micro-oxic conditions favor microbial reduction of reactive
Fe(III) minerals coupled to carbon oxidation, as indicated by
the high aqueous Fe2+ concentrations along the palsa hillslope.
Along the thaw gradient, redox potential decreases from
88.8 ± 4.69 mV in bog to −49.3 ± 1.84 mV in fen34. These redox
conditions promote microbial reduction of reactive Fe(III)
minerals coupled to carbon oxidation17,36. This results in a
release of Fe and OC that was previously associated with reactive
Fe minerals into the surrounding porewater and ultimately
contributes to a pulse of aqueous Fe2+ and DOC at the collapsing
front – where we observed the highest aqueous Fe2+ and DOC
concentrations ever measured along the whole thaw gradient10. A
simple mass balance approach revealed that reduction of reactive
Fe(III) minerals has the potential to release previously associated
OC which could account for up to 100% of the measured DOC
pulse at the collapsing front (see SI, Supplementary Note 1).
However, the release of OC along the palsa hillslope results from
multiple co-occurring processes. These include the release of OC
associated with reactive Fe minerals, changes in pH60, plant
community61 (Supplementary Fig. S10), and in microbial
degradation of organic matter62.

Although Fe(II)-oxidizers are present and active, they cannot
prevent the overall loss of reactive Fe minerals and OC associated
with reactive Fe minerals along the palsa hillslope. The CO2

produced from degradation of released carbon, including OC
previously associated with reactive Fe minerals, further stimulated
methanogenic microorganisms at the collapsing front. Hydro-
genotrophic methanogens for example can use H2 for the
reduction of CO2 and produce CH4 in acidic bog peat63.

Abundance of Fe(III)-reducing bacteria increases along the
palsa hillslope and we estimate that 22% of CO2 production could
be accounted for by Fe(III) reduction coupled to carbon oxidation
(see SI, Supplementary Note 1). Fe(III) reduction coupled to
carbon oxidation, leading to direct CO2 emissions, has also been
suggested for subalpine wetland soils64 and in arctic peat
soils17,36.

Ultimately, the reducive dissolution of reactive Fe minerals,
releasing aqueous Fe2+ and previously Fe mineral-associated OC
into the surrounding porewater, contributes to net GHG
emissions of CO2 and CH4, directly by Fe(III) reduction coupled
to carbon oxidation and indirectly by promoting methanogenesis
at the collapsing front.

Microbial iron- and methane-cycling communities during
palsa collapse. Along the palsa hillslope, iron- and methane-
cycling microorganisms increase in relative abundance, here
defined as DNA-based relative 16S rRNA gene abundance, and in
potential activity, here defined as RNA-based relative 16S rRNA
abundance (Fig. 2; for total microbial community and replicate
analysis see Supplementary Figs. S9 and S11, Supplementary
Tables S1–S4).

Fe(III)-reducers, driving reactive Fe mineral dissolution and
associated OC release, are found in high abundance and potential
activity along the palsa hillslope. From Palsa A to the collapsing
front, Geobacter spp., a classical Fe(III)-reducer35, increased in
relative abundance from 0 to 1.55 ± 0.30% in the transition zone
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Fig. 2 Relative 16S rRNA (gene) abundance of abundant (DNA-based) and likely active (RNA-based) iron- and methane-cycling microbial
communities along the palsa hillslope (Palsa A, Palsa B, Front). a Iron-cycling microorganisms show an increasing relative 16S rRNA (gene) abundance
(DNA- and RNA-based) along the palsa hillslope with highest abundances in the transition zone and mineral horizon at the collapsing front. b Methane-
cycling microorganisms are increasing in relative 16S rRNA (gene) abundance along the palsa hillslope. Reported values and error bars represent the
average and standard deviation of triplicate analysis of each soil horizon along the palsa hillslope. Replicate cores show similar relative 16S rRNA (gene)
abundance of abundant (DNA-based) and potentially active (RNA-based) iron- and methane-cycling microbial communities along the palsa hillslope
(Supplementary Fig. S11, Supplementary Tables S1–S4).
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and to 1.62 ± 0.18% in the mineral horizon. The potential activity
of Geobacter spp. rose from 0 to 2.50 ± 0.13% in the transition
zone and to 4.75 ± 1.07% in the mineral horizon (Fig. 2).
Clostridium spp., a fermentative Fe(III)-reducer65, increased in
relative abundance from 0 to 0.81 ± 0.02% in the transition zone
and 0.76 ± 0.07% in the mineral horizon (Fig. 2). Potential activity
of Clostridium spp. increased from 0 to 2.31 ± 1.15% in the
transition zone and to 1.23 ± 0.22% in the mineral horizon
(Fig. 2). Rhodoferax spp., known for dissimilatory Fe(III)
reduction17, only appeared to be present (1.98 ± 1.51%) and
potentially active (1.62 ± 0.16%) in the mineral horizon of the
more collapsed palsa (Palsa B), close to the collapsing front
(Fig. 2). Myxococcales spp. showed highest relative abundance
from 1.67 ± 0.15% in the intact palsa (Palsa A) to 1.30 ± 0.23% at
the collapsing front and potential activity from 9.13 ± 0.08 in the
intact palsa to 7.03 ± 2.08% at the collapsing front in the organic
horizon (Fig. 2).

This microbial community analysis further indicates that the
reactive Fe minerals, binding OC, are lost by dissimilatory and
fermentative Fe(III) reduction. Dissimilatory Fe(III) reduction is
conducted along the palsa hillslope by abundant and active
Fe(III)-reducing microorganisms such as Geobacter spp., Rhodo-
ferax spp. and Myxococcales spp. (Fig. 2; see also absolute
abundances in Supplementary Fig. S8 and replicate core analysis
in Supplementary Fig. S15)66,67. Myxococcales spp. are not only
capable of Fe(III) reduction, but also e.g., polysaccharide and
protein degradation46. Geobacter spp. and Rhodoferax spp.
represent classical Fe(III)-reducing microorganisms, that are well
studied in different environments35 with Rhodoferax spp. also
being described at other permafrost sites17. Fermentative Fe(III)
reduction is probably performed by Clostridium spp. who might
use the present DOC as carbon and energy source.

The abundant and active Fe(III)-reducing bacteria are
accompanied by less relatively abundant and probably less active
Fe(II)-oxidizers. Gallionella spp. had a relative abundance of
0.82 ± 1.16% in the present microbial community and
1.42 ± 1.92% in the active community of the mineral horizon of
the more collapsed palsa (Palsa B). Sideroxydans spp. increased in
their relative abundance from below detection to 1.42 ± 0.21% in
the transition and to 1.08 ± 0.34% in the mineral horizon. Other
Gallionellaceae, besides Gallionella spp. and Sideroxydans spp.,
were equally distributed in their relative abundance along the
palsa hillslope from 0.54 ± 0.26% in the transition zone and
0.86 ± 0.55% in the mineral horizon of the intact palsa (Palsa A)
to 0.90 ± 0.12% in the transition zone and 0.58 ± 0.09% in the
mineral horizon at the collapsing front. The activity of the other
Gallionellaceae was probably highest at the collapsing front with
0.53 ± 0.24% in the transition zone and 0.35 ± 0.07% in the
mineral horizon. The classical Fe(II)-oxidizing bacteria66,67 such
as Gallionella spp. and Sideroxydans spp., observed to be present
and potentially active in this system were already described in
arctic ponds68. In this setting, these cannot sustain or reform
reactive Fe minerals during palsa collapse (Fig. 2).

The increasing relative 16 S rRNA (gene) abundance (DNA-
and RNA-based) of classical Fe(III)-reducing bacteria is accom-
panied by an increase in the relative abundance of methanogenic
microorganisms, mainly Methanobacterium spp. These increased
in their relative abundance in the transition zones from
0.25 ± 0.24% in the intact palsa (Palsa A) to 2.05 ± 0.14% at the
collapsing front. In the mineral horizon, they rose in their relative
abundance from 1.15 ± 1.22% in the intact palsa (Palsa A) to
10.1 ± 2.84% at the collapsing front (Fig. 2). Along the palsa
hillslope, only a slight increase in potential activity of Methano-
bacterium spp. was observed in the transition zone from 0 to
0.14 ± 0.05% and in the mineral horizon from 0 to 1.91 ± 0.85%
(Fig. 2). Other methanogens belonging to Bathyarchaeia also

increased in relative abundance along the palsa hillslope from
0.17 ± 0.13% to 0.71 ± 0.12% in the transition zone and from
0.25 ± 0.18% to 1.45 ± 0.24% in the mineral horizon. Methano-
trophs, such as Roseiarcus spp. and other Beijerinckiacaeae (i.e.,
Methylobacterium spp. or Methylocystis spp.) had an equal
relative abundance in the community present along the palsa
hillslope (i.e., DNA-based) and had its highest potential activity
in the palsa closest to the collapsing front (Palsa B; 12.6 ± 0.30%).

Acetate, formed along the palsa hillslope and accounted for up
to 61.7 ± 42.6 mg C L−1 (10.3% of the total DOC) at the
collapsing front. It is expected that this stimulates Fe(III)
reduction coupled to acetate oxidation and leads to CO2

formation by Fe(III)-reducing bacteria such as Geobacter spp.,
known to metabolize acetate35. The potential for reductive
acetogenesis from CO2 by Bathyarchaeia was previously
suggested69. Our MetaCyc ontology predictions showed a high
potential for acetoclastic methanogenesis (Supplementary
Fig. S12), but contradictory to this, we only saw a high relative
abundance of hydrogenotrophic methanogens such as Methano-
bacterium spp. This could be explained by the higher thermo-
dynamic favorability of Fe(III) reduction coupled to acetate
oxidation as compared to acetoclastic methanogenesis. Wood-
croft et al.62 also identified hydrogenotrophic methanogens as
being predominantly responsible for CH4 generation along the
thaw gradient.

H2 and CO2, partially produced by fermentation and Fe(III)
reduction by e.g., Clostridium spp., can be used by hydrogeno-
trophic methanogens and lead to CH4 emissions at the collapsing
front. Fermentation and acetogenesis by e.g., Acidobacteria or
Actinobacteria (also found along the palsa hillslope, Supplemen-
tary Fig. S9) were previously identified as essential pathways for
degradation of monosaccrides to fermentation products such as
ethanol, propionate, acetate and lactate, as well as H2 and CO2

along the thaw gradient62. The CH4 is partially oxidized back to
CO2 by methanotrophs as shown by Perryman et al.34 who
described highest methane oxidation rates for palsa at the
transition between palsa and bog (here referred to as the
collapsing front).

Our data clearly shows a co-existence of microbial iron- and
methane-cycling microbial communities during palsa collapse,
which, together with the present microbial community, ultimately
cause GHG emissions and effect the balance between CO2 and
CH4 emissions even before complete permafrost thaw.

Release of iron-associated organic carbon during palsa col-
lapse. To investigate if the reductive dissolution of reactive Fe
minerals and its associated OC also directly contributes to net
GHG emissions by releasing potentially bioavailable, previously
Fe-bound organic carbon into the porewater, we determined the
quantity and identity of Fe-bound OC in the solid phase (defined
as dithionite extractable OC) and of the released OC in the
porewater. Dithionite did not affect the identity of extractable OC
and did not lead to molecular artifact formation (see Supple-
mentary Table S5).

Highest reactive Fe mineral concentrations (defined as Fe
reductively dissolved by sodium dithionite and control corrected
by leachable Fe, see Methods) were found in the transition zone
of the most intact palsa (10.04 ± 0.07 mg reactive Fe minerals per
g soil; Fig. 3). Towards the collapsing front, reactive Fe minerals
in the transition zone between the organic and mineral horizons
decreased to 3.22 ± 0.06 mg reactive Fe minerals per g soil at the
front (Fig. 3). Absolute values are listed in Table S6 and replicate
core analysis can be seen in Supplementary Fig. S13. The
concentration of OC associated with reactive Fe minerals (OC
dissolved after reductive dissolution of reactive Fe minerals by
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sodium dithionite and control corrected by leachable OC, see
Methods) also decreased from the palsa to the bog in the
transition zone (83.69 ± 10.04 and 76.60 ± 16.89 mg OC asso-
ciated with reactive Fe minerals per g soil in the palsa to
40.88 ± 10.76 mg per g soil in the bog) (Fig. 2). It should be noted
that TOC is also decreasing from the palsa to the bog in the
transition zone (333 ± 21.3 mg TOC per g soil to 57.5 ± 0.38 mg
TOC per g soil). In the organic horizons along the palsa hillslope,
reactive Fe minerals and associated OC concentrations were the
lowest in the soil profile with average values of 0.49 ± 0.25 mg
reactive Fe minerals per g soil and 2.08 ± 2.47 mg OC associated
with reactive Fe minerals per g soil (Fig. 3). In the mineral
horizons from the palsa to the collapsing front, reactive Fe
minerals were very stable (average 3.81 ± 0.38 mg reactive Fe
minerals per g soil), whereas associated OC slightly decreased
from 47.21 ± 14.30 mg OC associated with reactive Fe minerals
per g soil in the palsa to the collapsing front which had only
11.60 ± 8.54 mg OC associated with reactive Fe minerals per g soil
(Fig. 3). The highest concentration of OC associated with reactive
Fe minerals was found in the most intact palsa along the palsa
hillslope where Fe was 2-fold higher than Al content (in mg per g
soil)10. This is supported by the strong spatial associations of OC
with Fe minerals in the fine fraction observed by nanoSIMS
analysis in the transition zone in this core (Fig. 3; see replicate
analysis of intact palsa core “Palsa A” in Supplementary Figs. S1,
S14 and S15). The transition zone and mineral horizons at the
collapsing front showed organic-free, co-existing Fe and alumi-
num (Al) with similar concentrations (mg per g soil) in the bulk
soil10, suggestive of Fe-bearing clays (Fig. 3). This is also
supported by Mössbauer spectroscopy (Supplementary Fig. S16,
Supplementary Table S7) and by previous observations with

extended X-ray adsorption fine structure (EXAFS)10. Future
studies should assess the mechanism of inner-sphere interaction
(e.g., the identity of complexes formed) between OC and Fe, OC
and Al and identify the main organic carbon functional groups
(such as C=C, C=O and C–OH) which are co-localized with Fe
or Al in the solid phase during permafrost thaw.

FT-ICR-MS analyses showed that, in the intact palsa, the OC
associated with reactive Fe minerals had a higher relative
abundance of aliphatic species than the Fe-associated OC at the
collapsing front (Fig. 4, un-processed van Krevelen diagrams in
Supplementary Fig. S17). This more aliphatic-like fraction could
represent amino sugar-like, carbohydrate-like and lignin-like
compounds (O/C range: 0.3–0.6, H/C range: 1.0–1.5)70,71. A
higher fraction of aromatics was associated with reactive Fe
minerals at the collapsing front compared to the organics bound
by reactive Fe minerals in the intact palsa (Fig. 4). In general, it
should be noted that the concentrations (mg g−1) of OC
associated with reactive Fe minerals are decreasing along the palsa
hillslope (Fig. 3 and Supplementary Table S5). The higher relative
abundance of the more aliphatic compounds associated with
reactive Fe minerals in the intact palsa is lost during reductive
dissolution to the surrounding porewater along the palsa
hillslope, thus the aliphatic fraction most likely contributes to
the aqueous Fe2+ and DOC pulse at the collapsing front (Fig. 4).
Loosely bound OC (salt extractable) appeared in lower quantities
and showed less defined but similar identity of organic fractions
to the OC associated with reactive Fe minerals (Supplementary
Fig. S18, Supplementary Tables S5 and S7).

Porewater extracted from the same soil interface (transition
zone), where the reactive Fe minerals and associated OC are lost
in the solid phase along the palsa hillslope (Figs. 1 and 2),
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Fig. 3 Reactive iron (Fe) minerals and organic carbon (OC) associated with reactive Fe minerals from intact palsa to the collapsing front. a Reactive Fe
minerals and associated OC in the solid phase of the bulk soil decrease from the intact palsa (Palsa A) towards the collapsing front. Values of reactive Fe
minerals are the average of sodium dithionite citrate duplicate extractions, control corrected by sodium chloride bicarbonate extractable Fe (leachable Fe).
Values of OC associated with reactive Fe minerals are the average of sodium dithionite citrate extractions, control corrected by subtraction of the citrate
background and the sodium chloride bicarbonate extractable OC (leachable OC) (see Methods). Error bars of reactive Fe minerals represent a combined
standard deviation of sodium chloride bicarbonate extractable Fe and sodium dithionite citrate extractable Fe. Errors of the Fe-associated carbon represent
a combined standard deviation of the citrate blank, sodium chloride bicarbonate extractable OC and sodium dithionite citrate extractable OC. Different
small letters above bars mean significant differences (P < 0.05, one-way ANOVA: TukeyHSD test). b High spatial resolution analysis of Fe-OC associations
by nanoSIMS in the fine particle fraction of the soil, displayed as 12C− (white), 56Fe16O− (red) and 27Al16O− (blue) overlaid in a composite image. For the
two end-members, Palsa A and collapsing front, four particles of the fine fractions of each layer were analyzed by correlative SEM and nanoSIMS, all
showing the same spatial distribution of Fe, C and Al as shown by the four representatives (Supplementary Figs. S14 and S15).
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Fig. 4 Bioavailability of reactive iron (Fe)-associated organic carbon (OC) inferred from dissolved organic carbon (DOC) oxidation state and
composition. a Composition of OC associated with reactive Fe minerals and OC released into the porewater. Fe-bound carbon in palsa soils, underlain by
intact permafrost, is comprised of more aliphatic species (class 1, green) and more aromatic species (class 2, purple). This is lost with reductive dissolution
into the porewater. Towards the collapsing front into the bog, the remaining OC associated with reactive Fe minerals fraction (purple) is comprised of less
bioavailable organic compounds which are likely associated with clay minerals (common in Palsa A, Front and Bog). DOC, which is only found in Palsa A, is
enriched in more aliphatic compounds (green). Towards Front and Bog, only more aromatic species (purple) remain (Supplementary Figs. S17–S19,
Supplementary Table S5). b Redox properties and molecular weight of released organic carbon into the porewater along the palsa hillslope (Supplementary
Fig. S20). Reported values and error bars represent the average and the range of duplicate porewater analysis along two palsa hillslopes (Supplementary
Figs. S1 and S4). c Acetate formation along the palsa hillslope. Following further decomposition of the DOC, highly bioavailable acetate [mg C L−1] is
formed which then is again used to further reduce present reactive Fe(III) minerals to Fe2+ coupled to acetate oxidation and CO2 formation. Reported
values and error bars represent the average and standard deviation of 8 palsa to bog hillslopes, sampled in June/July 2019 (Supplementary. Figs. S1
and S4). Different small letters above data mean significant differences (P < 0.05, one-way ANOVA: TukeyHSD test).
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contained a higher relative abundance of more aliphatic species
and more aromatic species compared to porewater extracted at
the collapsing front (Fig. 4; un-processed van Krevelen diagrams
in Supplementary Fig. S17). At the collapsing front, an increased
relative abundance of organic molecules, potentially representing
tannin-like compounds (O/C range: 0.5–0.9, H/C range:
0.5–1.4)70,71, is observed (Fig. 4; Supplementary Fig. S17). The
more aliphatic species had a lower relative abundance in the DOC
at the collapsing front, whereas a higher relative abundance of
more aromatic species was observed (Fig. 4). This could indicate
decomposition processes that occur in the palsa hillslope
porewater that yield smaller organic compounds, uptake by
native microbes, assimilation of organic carbon into biomass and/
or further metabolism, and ultimately emissions of GHGs by
microbial respiration. Porewater analysis along a replicate palsa
hillslope showed the same identity of aliphatic and aromatic
species in intact palsa and at the collapsing front (Supplementary
Fig. S19).

Further decomposition of DOC along the palsa hillslope is
supported by an increasing nominal oxidation state of carbon
(NOSC) of the DOC in the porewater at the transition zone from
the palsa towards the collapsing front from 0.12 ± 0.04 to
0.24 ± 0.04 (Fig. 4). As the DOC becomes more oxidized, the
NOSC increases at the collapsing front. This is in line with an
increasing average molecular weight (MW) from 591 ± 7.70 in
palsa to 615 ± 0.40 at the collapsing front (Fig. 4b and
Supplementary Fig. S20). NOSC values slightly decreased in the
bog to 0.20 ± 0.02 due to the overall loss of organic carbon mainly
as CO2 and, consequently, enrichment of less decomposed and
more reduced DOC in the porewater. The double-bond
equivalents (DBE, the number of rings plus double bonds to
carbon, calculated from the neutral elemental composition72),
remained stable along the palsa hillslope (0.39 ± 0.08). The DBE
along the palsa hillslope showed lower values than previously
reported for bog and fen60, indicating that bog and fen DOC is
overall more unsaturated compared to DOC released along the
palsa hillslope.

The further decomposition of released OC contributes to
acetate formation (Fig. 4) at the collapsing front, probably by
pyruvate fermentation, indicated by MetaCyc ontology predic-
tions (Supplementary Fig. S12). Along the palsa hillslope, acetate
in the porewater at the transition zone between organic and
mineral horizons significantly increased (unpaired t-test, N= 8,
α= 0.05, p= 0.0024) from 6.24 ± 0.34 mg C L−1 (3.56% of the
total DOC) in the palsa to 61.7 ± 42.6 mg C L−1 (10.3% of the
total DOC) at the collapsing front, the highest acetate
concentrations observed across the whole thaw gradient10.
Further into the bog, the acetate concentrations decreased from
15.1 ± 6.53 to 6.10 ± 1.44 mg C L−1.

Previous studies at Stordalen mire focused on the soil OC
quantity and identity as well as on dissolved organic matter
composition (DOM) and DOC transport along the thaw gradient.
These analyses have highlighted shifts towards faster decomposi-
tion from partially-thawed bog to fully thawed fen with an
increasing proportion of carbon released as CH4

57,60,73. Processes
occurring at the transition between palsa and bog had not been
studied, thus enhanced production of acetate and its promotion
of methanogenesis at this transition has been overlooked.

Our data showed that reactive Fe minerals at the redox boundary
between organic and mineral horizons can bind aliphatic OC,
probably by downward cycling of DOM (defined as continuous
sorption and precipitation of DOM, as well as of microbial
processing, desorption and dissolution proportions of more recent
plant-derived compounds74,75) which is released during reductive
dissolution into the surrounding porewater. Lower molecular
weight compounds, aliphatic compounds or compounds poor in

carboxyl functional groups show lower binding strength to Fe
minerals than higher molecular weight compounds, aromatics, or
compounds rich in carboxyl functionalities74,76. This is also
supported by the leachable OC extractions (same ionic strength
and pH as the sodium dithionite extraction; Supplementary
Fig. S18). Thus, these compounds are not protected from microbial
degradation along the palsa hillslope. The previously Fe-associated
aliphatic fraction becomes more bioavailable to microorganisms
when it is released from mineral associations74. This likely
contributes to promotion of microbial growth and respiration of
DOM during permafrost thaw75,77–79. Relative to aromatic
compounds, aliphatic compounds are expected to be even more
labile to microorganisms75,77,79, which is supported by the overall
loss of this more aliphatic carbon fraction in the porewater at the
collapsing front (Fig. 4) with only minor quantities of aromatic
organic molecules remaining preserved by reactive Fe minerals after
palsa collapse (Figs. 3 and 4). Kawahigashi et al.53 showed that
aromatic DOC was preferentially retained by mineral horizons in
Siberian tundra containing reactive Fe.

Our data clearly suggests that the loss of reactive Fe minerals
and associated OC via Fe(III) mineral dissolution directly
contributes to high DOC concentrations along the palsa hillslope
and provides an OC source that is likely more bioavailable than
mineral-associated OC thus stimulating microbial respiration and
promoting GHG emissions by the present microbial community.

Conclusions and implications for the carbon cycle in thawing
permafrost peatlands. There is a substantial need to piece
together carbon sources and sinks in thawing permafrost envir-
onments to better understand and quantitatively predict the
overall climate impact of permafrost thaw80. One such carbon
sink or source are Fe-OC associations11, which sequesters OC in
intact permafrost soils (up to 20%)10,27 but releases it with
complete permafrost thaw10. Our data show that reactive Fe
minerals are already reductively dissolved by Fe(III)-reducing
bacteria during palsa collapse, releasing aqueous Fe2+ and pre-
viously associated OC into the surrounding porewater before
complete permafrost thaw. The release of the previously Fe
mineral-associated OC turns the OC into a source of labile DOC,
CO2 and CH4. With increasing abrupt thaw, occurring in 20% of
the permafrost zone, new active hillslope features are formed81

and thus could speed up the loss of reactive Fe minerals via
microbial Fe(III) reduction, which at the moment still bind OC in
currently intact permafrost environments. Newest estimates
showed that collapsing fronts will occupy 3% of abrupt thaw
terrain by 2300, but could emit one-third of abrupt thaw carbon
losses81. Ultimately, interlinked processes of iron- and carbon-
cycling in thawing permafrost environments need to be integrated
into existing climate models to better understand and predict
GHG emissions of thawing permafrost areas and thus better
estimate its overall climate impact82. For this, it is crucial to
further determine co-occurring Fe(III) reduction rates and CO2

and CH4 production rates following Fe mineral dissolution to
quantitatively assess the direct contribution of Fe(III) reduction
to ecosystem respiration of CO2 and CH4 during permafrost
thaw. This includes lab-based experiments which assess the
bioavailability of OC associated with reactive Fe minerals, used
for Fe(III) reduction by Fe(III)-reducing bacteria, or other present
microbial key players (e.g., fermenters), before and after mineral
dissolution occurred.

Methods
Site information. Stordalen Mire (68 22’ N, 19 03’ E) is a subarctic peatland in
northern Sweden underlain by discontinuous permafrost. The mire consists of
three distinct sub-habitats: (1) palsa (intact permafrost) with ericaceous and woody
plants; (2) ombrotrophic peatland or bog (intermediate thaw) with Sphagnum spp.,
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sedges and shrubs and (3) minerotrophic peatland or fen (fully thawed) with
sedges, mainly Eriophorum spp61. (Supplementary Fig. S1). The areal extent of
intact palsa across Stordalen mire has declined significantly since 1970 due to
progressive warming in the Arctic, while fen habitats have expanded83. It is also
predicted that the whole mire might be free of permafrost as early as 205084,85.

Gas measurements. To measure CO2 emissions along the palsa hillslope, two
eosense instruments (eosFD Forced Diffusion chamber in conjunction with the
eosLink-FD software, EOSENSE INC, Dartmouth, Canada) were installed (Sup-
plementary Figs. S1 and S2): (1) at the top of the palsa hillslope (spot: Palsa A) and
(2) at the transition to bog (spot: Front). The collar was situated in a flat location
and inserted to near full depth. A centimeter of space was left to aid in installation
of the eosFD itself as well as collar retrieval. The collar area was cleared of any
rocks or debris, larger vegetation was removed or avoided. The eosFD was
deployed in the installed collar. The collars were deployed at least 24 h prior to the
start of the eosFD measurement collection to avoid disturbance-related fluxes in
the early portion of the data collection. The eosFD samples gases from the
atmospheric and soil cavities within the device. Briefly, gas is pulled from the
atmospheric cavity to the sensor for 20 s to purge the sensor cavity, then sampled
every 10 min for five samples. Gas is then pulled from the soil cavity for 20 sec,
then pulsed every 10 min for five samples. Forced diffusion flux is calculated as
follows:

V
A
� ∂C
∂t

¼ Fs� D
ΔC
L

� �

(volume/surface area scaled rate of change in flux rate equal to the flux from the
soil surface (Fs) minus the difference in concentration, ΔC (scaled by both the path
length L and the diffusivity of the interface (membrane), D)).

The change in the flux rate over the timespan of the concentration
measurements (around 60 s) is assumed to be zero (steady state):

V
A
∂C
∂t

¼ 0

This assumption results in a linear dependence with the path length and
interface (membrane) diffusivity being constant and represented by a single
coefficient, G:

Fs ¼ G4C

Furthermore, CO2 and CH4 emissions along the palsa hillslope were measured
in triplicate using plastic chambers sealed with a rubber stopper (Supplementary
Figs. S1 and S2), as described previously86. The metal frames were pushed into the
ground at least 24 h before the measurements to avoid collecting gas emissions
from the soil during installation. Again rocks, debris, and larger vegetation were
avoided. Ultrapure water (resistivity of 18.2 MΩ) was used in the frames to seal off
the chambers from ambient air. Gas chamber samples were collected with a gas-
tight syringe (1100TLL 100 mL Gastight, Hamilton, Reno, NV, USA) and directly
transferred into evacuated 12 mL exetainer vials87 until analyzed. The sampling
was done every 5 min for a total period of 30 mins in duplicates for palsa and front
and in triplicates for bog. All gas samples from the field and standard gases used for
calibration were measured with a gas chromatograph (Hewlett Packard, 5890 Series
II) equipped with an electron capture detector (63Ni-ECD).

Sample collection. In July 2019, cores were taken along three palsa hillslopes
(Supplementary Figs. S1 and S7), gently collapsing into bog, following the expected
hydrological flow described previously57. A Humax corer of 50 cm length and 3-cm
diameter with inner liners was used to sample the active layer10. The inner liners
were washed three times with 80% ethanol, six times with sterile MilliQ water,
brought into a Biological Safety Cabinet, exposed to UV-light for 15 min and sealed
with sterilized butyl rubber stoppers until coring. Butyl rubber stoppers were boiled
three times in deionized water and sterilized at 121 °C for 20 min in an autoclave.
The cores for mineral analysis were directly split after sampling under 100% N2

atmosphere in a glove bag and subsamples stored at −20 °C until analysis. The
cores for microbial community analysis were split directly in the field wearing
gloves that were sterilized with 80% ethanol, immediately frozen with liquid
nitrogen and stored at −80 °C until further processing. As previously described10,
the cores were split into three soil horizons based on texture and color changes: (1)
A peat or organic horizon, followed by (2) a transition zone between the organic-
rich and mineral-rich layer and (3) a mineral horizon.

In July and September 2019, porewater samples were collected from 30 and
60 cm depth below the peat surface along the palsa hillslope (8 transects,
Supplementary Figs. S1 and S4) using a luer lock syringe connected to a lysimeter
with an effective pore size of 2.5 microns (Simpler Luer-Lock Micro Samplers,
Model 1910LL, Soilmoisture Equipment Corp., Santa Barbara, CA). Prior to use,
syringes and lysimeters were rinsed 10 times with 50 mL MiliQ water and air dried.
Syringe filters (0.22 µm, PES, MerckTM SteritopTM, Millipore) were pre-rinsed with
120 mL ultrapure water each to avoid leaching residuals of the filters. The syringes
were flushed three times with N2 and sealed until further use. Syringe filters
(0.22 µm) were flushed three times with N2 and placed into a SCHOTT bottle with
N2 atmosphere until further use. The lysimeters were installed in the soil, pre-
flushed by pulling porewater with a syringe and the first 2 mL discharged.

Immediately afterward, the N2 flushed syringes were unsealed, nitrogen gas pushed
out, and then tightly connected to the installed lysimeter. To avoid direct sunlight
exposure, syringes were covered with white cotton bags during the time of
porewater extraction. After 3-4 h, the samples were filtered through a 0.22 µm
syringe filter into stoppered, N2 flushed glass vials, wrapped in aluminum foil to
avoid any sunlight exposure. The first 1 mL filtrate from each sample was disposed.
The samples were stored at 4 °C until further analysis.

Selective iron and carbon extractions. To extract reactive Fe minerals and
associated OC, selective dissolutions were conducted as described previously10.
Briefly, a sodium bicarbonate (0.11 M) sodium dithionite (0.27 M) trisodium citrate
(0.27 M) solution was used to reductively dissolve reactive Fe minerals and release
associated OC. As described in Lalonde et al.9, a sodium bicarbonate (0.11 M)
sodium chloride (1.85 M) solution was used as a control experiment to distinguish
between Fe and OC readily desorbed (leachable OC) and OC associated with
reactive Fe minerals and only dissolved during reductive dissolution with dithio-
nite. The citrate background in the extract also needs to be subtracted to receive the
OC associated with reactive Fe minerals. Thus, only the control corrected values
are discussed:

Reactive Feminerals ¼ Fe dithionite citrateð Þ � Fe sodium chlorideð Þ ð1Þ

OC associated with reactive Feminerals ¼ DOC dithionite citrateð Þ
� DOC blank citrateð Þ � DOC sodium chlorideð Þ

ð2Þ
For each soil horizon (organic horizon, transition zone, mineral horizon), 0.3 g

dry soil was weighed into 10 mL glass vials with 6.25 mL extractant and N2

headspace. After 16 h at room temperature on a rolling shaker, samples were
centrifuged at room temperature for 10 min at 5300 g. The supernatant was
decanted and further analyzed for total Fe and DOC.

Geochemical analysis. To determine total Fe and Fe(II), porewater or extract was
acidified in 1 M HCl and quantified spectrophotometrically in triplicates with the
ferrozine assay88. DOC was measured in triplicates with a total organic carbon
analyzer (High TOC II, Elementar, Elementar Analysensysteme GmbH, Germany).
Inorganic carbon was removed by acidification with 2M HCl addition prior to
analysis. High performance liquid chromatography (HPLC; class VP with refractive
index detector [RID] 10 A and photo-diode array detector SPD-M10A VP detec-
tors; Shimadzu, Japan) was used to determine the fatty acid concentrations. To
further quantify other elements in the porewater (i.e., phosphorous and sulfur) the
samples were acidified in 1% (v/v) HNO3 and analyzed in triplicates by inductively
coupled plasma mass spectrometry (ICP-MS/MS Agilent 8900). A flow injection
analysis (FIA) instrument equipped with a dialysis membrane for removal of Fe to
prevent side reactions during measurement (Seal Analytical, Germany) was applied
for quantification of NH4

+, NO3
− and NO2

− concentrations.

Correlative SEM and nanoSIMS analysis. The free particles of the fine fraction of
each organic horizon, transition zone and mineral horizon in cores Palsa A
(referring to intact palsa), Palsa B (referring to more collapsed palsa) and Front
(referring to collapsing front) along the palsa hillslope were analyzed using cor-
relative SEM and nanoSIMS, as described previously10,89,90. Briefly, subsamples of
each layer (1 mg) were dispersed in anoxic ultrapure water and reversed for 1 min
to obtain the free organo-mineral particles. All larger particles and aggregates were
allowed to settle. A drop of 100 µL of the suspension was placed on a silica wafer
and dried in an anoxic glovebox (N2 atmosphere). Finally, samples were sputter-
coated with ~ 30 nm Au/Pd conductive layer using a Bal-Tec SCD005 sputter
coater (Baltec GmbH, Germany). To characterize the organo-mineral particles of
the fine fraction by size and crystallinity and identify representative particles, a field
emission scanning electron microscope (FE-SEM; Jeol JSM-6500F), equipped with
secondary electron detector, was used prior to nanoSIMS analysis. The acceleration
voltage was set to 5 kV, with a working distance of 10 mm. The nanoSIMS analysis
were performed at the Cameca nanoSIMS 50 L of the Chair of Soil Science (TU
München, Germany). As described previously19, a primary ion beam (~2 pA) was
set at a lateral resolution ~100 nm and scanned over the samples with 12C−, 16O−,
12C14N−, 31P−, 32S−, 27Al16O− and 56Fe16O− secondary ions collected using
electron multipliers.

Mössbauer spectroscopy. The soil samples for 57Fe Mössbauer spectroscopy were
collected under the protection of 100% N2. Samples from three thaw stages were
measured, including Palsa A, Bog and Fen (both wetland cores obtained by a
previous campaign see Patzner et al.10) of transition zone and mineral horizon
(Supplementary Fig. S16 and Supplementary Table S7). The samples were dried
anoxically before loading into a Plexiglass holder. The prepared samples were
stored anoxically at −20 °C until measurement. Mössbauer spectroscopy was
performed in a standard transmission setup (Wissel, Wissenschaftliche Elektronik
GmbH), and absorption spectra were collected at 77 and 6 K controlling with a
closed-cycle cryostat (SHI-850-I, Janis Research Co). The spectra were calibrated
with α57Fe0 foil at 295 K, and fitted using the Voigt Based Fitting (VBF)91 routine
in the Recoil software (University of Ottawa, Canada).
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TOC and TN analysis. As described previously10, total organic carbon (TOC) and
total organic nitrogen (TN) were quantified by an Elementar vario El (Elementar
Analaysysteme, GmbH, Germany). Soil samples were dried at 60 °C until no fur-
ther weight loss was observed. The dried soils were ground and acidified with 16%
ultrapure HCl to remove the inorganic carbon. After washing with ultrapure water,
followed by drying, the TOC and TN content was analyzed. Results of C/N ratios
are shown in the SI (Supplementary Fig. S10).

Microbial community analysis. Total RNA and DNA were extracted in triplicates
of each soil horizon using the PowerSoil® RNA and DNA isolation kit as described
by the manufacturer (MO BIO Laboratories, Carlsbad, CA, USA), with the fol-
lowing modifications: 2-3 g of soil was used per replicate from each soil horizon;
10 min bead-beating; centrifugation steps at maximal speed (7000 × g) at 4 °C; and
longer incubation times at −20 °C (1.5 h). RNA and DNA were eluted in 50 µl
RNase/DNase-Free water. RNA and DNA concentrations were determined using a
Qubit® 2.0 Fluorometer with RNA and DNA HS kits (Life Technologies, Carlsbad,
CA, USA). Subsequent DNA digestion and reverse transcription reactions were
performed using a Reverse Transcriptase (Invitrogen, Life Technologies) as
described previously by Otte et al.66. Quantitative PCR (qPCR) specific for the 16S
rRNA (gene) of bacteria and archaea was performed as described previously66.
Microbial 16S rRNA (genes) were amplified using primers 515F and 806R92.
Quality and quantity of the purified amplicons were determined using agarose gel
electrophoresis and Nanodrop (NanoDrop 1000, Thermo Scientific, Waltham, MA,
USA). Subsequent library preparation steps (Nextera, Illumina) and sequencing
were performed by Microsynth AG (Switzerland) using the 2 × 250 bp MiSeq
Reagent Kit v2 on an Illumina MiSeq sequencing system (Illumina, San Diego, CA,
USA). From 10,112 to 396,483 (average 113,374) read pairs were generated per
sample in three separate sequencing runs on the same MiSeq machine, resulting in
total in 8.6 million read pairs. Quality control, reconstruction of 16S rRNA (gene)
sequences and taxonomic annotation was performed with nf-core/ampliseq
v1.1.293,94 with Nextflow v20.10.095 using containerized software with singularity
v3.4.296. Data from the three sequencing runs were treated initially separately by
the pipeline using the option “mulipleSequencingRuns” and ASV tables were
merged. Primers were trimmed, and untrimmed sequences were discarded (<25%,
on average 7.7%) with Cutadapt v2.697. Adapter and primer-free sequences were
imported into QIIME2 version 2019.10.098, processed with DADA2 version
1.10.099 to eliminate PhiX contamination, trim reads (before the median quality
drops below 35, i.e., position 230 in forward reads and 174 in reverse reads), correct
errors, merge read pairs, and remove PCR chimeras; ultimately, in total 9,576
amplicon sequencing variants (ASVs) were obtained across all samples. Alpha
rarefaction curves were produced with the QIIME2 diversity alpha-rarefaction
plugin, which indicated that the richness of the samples had been fully observed. A
Naive Bayes classifier was fitted with 16S rRNA (gene) sequences extracted with the
PCR primer sequences from the QIIME compatible, 99%-identity clustered SILVA
v132 database100. ASVs were classified by taxon using the fitted classifier101. 225
ASVs that classified as chloroplasts or mitochondria were removed, totaling to <7%
(average 0.6%) relative abundance per sample, and the remaining 9351 ASVs had
their abundances extracted by feature-table (https://github.com/qiime2/q2-feature-
table).

Pathways, i.e., MetaCyc ontology predictions, were inferred with PICRUSt2
version 2.2.0-b (Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States)102 and MinPath (Minimal set of Pathways)103 using ASVs and
their abundance counts. Inferring metabolic pathways from 16S rRNA amplicon
sequencing data is certainly not as accurate as measuring genes by shotgun
metagenomics, but it yields helpful approximations to support hypotheses driven
by additional microbiological and biogeochemical analyses102.

FT-ICR-MS analysis. Soil extracts and DOM in the porewater were analyzed with
FT-ICR MS to identify and monitor compositional changes in the mineral-
associated organic carbon fraction and the mobile, DOC fraction. All of the
samples were prepared for FT-ICR-MS analysis by solid phase extraction (SPE)
under N2 atmosphere (glove bag) following the procedure described by Dittmar
et al.104 and Li et al.105 with some modifications. In brief, 1 g, 3 mL Bond Elut PPL
cartridges (part#12102148, Aglient Technologies, Santa Clara, CA, USA) were
conditioned with 5 mL of HPLC grade methanol (Simga-Aldrich, Rehovot, Israel),
followed by 5 mL of 0.01M HCl. Each sample was acidified to pH ~2.5 and then
loaded onto the SPE columns, loading volume was adjusted to load a total of 0.5 mg
C based on the TOC content. After sample loading, the SPE cartridges were rinsed
with 5 mL of 0.01 M HCl followed by drying with N2 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. There was no additional
dilution of the samples performed prior to analysis by negative ion electrospray
ionization.

The samples were analyzed with a custom-built FT-ICR mass spectrometer,
equipped with a 21T superconducting solenoid magnet and a modular software
package for data acquisition (Predator)106. Sample solution was infused via a
microelectrospray source107 (50 µm i.d. fused silica emitter) at 500 nL/min by a
syringe pump. Typical conditions for negative ion formation were: emitter voltage,
−3.0 kV; S-lens RF level, 45%; and heated metal capillary temperature, 350 °C. Ions
were initially accumulated in an external multipole ion guide (1–5 ms) and released

m/z-dependently108. Ions were excited to m/z-dependent radius to maximize the
dynamic range and number of observed mass spectral peaks (32–64%)109, and
excitation and detection were performed on the same pair of electrodes110. The
dynamically harmonized ICR cell in the 21T FT-ICR is operated with 6V trapping
potential111,112. Time-domain transients (100 time-domain acquisitions for all
experiments) of 3.1 s were acquired with the Predator data station that handled
excitation and detection only, initiated by a TTL trigger from the commercial
Thermo data station106. Mass spectra were phase-corrected113 and internally
calibrated with 10–15 highly abundant homologous series that span the entire
molecular weight distribution (~150–1300 m/z) based on the “walking” calibration
method114. Experimentally measured masses were converted from the
International Union of Pure and Applied Chemistry (IUPAC) mass scale to the
Kendrick mass scale115 for rapid identification of homologous series for each
heteroatom class116. Peaks with signal to noise ratios greater than 6 times the noise
at the baseline root-mean-square (rms) noise at m/z 500 were exported to custom
software (PetroOrg©) for additional formula and elemental composition
assignment117. All assigned formulas were part of a ≥3 peak carbon series and had
less than ±0.3 ppm mass error. A LOD of 6 σ was considered sufficient to minimize
ionization difference effects between samples, and therefore biasing by large
numbers of low abundance peaks. To further identify macro compositional shifts,
analysis of differences between samples was performed only on peaks with ≥20%
difference in relative abundance. Additionally, modified aromaticity index (ModAl)
was calculated according to Koch&Dittmar85 and nominal oxidation state of
carbon (NOSC) was calculated according to La Rowe&Van Cappellen118. Data
processing post formula assignment was performed with RStudio utilizing R
software (V4.0.3).

Statistical analysis. The geochemical parameters were checked with the test of
homogeneity. Then a one-way analysis of variance (ANOVA) was used to identify
differences in the geochemical parameters along the palsa hillslope, combined with
a post-hoc test to identify significant differences between the different sampling
spots along the palsa hillslope (from palsa to collapsing front to bog). Based on
Gloor et al.119 no statistical analysis (such as e.g., one-way ANOVA or unpaired t-
test) were chosen for the compositional data obtained by 16S rRNA Amplicon
(gene) sequencing.

Data availability
The data that support the finding of this study are included in a compressed Source Data
file at Zenodo120 (https://zenodo.org/record/5914518#.Yfe46fvP2Uk) and raw
sequencing data was deposited at the Sequence Reads Archive121 (SRA, https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA725216). All FT-ICR MS data (raw files and
calibrated peak lists) are available at the Open Science Framework122 (https://osf.io/
wts8b/ Other data are included in the Supplementary Information.
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