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Abstract Global methane (CH4) emissions from thawing permafrost peatlands are expected to increase
substantially in the future. Net emission of CH4 depends on the presence of more favorable terminal electron
acceptors for microbial respiration, such as ferric iron (Fe(III)). In soils with high OC content, Fe(III) is often
coprecipitated with organic carbon (OC). The presence of Fe(III)‐OC coprecipitates could either suppress CH4
emissions due to inhibition of methanogenesis and stimulation of anaerobic methane oxidation coupled to Fe
(III) reduction, or enhance emissions by providing additional OC. Here, we investigated the role of Fe(III)‐OC
coprecipitates in net CH4 release in a fully thawed, waterlogged permafrost peatland (Stordalen Mire, Abisko,
Sweden). We synthesized Fe(III)‐OC coprecipitates using natural organic matter from the field site and added
them to waterlogged soil in a microcosm experiment and in situ, and followed Fe speciation and changes in
greenhouse gas emissions over time. Fe(III)‐OC coprecipitates were partially reduced (22%) within 42 days in
the microcosm experiment, while almost full reduction (92 ± 4%) occurred in situ within 53 days. This led to a
decrease in CH4 emissions by 94% and 40% in the microcosm and field experiments, respectively, compared to
no‐coprecipitate controls. A decrease in both RNA‐based mcrA copy numbers and relative abundance of
detected methanogens indicated that methanogenesis was mainly inhibited by the addition of the coprecipitates
due to microbial Fe(III) reduction. In conclusion, Fe(III)‐OC coprecipitates temporarily suppress net CH4
emissions in fully thawed permafrost soils, and might play a similar role in mitigating CH4 release in other
(periodically) flooded soils.

Plain Language Summary Emissions of methane, a greenhouse gas 28 times more potent than
carbon dioxide, are expected to increase globally. Most natural methane emissions originate from flooded soils,
such as thawing permafrost soils. To better predict the future release of methane, it is important to understand
the processes that result in its production and consumption. One of the key factors in net methane emission is the
presence of other geochemical species such as iron‐bearing phases that may be used by microorganisms for
anaerobic respiration, potentially suppressing methane release. In this study, we investigated the role of
previously overlooked iron‐organic carbon associations in net methane emissions in a fully thawed permafrost
soil. We found that iron‐organic carbon associations were used by iron‐reducing microorganisms which
inhibited the activity of methane‐producing microorganisms. This decreased the net methane emission from the
soil by 94% and 40% in laboratory‐ and field‐based experiments, respectively. Our findings therefore indicate
that the presence of iron‐organic carbon associations can temporarily decrease net methane emissions in
thawing permafrost soil, and possibly in other flooded soils.

1. Introduction
Methane (CH4) is a potent greenhouse gas that is emitted globally at a rate of 576 Tg CH4 y

− 1, with a large portion
(148 Tg y− 1) originating from periodically or permanently anoxic soils (Saunois et al., 2020). It is predicted that
soil methane emissions will increase by 89% (SSP 2) until the year 2200 compared with 2010 (Kleinen
et al., 2021). Permafrost peatlands will play an especially large role in CH4 release in the future, since these soils
contain a large organic carbon (OC) stock of which a substantial fraction represents labile, previously unavailable
(frozen) OC (Lim et al., 2022; Mueller et al., 2015). In low‐lying permafrost peatlands in which drainage of
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thawed permafrost is impeded or which are hydrologically connected to other water bodies, soil inundation and
thermokarst formation is predicted (Farquharson et al., 2019; Kokelj & Jorgenson, 2013; Varner et al., 2022; Woo
& Young, 2006). As these soils are saturated with water, anoxic conditions are expected to develop and may lead
to increasing CH4 emissions, promoted further by increasing temperatures (Knoblauch et al., 2018; Rößger
et al., 2022; Turetsky et al., 2008). The net release of CH4 depends on the balance of CH4 production by
methanogens and CH4 oxidation by methanotrophs (Bridgham et al., 2013), which are affected by varying
biogeochemical parameters. The key parameter in this release is the availability of terminal electron acceptors that
are more thermodynamically favorable than CO2, such as nitrate, sulfate, or ferric iron (Fe(III)) minerals
(Achtnich et al., 1995; Stams et al., 2003).

The net effect of the presence of Fe(III) minerals on CH4 release can vary. First, many studies reported inhibition
of methanogenesis when Fe(III) reduction occurred (Lipson et al., 2012; Miller et al., 2015; Reiche et al., 2008;
Roden & Wetzel, 1996). The main reason for inhibition is that Fe(III) reduction outcompetes methanogenesis
thermodynamically, implying that methanogenesis will proceed only once Fe(III) is depleted (Bridgham
et al., 2013; Megonigal et al., 2003). Second, Fe(III)‐reducing microorganisms and methanogens compete for the
same substrates, such as acetate and hydrogen (H2), which Fe(III)‐reducers can use at far lower concentrations
than methanogens (Roden & Wetzel, 2003). Fe(III) might also play a role within anaerobic oxidation of CH4 by
functioning as an electron acceptor (Bar‐Or et al., 2017; Ettwig et al., 2016), thus decreasing net CH4 release. In
contrast, there is also evidence that Fe(III) reduction can promote methanogenesis. One theoretical argument is
that the pH increase induced by Fe(III) reduction could make conditions more favorable for (acetoclastic)
methanogenesis (Sulman et al., 2022; Wagner et al., 2017). Additionally, there is evidence from culture‐based (Fu
et al., 2019; H. Wang et al., 2020) and soil‐based (Xiao et al., 2019) studies that more crystalline Fe(III) minerals
can serve as electron shuttles for methanogens.

In contrast to pure Fe(III) minerals and dissolved Fe(III), much less is known about the influence of organic
matter‐bound Fe(III) on net CH4 release. Poorly crystalline, high surface area Fe(III) minerals, such as ferri-
hydrite, are often associated with organic matter through adsorption or coprecipitation (Dong et al., 2023),
forming Fe(III)‐OC associations. In permafrost peatland soils with high OC content, binding through copreci-
pitation is thought to be the dominant process based on OC:Fe ratios of selective extractions (Patzner et al., 2020;
Sun et al., 2023; Y. Wang et al., 2022). Fe(III)‐OC coprecipitates may play an inhibitory or promotive role
regarding CH4 release. Once conditions turn anoxic, Fe(III) reduction may occur, releasing Fe

2+ and the pre-
viously bound OC to the aqueous phase. Since Fe(III)‐OC coprecipitates are less crystalline than OC‐free Fe(III)
minerals, they might be more available for microbial reduction (Adhikari et al., 2017; Cooper et al., 2017) and
lead to stronger suppression of methanogenesis. On the other hand, the released OC could function as a substrate
for fermenting microorganisms, providing more substrates for methanogenesis (fatty acids, H2) (Drake
et al., 2009). High OC loadings in Fe(III)‐OC coprecipitates could also inhibit microbial access to Fe (Eusterhues
et al., 2014), decreasing the extent of Fe(III) reduction and thus the competition with methanogenesis. The C and
Fe cycles in anoxic soils are thus closely interlinked through the processes of Fe(III) reduction, fermentation, and
methanogenesis.

Thawing permafrost soils provide a suitable ecosystem to study this linkage. An increasing number of studies
reported that Fe‐bound OC accounts for a significant fraction of total soil OC (up to 20%) in intact permafrost (Liu
et al., 2022; Mu et al., 2016; Patzner et al., 2020). At the onset of thaw, these Fe(III)‐OC associations are
(partially) reductively dissolved. Often, CH4 emissions are detected simultaneously (Lipson et al., 2012; Mon-
honval et al., 2022; Patzner, Logan, et al., 2022). However, the role of Fe(III)‐OC associations in net CH4 release
is still unclear. Current knowledge based on field observations only provides correlations between Fe cycling and
CH4 release, but direct experimental evidence is lacking. Therefore, the objectives of this study were (a) to
determine the reduction extent of Fe(III)‐OC associations over several weeks in a fully thawed permafrost soil, (b)
to quantify the net effect of Fe(III) reduction of Fe(III)‐OC associations on CH4 release, and (c) to identify main
microbial groups relevant to CH4 cycling due to addition of Fe(III)‐OC associations. To achieve this, we incu-
bated synthesized Fe(III)‐OC coprecipitates together with soil from a fully thawed permafrost peatland (Stordalen
Mire, Abisko, Sweden) within a microcosm experiment and an in situ field experiment. In the microcosm
experiment, we aimed to gain a mechanistic understanding of the processes underlying CH4 release with Fe(III)‐
OC coprecipitate addition. Within the field experiment, our aim was to estimate the overall net effect of Fe(III)‐
OC coprecipitate addition on CH4 release under relevant environmental conditions. We used a combination of
isotope‐specific techniques as well as spectroscopic and molecular biology methods to track the reduction of Fe
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(III)‐OC coprecipitates, emission of CH4 and carbon dioxide (CO2), and changes in the abundance and activity of
relevant methane‐cycling microorganisms.

2. Materials and Methods
2.1. Field Site Description and Sampling

Stordalen Mire is a thawing permafrost peatland, located near Abisko, Sweden (68 22ʹN, 19 03ʹE). It is situated in
the discontinuous permafrost zone and consists of intact permafrost areas (palsa hills), covered by dwarf shrubs,
bryophytes and lichens (52% of areal cover), semi‐wet bogs dominated by Sphagnum ssp. mosses (32% areal
cover), and fully inundated fens covered by sedges, such as Eriophorum vaginatum andCarex rostrata (16% areal
cover) (Malmer et al., 2005; Varner et al., 2022).

The fen soil was sampled in July 2022 at two depths that differed in organic matter content. The upper organic‐
rich soil (38% soil OC) was sampled from 2 to 10 cm depth below the soil surface and used to extract soil organic
matter for synthesis of (57Fe‐enriched) Fe(III)‐OC coprecipitates (see 2.2). The organic‐poor (2.5% soil OC),
mineral‐rich soil was sampled at 30 cm depth and used for the lab‐based microcosm experiment. The soils were
collected by grab sampling and stored in sterilized plastic bags (LDPE). Both layers were water saturated and the
soil was filled into the bags so that no headspace was remaining. Soils were stored at 4°C after collection and kept
under cool conditions during transport. Back in Tübingen, the soils were stored in gas‐tight, N2‐flushed mason
jars at 4°C until use. A subsample of the mineral soil was dried inside an anoxic glovebox (MBraun Unilab
Workstation, 100% N2 atmosphere) at 60°C for general soil characterization. We determined the mineralogy by
X‐ray diffractometry (XRD), soil OC content by elemental analysis, and total Fe content by X‐ray fluorescence
(XRF) as well as Fe speciation by FeK‐edge X‐ray absorption spectroscopy (XAS). More details are given in Text
S1 in Supporting Information S1. Fe content and speciation in poorly crystalline and highly crystalline Fe pools
were analyzed after anoxic 0.5 and 6 M HCl extractions (Figure S1 in Supporting Information S1).

2.2. Synthesis of (57Fe‐Enriched) Fe(III)‐OC Coprecipitates

To synthesize Fe(III)‐OC coprecipitates, soil organic matter from the fen organic horizon was extracted. Field‐
moist soil was added to double‐deionized water (DDI, Millipore, >18 MΩ cm− 1) at a 1:10 weight/volume (w/
v) ratio for 24 hr on an overhead shaker in the dark. Afterwards, the suspensions were centrifuged in pre‐baked
glass serum bottles (5,250 rcf, 15 min) and the supernatant was sequentially filtered through pre‐rinsed 8 μm
(Merck Millipore, MCE) and 0.22 μm (Merck Millipore, Steritop PES) filters. The resulting water‐extractable
organic matter (WEOM) was stored at 4°C for less than 24 hr until use. The dissolved organic carbon (DOC)
concentration was 24 mg C L− 1.

The coprecipitates used in the microcosm experiment were prepared from a 57Fe‐enriched (10%) FeCl3 solution
(details in Text S2 in Supporting Information S1), which enabled a differentiation of the added Fe minerals from
the native Fe pool and improved the analysis by 57Fe‐specific Mössbauer spectroscopy. Both NAFe‐ and 57Fe‐
enriched Fe(III)‐OC coprecipitates were synthesized by mixing 1.5 L of WEOM with 20 mL of the respective
FeCl3 solution (initial C:Fe ratio= 1), after which NaOH solution was added until pH 6. The final suspension was
bubbled with N2 (99.999%) for 15 min to make it anoxic. Fe speciation was analyzed by the ferrozine assay
(Stookey, 1970) after dissolution in 1 M HCl, and mineral identity was determined by 57Fe Mössbauer spec-
troscopy (Figure S2 in Supporting Information S1) and FeK‐edge XAS (Figure S3 in Supporting Information S1).

2.3. Microcosm Experiment to Elucidate the Net Effect of Fe(III)‐OC Coprecipitate Addition on
Greenhouse Gas Fluxes

2.3.1. Setup of Microcosm Experiment

For the microcosm experiment, we used the mineral subsoil for two reasons. First, it represents end‐state con-
ditions of permafrost thaw and has thus undergone thaw‐related geomicrobiological changes. Second, most native
Fe(III)‐OC associations are contained in this soil layer. Prior to using the mineral soil, it was homogenized by wet
sieving under oxic conditions with a sterilized 2 mm sieve. Subsequently, field moist soil (12 g dry weight) was
added to six 250 mL serum bottles under sterile conditions. The bottles were closed with sterilized butyl rubber
stoppers and crimped with aluminum caps. The headspace in the bottles was exchanged by applying vacuum for
5 min and flushing with N2 gas for 5 min (3 cycles). These six bottles were later split up into two sets of triplicates,
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one set which was amended with 57Fe‐enriched Fe(III)‐OC coprecipitates and one set functioning as a non‐
amended control. The bottles were transferred to an anoxic glovebox and sterile, anoxic, artificial porewater
solution (composition in Table S1 in Supporting Information S1) was added: 135 mL for control treatments and
100 mL for coprecipitate‐added treatments, to reach a final ratio of 85 mg dry soil mL− 1 for both treatments. All
bottles were incubated under anoxic conditions at room temperature in the dark for 35 days prior to the addition of
57Fe‐enriched Fe(III)‐OC coprecipitates. This initial incubation served to establish anoxic conditions in the soil,
to avoid the first pulse of greenhouse gases due to rewetting (Kim et al., 2012), and to reduce all easily reduceable
native Fe(III) minerals. Geochemical sampling was done once each week to monitor Fe(III) reduction (see
below). The amount of added synthesized 57Fe‐enriched coprecipitates constituted an increase in total 6 M HCl‐
extractable Fe by 50% (4.17 mg Fe g− 1 dry soil, Figure S4d in Supporting Information S1).

To test the occurrence of abiotic isotopic exchange between aqueous 56Fe2+ and 57Fe(III) in coprecipitates, we
performed an additional control experiment. We added the same concentration of Fe(III)‐OC coprecipitates to
filtered (0.22 μm, PES, Carl Roth) solution from the control microcosms. The Fe(III)‐OC coprecipitates were
prepared as a new batch in order to have the same storage time as for the main experiment. The filtered porewater
was diluted to have the same DOC concentration as on t0 of the main experiment. The aqueous Fe concentration
and speciation as well as fraction of 57Fe was then quantified over 48 hr.

2.3.2. Sampling of Microcosm Experiment

Analysis of the microcosms included measuring greenhouse gas (GHG) fluxes and sampling for geochemical
changes. To measure GHG fluxes, the rubber stopper of each bottle was pierced with 2 needles, each with a three‐
way valve attached. After 10 min of flushing the bottles with moistened N2 gas, the N2 flow was stopped, the
overpressure was released into water via a tube, and the gases were left to accumulate for 60 min. A 2 mL sample
was taken from the headspace and transferred to a He‐flushed 12 mL Exetainer® vial (Labco, UK) after 0, 30, and
60 min. The flux incubation time was increased to 90 min after 32 days of the incubation to detect a sufficient
GHG concentration increase. The sampling volume relative to the headspace volume of the bottles was <5%. The
individual and cumulative gas fluxes were calculated based on the increase in gas concentration, given in Text S4
in Supporting Information S1.

The bottles were then transferred to the glovebox for geochemical sampling. An aliquot of the suspension (1 mL
before coprecipitate addition, 1.5 mL afterward) was taken. The sample was centrifuged (10,055 rcf, 5 min) and
the supernatant was collected. The supernatant was used to quantify DOC concentration and aqueous Fe
speciation after acidification with anoxic 1 M HCl. The soil pellet was dried at 60°C anoxically overnight and
weighed to estimate the dry mass in each sample. To target the poorly crystalline Fe mineral fraction, 1.5 mL
anoxic 0.5 M HCl was added and left to equilibrate with the soil for 24 hr (Heron et al., 1994; Kostka &
Luther, 1994). The extraction solution and remaining solid were separated by centrifugation (10,055 rcf, 5 min)
and the supernatant was diluted in 1 M HCl for analysis of Fe speciation and 57Fe concentration. At certain time
points (right after addition of coprecipitates, after 8, 15, and 42 days) an additional 15 mL of suspension was taken
from the bottles. An aliquot (4 mL) was centrifuged in the glovebox, the supernatant was transferred to a new tube
and immediately frozen (− 20°C) for measurement of microbial metabolites by gas chromatography mass
spectrometry (GC‐MS). The soil pellet was frozen (− 20°C) and subsequently freeze‐dried under anoxic condi-
tions for analysis by 57Fe Mössbauer spectroscopy. An aliquot of 1 mL was used to measure pH (InLab Easy
BNC, Mettler Toledo, Germany) outside the glovebox. The remaining 10 mL were transferred to 15 mL
centrifuge tubes (polypropylene, RNase‐ and DNase‐free, Biologix) and centrifuged outside the glovebox (17,200
rcf, 5 min). The supernatant was taken off under sterile conditions and the remaining soil pellet was immediately
frozen (− 80°C) for later extraction of DNA and RNA and subsequent molecular biological analysis (see
Section 2.3.5).

2.3.3. Geochemical Analyses

Aqueous and solid (0.5 M HCl‐extractable) Fe speciation and total Fe concentration were quantified using the
ferrozine assay (Stookey, 1970). DOC concentration was measured (as non‐purgeable OC) after acidification
with 2 M HCl by a TOC analyzer (multi N/C 2100S, Analytik Jena AG, Germany). A gas chromatograph
(TraceGC1300, ThermoFisher Scientific, USA; modified by S + HA analytics) was used to measure GHG
concentrations. It was equipped with an autosampler and 2 column configurations (first configuration: 30 m long,
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0.53 mm ID TGBondQ column and 30 m long, 0.53 mm ID Molsieve column; second configuration: 30 m long,
0.53 mm ID TGBondQ column and a 30 m long 0.25 mm ID TGBondQ + column; all ThermoFisher Scientific)
which are each connected to a Pulse Discharged Detector. Concentrations of CH4, N2O, and CO2 were quantified
with calibrations of standards using pure gases (99.5% CH4, 99.9% CO2, 99.999% N2O, Westfalen, Germany) in
He‐flushed Exetainer® vials in a range of 0.05–500 ppm. N2Owas always below detection limit in the microcosm
experiment and did not significantly increase during measurements in the field experiment. Concentrations of
57Fe in aqueous and 0.5 M HCl‐extracted solid samples were quantified by inductively coupled plasma mass
spectrometry (ICP‐MS, Agilent 7900, Agilent Technologies, USA) with Ar as carrier gas and in He mode after
dilution in 1% HNO3 (analytical grade, Carl Roth). Contribution of

57Fe‐enriched Fe(III)‐OC coprecipitates to the
aqueous and solid (0.5 M HCl‐extractable) Fe pool were calculated (Text S5 in Supporting Information S1) and
raw data (f(57Fe)) are given in Figure S4 in Supporting Information S1.

2.3.4. Solid Phase Fe Characterization
57Fe Mössbauer spectroscopy was used to analyze Fe speciation of the initial synthesized 57Fe‐enriched copre-
cipitates and in the solids from the microcosm experiment. Initial coprecipitates were collected by filtration
(0.45 μm, nitrocellulose, Millipore). The filter paper with solids was fixed between Kapton® tape and frozen
(− 20°C). Anoxically freeze‐dried samples from the microcosms (after centrifugation, as specified in Sec-
tion 2.3.2 above) were ground with mortar and pestle in a glovebox and 60–80 mg were placed in 1 cm2 Plexiglas
holders. Samples at the beginning and end of the incubation were selected for analysis. Due to the enrichment of
57Fe in the Fe(III)‐OC coprecipitates, 51% of the signal within the Mössbauer spectra of the coprecipitate‐added
treatment originated from the coprecipitates (see calculation in Text S10 in Supporting Information S1), while the
theoretical fraction of coprecipitate Fe in the total soil Fe was 17%. Samples were inserted into a closed‐cycle
exchange gas cryostat (Janis cryogenics) under a gasflow of He to minimize air exposure (see Text S6 in Sup-
porting Information S1). Spectra were collected at 30 and 6 K for initial 57Fe‐enriched Fe(III)‐OC coprecipitates
and at 77 and 6 K for microcosm samples.

Iron speciation of the initial soil and synthesized 57Fe‐enriched coprecipitates was also investigated by Fe K‐edge
XAS at Synchrotron SOLEIL (SAMBA beamline, Paris, France). Oxidation state of Fe was determined by fitting
of the Fe K‐edge X‐ray absorption near edge structure (XANES) while fitting of the extended X‐ray absorption
fine structure (EXAFS) was used to determine the Fe speciation. For this purpose, the initial 57Fe‐enriched
coprecipitates were air‐dried prior to homogenization with a mortar and pestle. The dried solids were each
pressed into pellets (7 mm diameter) with PVP (Polyvinylpyrrolidone K12, Carl Roth), before being sealed with
Kapton® tape. More details on synchrotron spectra acquisition and data analysis can be found in Text S6 in
Supporting Information S1.

2.3.5. Molecular Biology Analysis

Total DNA and RNA of soil samples from the microcosm experiment were extracted in experimental triplicate
using the RNeasy PowerSoil® Total RNA Kit with DNA Elution (Qiagen, Germany). Details on protocol ad-
justments and quality controls are listed in Text S7 in Supporting Information S1. Remaining DNA in the RNA
samples was digested and the RNAwas reverse transcribed using commercial kits (Invitrogen, Life Technologies,
USA) as described in Otte et al. (2018). Bacterial and archeal 16S rRNA (gene) amplicon sequencing on both
DNA and cDNA samples was done using the universal primers 515f (Parada et al., 2016) and 806r (Apprill
et al., 2015) fused to Illumina adapters. Library preparation steps (Nextera, Illumina) and sequencing were
performed using Illumina MiSeq sequencing system (Illumina, USA) at the Institute for Medical Microbiology
and Hygiene of the University of Tübingen. Data processing, including quality control, reconstruction of se-
quences, and taxonomic annotation (Text S7 in Supporting Information S1) was done using nf‐core/ampliseq
version 2.8.0 (Straub et al., 2020, 2024) of the nf‐core collection of workflows (Ewels et al., 2020). Methano-
genic, methanotrophic, and Fe(III)‐reducing taxa were identified, as listed elsewhere (Patzner, Kainz, et al., 2022,
Patzner, Logan, et al., 2022) and references therein).

Quantitative PCR (qPCR) was performed on DNA and cDNA samples to quantify changes in total bacterial and
archeal 16S rRNA (gene) copies and in functional genes relevant for CH4 cycling. Specifically, we targeted the
methyl‐coenzyme M reductase subunit alpha (mcrA) gene, used as a marker gene for methanogens (Frie-
drich, 2005; Juottonen et al., 2006), and particulate methane monooxygenase (pmoA) gene, used to assess the
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abundance of methanotrophs (McDonald et al., 2008; Welte et al., 2016). The used primer sequences, plasmid
standards, dilution factors of samples, and details of the temperature programs are given in Table S2 in Supporting
Information S1. The assays were performed using SybrGreen® Supermix (Bio‐Rad Laboratories, USA) on the
C1000 Touch thermal cycler (CFX96TM real time system, Bio‐Rad Laboratories). Sample dilutions (10‐1000x)
were necessary since the presence of complex OC compounds led to inhibition of the fluorescence signal in
samples without dilution (Winkel et al., 2018). Appropriate sample dilutions were tested (see Figure S5 in
Supporting Information S1). Copy numbers were determined in analytical triplicates of each experimental
replicate. Data analysis was performed in Bio‐Rad CFX Maestro 1.1 software, versus 4.1 (Bio‐Rad, 2017).

2.3.6. Analysis of Microbial Metabolites

The concentration of microbial metabolites, including small sugars, organic acids, and amino acids were quan-
tified using targeted GC‐MS (Shimadzu GC/MS TQ 8040, Japan). Some of the selected metabolites are important
substrates or products of methanogenesis (acetate, methanol), Fe(III) reduction, or fermentation pathways
(lactate, pyruvate). A full list of measured metabolites is given in Table S3 in Supporting Information S1. Me-
tabolites were measured either by headspace injection or as liquid samples after derivatization and addition of
octanole or 13C‐glucose as internal standard, respectively. More details are given in Text S8 in Supporting In-
formation S1. Concentrations were quantified with a 8‐point external calibration containing standards of all
targeted analytes, ranging from 20 to max. 107 pmol.

2.4. Field Experiment to Determine In Situ Effect of Fe(III)‐OC Coprecipitates on Greenhouse Gas Fluxes
in Fully Thawed Fens

2.4.1. Construction of Peepers and Experiment Treatment

We performed a field experiment to determine the in situ reduction extent of NAFe(III)‐OC coprecipitates and the
effect on net soil greenhouse gas emissions over a summer season. For this purpose, passive porewater samplers
(“peepers”, 20 cm length, 10 × 1 cm high cells, each of 12 mL volume) were constructed in house according to
Bowes and Hornibrook (2006) after Hesslein (1976). Peepers are traditionally used to passively sample the
aqueous phase in waterlogged soils or sediments (Hesslein, 1976; Lei et al., 2024), whereas here we employed
them to incubate solids (NAFe(III)‐OC coprecipitates) in the peeper cells. The coprecipitates were in contact with
the soil over the subarctic summer period in the fen area at Stordalen Mire and could affect GHG emissions by
suppressing methanogenesis and/or acting as a source of OC (as described in the introduction). A set of 3 peepers
were inserted into the soil in July 2022 on plots with similar vegetation and ca. 1 m apart from each other. Cells of
the peepers were filled with anoxic, deionized water through attached butyl rubber tubing prior to installation in
the soil. The peepers were equilibrated for 4 days in the soil, after which an anoxic suspension of 280 mg Fe L− 1 as
NAFe(III)‐OC coprecipitates was added via the tubing to two of the peepers. The suspension was added into every
second cell in the following depths from the soil surface: 4–5, 8–9, 12–13, 16–17, and 20–21 cm. The third peeper
functioned as a control as only deionized water was added. Details on dimensions of the peepers and individual
components are shown in Text S9 and Figure S6 in Supporting Information S1. We chose a membrane with 8 μm
pore size in the peeper in order to facilitate microbial access to the NAFe(III)‐OC coprecipitates. It was also tested
whether the NAFe(III)‐OC coprecipitates would pass the membrane in case of lower aggregate size. To test this,
we placed the membrane inside filter cups (25 mm, Millipore) and filtered through 1 mL of initial coprecipitate
suspension. The filtrate was acidified with 1 M HCl and total Fe concentration was measured as described in
Section 2.3.3.

2.4.2. Sampling and Analysis of Field Experiment

Greenhouse gas emissions were determined above the peepers by placing static, non‐flow gas chambers over
them. Emissions were measured as described previously (Liebner et al., 2015), with the following adjustments:
(a) the chambers were wrapped in aluminum foil to exclude photosynthic processes, (b) incubation time was
20 min and samples were taken every 5 min by a gas‐tight 50 mL syringe. Each gas sample (18 mL) was injected
into pre‐evacuated 12 mL Exetainer® vials. Gas fluxes were measured in triplicate in July (2, 20, and 21 hr after
addition of coprecipitates) and then at the end of the summer season (September, after 53 days). One peeper
containing the NAFe(III)‐OC coprecipitates (“+ cop”) and one containing only deionized water (“‒ cop”) were
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selected for the gas measurements. Gas concentrations of CO2 and CH4 were measured as described in
Section 2.3.3.

In order to assess the effect on porewater geochemistry and quantify the remaining NAFe(III)‐OC coprecipitate
solids, we measured DOC, dissolved porewater gases (CO2, CH4) as well as dissolved and solid Fe concentrations
after 53 days of incubation in September 2022. An N2‐filled 20 mL syringe was attached to one side of the butyl
tubing of each cell, while another N2‐flushed, empty syringe was attached to the outlet side. The outlet‐syringe
was pulled to capture the anoxic solution in the peepers and the inlet syringe was simultaneously pushed to avoid
underpressure and flow of new porewater into the peeper cell. The contents of the syringe were distributed in the
following way: 7 mL were transferred to an N2‐flushed, gastight 50 mL serum vial and stored at 4°C until
measurement of dissolved and solid Fe speciation. An aliquot of 3 mL was added to a He‐filled 11 mL headspace
vial to measure dissolved porewater gases. For that purpose, the vials were vigorously shaken for 2 min after
which 3 mL of the headspace gas was transferred to a He‐flushed, 12 mL Exetainer® vial. The remaining volume
(1–2 mL) was filtered (0.22 μm, PES, Carl Roth; pre‐rinsed with 50 mL DDI) and frozen (− 20°C) until mea-
surement of DOC.

Samples for measurement of aqueous and solid Fe speciation were prepared in an anoxic glovebox. An aliquot of
1 mL was filtered (0.22 μm, PES, Carl Roth) and stabilized with 1 mL of 2 M HCl to quantify aqueous Fe
speciation. Total Fe in initial suspensions was determined by dissolving 0.8 mL unfiltered sample in 0.8 mL 2 M
HCl. The solid Fe content and speciation was calculated by subtraction of aqueous from total concentrations.
Analytical methods for determination of Fe speciation and concentration, dissolved porewater gases, and DOC
concentration are described in Section 2.3.3.

2.5. Statistical Analyses

Mean and standard deviations were calculated for each parameter analyzed in triplicate. Differences in parameters
between the two treatments (with Fe(III)‐OC coprecipitate addition and the no‐coprecipitate control) were
calculated using the mean values and the errors were propagated. The following data sets were compared between
the two treatments using a one‐way ANOVA, followed by Tukey HSD tests: (a) the cumulative and individual
greenhouse gas fluxes measured per time point in the microcosm and field experiments, (b) the relative abun-
dances of detected methane‐cycling microorganisms, (c) concentrations of microbial metabolites, and (d) ab-
solute qPCR‐based copy numbers. The relative abundance of all detected methanogens of the two treatments was
compared using an unpaired t‐test. A Kruskal‐Wallis test was used in case of non‐parametric data sets. All
statistical analyses were performed in R version 4.3.3 (R Core Team, 2024).

3. Results and Discussion
3.1. Fe(III)‐OC Coprecipitates Are Microbially Reduced in Microcosm Experiments

We assessed the reduction of Fe(III)‐OC coprecipitates in the soil microcosm experiments based on aqueous and
solid phase Fe data. Soil microcosms amended with 57Fe‐enriched Fe(III)‐OC coprecipitates showed an increase
in aqueous Fe2+ from 0.68 ± 0.02 mM directly after addition to 1.01 ± 0.02 mM after 42 days (Figure 1a), while
the no‐coprecipitate control had constant Fe2+ concentrations over time (0.72 ± 0.02 mM). This shows that there
was more reductive dissolution of Fe(III) in the coprecipitate‐added treatment than in the control. The difference
in absolute aqueous Fe2+ concentrations between the two treatments would constitute a dissolution of 4.4 ± 0.4%
of added coprecipitates. Based on the 57Fe isotope data, 0.63 ± 0.01 mM Fe were reduced and released from
coprecipitates (Figure 1b) within 42 days, confirming that this excess quantity of aqueous Fe2+ stemmed from the
added 57Fe‐enriched Fe(III)‐OC coprecipitates. The estimated net dissolution of added coprecipitates calculated
from these isotopic data was higher (10.2 ± 0.2%) than based on absolute aqueous Fe2+ concentrations, possibly
due to partial isotopic exchange (addressed below). In the solid phase, the Fe(II) to total Fe ratio (based on 0.5 M
HCl extractions) increased from 46 ± 7% at t0 to 70 ± 5% after 42 days for the coprecipitate‐added treatment
while it stayed constant in the no‐coprecipitate control (88 ± 6%, Figure 1c). Both the aqueous phase Fe2+ data
and the solid phase Fe(III) contents therefore show partial reduction of Fe(III)‐OC coprecipitates. This reduction
is likely microbial, based on higher CO2 release in the coprecipitate‐added treatment (shown in Section 3.3.) and
supported by the presence of Fe(III)‐reducing microorganisms such as Geobacter and Rhodoferax (Figure S7 in
Supporting Information S1).
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In a control experiment, we tested whether the changes in aqueous 57Fe concentrations were influenced by abiotic
isotope exchange of aqueous Fe2+ with the Fe in the added coprecipitates. This effect would have increased the
fraction of 57Fe in the aqueous phase by electron transfer from the aqueous 56Fe2+ to the 57Fe(III) in the
coprecipitates and released 57Fe2+ without any net reduction of coprecipitates taking place. Results showed rapid
isotope exchange immediately after addition of Fe(III)‐OC coprecipitates to the solution while absolute aqueous
Fe concentrations stayed constant over 48 hr (Figure S8 in Supporting Information S1). The initial rapid increase
in aqueous Fe from coprecipitates observed in our microcosms (0.35 mM after 1 day, Figure 1b) is therefore
attributable to partial isotope exchange, while the remaining increase likely constitutes microbial Fe(III)
reduction.

The extent of Fe(III) reduction and speciation of Fe phases (including those not captured by the 0.5 M HCl
extraction) were analyzed using 57Fe Mössbauer spectroscopy. We measured 57Fe Mössbauer spectra of soil in
both treatments at 77 and 6 K. Spectra at 6 K allowed for a more precise identification of Fe phases, while spectra
at 77 K gave overall information on Fe speciation (see Figure S9, Text S11 in Supporting Information S1). In all
6 K spectra, we detected an Fe(II)‐doublet, Fe(III)‐doublet, and Fe(II)‐octet (Figure 2). The Fe(II)‐doublet at 6 K
is representative of Fe(II) in phyllosilicates and/or Fe(II) adsorbed to non‐Fe minerals (Dyar et al., 2008; Murad &
Cashion, 2011; Williams & Scherer, 2004). The Fe(III)‐doublet represents Fe(III) in phyllosilicates or bound to
organic matter (Murad & Cashion, 2011; Schwertmann et al., 2005). The Fe(II)‐octet is representative of Fe(II) in
Fe‐rich phyllosilicates (Rancourt et al., 1994; Ribeiro et al., 2009; Rothwell et al., 2023) and was included since
XRD patterns (Figure S10 in Supporting Information S1) and Fe K‐edge EXAFS data (Figure S3 in Supporting
Information S1) of the initial soil showed high abundances of Fe in phyllosilicates. An additional Fe(III) sextet
component was observed exclusively in the samples with addition of 57Fe‐enriched coprecipitates (Figures 2a and
2e). The Fe(III) sextet had parameters characteristic for poorly crystalline Fe(III) (oxyhydr)oxides (Table S4 in
Supporting Information S1), such as ferrihydrite (Byrne & Kappler, 2022; Cornell & Schwertmann, 2003). The
relative area of the Fe(III) sextet in the sample at t0 was 44%, close to the calculated initial contribution of

57Fe‐
enriched coprecipitates to the overall signal (51%, see Text S10 in Supporting Information S1). Furthermore, the
spectra of initial coprecipitates also show formation of a sextet component at lower temperatures (Figure S2 in
Supporting Information S1). This suggests that the entire Fe(III) sextet component is indicative of the contribution
of coprecipitates to the solid 57Fe pool. After 42 days of incubation, the area of the Fe(III) sextet decreased to 34%
(Figures 2b and 2e). The difference in relative abundance compared with t0 thus indicates that the added Fe(III)‐
OC coprecipitates were partially reduced by 22%. Based on the aqueous and solid phase analyses, we therefore
found that added Fe(III)‐OC coprecipitates were available for microbial reduction and the associated OC did not
hinder microbial access to Fe(III).

Figure 1. Changes in aqueous Fe and solid phase Fe speciation over time. Measured concentrations of dissolved Fe2+ in treatments with Fe(III)‐OC coprecipitate
addition (“+ cop”, red circles) and the no‐coprecipitate control (“‒ cop”, gray triangles) (a). Calculated concentration of total aqueous Fe from Fe(III)‐OC coprecipitates
based on 57Fe isotope measurements (b). Change in Fe(II) to total Fe(III) ratio of the 0.5 MHCl extracts for each treatment (c). All data symbols and error bars represent
the average and standard deviation of experimental triplicates, respectively.
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3.2. Reduction of Fe(III)‐OC Coprecipitates Suppresses CH4 Release and Increases CO2 Emissions in
Microcosm Experiments

Greenhouse gas fluxes of CH4 and CO2 were measured throughout the microcosm experiment. During the in-
cubation period before coprecipitate addition (35 days) both soils had similar gas fluxes (Figure S11 in Supporting
Information S1). After addition of 57Fe ‐enriched coprecipitates, no CH4 emissions were initially detected in the
both treatments. After 8 days, CH4 fluxes started to increase in the no‐coprecipitate treatment from 0.03 ± 0.01 to
0.27 ± 0.04 μmol d− 1 g− 1 dry weight after 42 days (Figure S11 in Supporting Information S1). Resulting cu-
mulative fluxes reached 4.61 ± 0.62 μmol g− 1 dry weight after 42 days (Figure 3a). In contrast, CH4 fluxes in the
treatment with added coprecipitates stayed significantly lower between 8 and 42 days (F = 52, df = 7, p < 0.05)

Figure 2. Solid‐phase Fe speciation in soil from microcosm experiment measured by 57Fe Mössbauer spectroscopy at 6 K. Subplots display spectra of soil with addition
of 57Fe‐enriched Fe(III)‐OC coprecipitates at t0 (a) and after 42 days (b) as well as a no‐coprecipitate control at t0 (c) and after 42 days (d). All spectra show the measured
data (open circles), the fit (black line) and individual components (colored lines). The following components were assigned: Fe(II) in phyllosilicates and/or adsorbed Fe
(II) (light blue), Fe(III) in phyllosilicates (orange), poorly crystalline Fe(III) oxyhydroxides (dark red), Fe(II) in Fe‐rich phyllosilicates (dark blue). Fitting parameters
are given in Table S4 in Supporting Information S1. The relative share of each component based on area (e).

Figure 3. Cumulative greenhouse gas emissions of CH4 (a) and CO2 (b) in microcosm experiments with addition of
57Fe‐

enriched Fe(III)‐OC coprecipitates (“+ cop”) and without (“‒ cop”) over time. All data symbols and error bars represent the
average and standard deviation of experimental triplicates, respectively.
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and reached a cumulative flux of 0.27 ± 0.03 μmol g− 1 dry weight after 42 days. This constitutes a suppression of
methane emissions by 94% compared to the no‐coprecipitate treatment (Figure 3a).

Microbial Fe(III) reduction likely inhibited methanogenesis, as shown in other studies based on field measure-
ments and addition of Fe minerals to peatland soils (Lipson et al., 2012; Miller et al., 2015; Reiche et al., 2008).
Previously reported methane emission rates were decreased by 37%–54% due to Fe(III) addition in the form of
dissolved Fe(III)‐NTA (Miller et al., 2015) and poorly crystalline ferrihydrite (Reiche et al., 2008). Our detected
suppression effect might be considerably higher due to lower DOC concentrations in the coprecipitate‐added
treatment compared to the no‐coprecipitate treatment (Figure S4g in Supporting Information S1) which can
intensify the suppression effect (Sulman et al., 2022). The addition of coprecipitates likely led to initial adsorption
of native DOC, as observed in other anaerobic incubations after the addition of Fe(III)‐(oxyhydr)oxides (Tho-
masArrigo et al., 2023). The stronger decrease in CH4 emission might also be due to anaerobic oxidation of CH4
coupled to either Fe(III) reduction or to OC reduction which was present within the coprecipitates. Overall, our
results show for the first time that Fe(III)‐OC associations suppress CH4 release in thawed permafrost peatlands,
unaffected by the presence of Fe‐bound OC.

Cumulative CO2 emissions continuously increased in both treatments (Figure 3b). There was a significantly
higher cumulative flux after 42 days in the treatment with added coprecipitates than in the no‐coprecipitate control
(132.7 ± 35.5 compared with 56.6 ± 4.7 μmol g− 1 dry weight, F = 14, df = 1, p < 0.05). The addition of Fe(III)‐
OC coprecipitates thus increased cumulative CO2 emission by 134%. Assuming that 4 mol of Fe(III) are reduced
per 1 mol CO2 produced (Küsel et al., 2008; Lipson et al., 2013; Roden & Wetzel, 1996), we calculated the
contribution of Fe(III) reduction to overall anaerobic respiration using our data from the microcosm experiment
(Text S11 in Supporting Information S1). Direct oxidation of OC to CO2 via Fe(III) reduction of the copreci-
pitates could account, on average, for 37% of the additionally produced cumulative CO2 flux after 42 days in the
coprecipitate‐added treatment compared to the no‐coprecipitate control. Release of Fe‐bound OC to the aqueous
phase during reduction could have contributed to the remaining share of additional CO2 emissions. Overall, the
contribution of Fe‐bound OC to the total soil OC pool was low (5%) but could have impacted the DOC pool. We
did detect a slight increase in DOC in the coprecipitate‐added treatment compared with the control (18.6 ± 1.1
compared with 14.1 ± 0.8 mg C L− 1 after 42 days, Figure S4g in Supporting Information S1) which likely stems
from Fe‐bound OC. The additional DOC could have served as an electron donor for many other microorganisms,
thus leading to more CO2 emissions than expected based on Fe(III) reduction alone.

3.3. Inhibition ofMethanogens and Partial Stimulation ofMethanotrophs Are Responsible for Decrease in
Net CH4 Release in Microcosm Experiment

We analyzed the change in overall microbial community using 16S rRNA (gene) amplicon sequencing and
compared relative abundances of knownmethanogens and methanotrophs. Detected methanogens generally had a
significantly lower relative abundance in coprecipitate‐added treatments than in the no‐coprecipitate control
(F = 13, df = 1, p < 0.01), with the highest difference in RNA‐based abundances after 42 days (1.57 ± 0.13%
compared with 2.69± 0.19%, F= 17, df= 5, p < 0.001, Figure 4a). Relative abundances of generaMethanosaeta
and Methanoregula decreased on average by 45% and 51%, respectively, compared with the no‐coprecipitate
control. Methanosarcina had significantly lower RNA‐based relative abundances in coprecipitate‐added treat-
ments after 42 days compared with control treatments (0.08 ± 0.00% to 0.30 ± 0.16%, F = 3, df = 5, p < 0.05).
Concurrently, we also found differences in gene copy numbers of mcrA between the coprecipitate‐added treat-
ment and the no‐coprecipitate control using a qPCR‐based analysis (Figure 4b). DNA‐ and RNA‐based copy
numbers of the mcrA gene decreased over time in the treatment with added coprecipitates relative to the no‐
coprecipitate control. The decrease relative to the control was highest after 42 days for both DNA‐ and RNA‐
based abundances (log2FC: − 0.50 ± 0.21 and − 2.54 ± 0.64, respectively, Figure 4b).

Both molecular biology techniques therefore provide novel direct evidence that the activity and abundance of
methanogens was suppressed by microbial Fe(III) reduction of Fe(III)‐OC coprecipitates in thawed permafrost
soils. Known acetoclastic methanogens, such as genera Methanosaeta and Methanosarcina (Kurth et al., 2020),
were likely more affected compared with other hydrogenotrophic or possibly methylotrophic prokaryotes
(Methanobacterium spp.) due to substrate competiton with Fe(III)‐reducing microorganisms using acetate. This is
supported by the following factors: (a) constant concentrations of methanol, which did not vary between treat-
ments (Figure S12 in Supporting Information S1), and (b) the presence of Fe(III)‐reducing taxa capable of
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utilizing acetate (Geobacter, Rhodoferax, Geothrix, see Figure S7 in Supporting Information S1) (Coates
et al., 1996, 1999; Finneran, 2003). We note that absolute acetate concentrations did not differ between treatments
over time (Figure S12 in Supporting Information S1); we speculate that this is due to the utilization of acetate for
Fe(III) reduction instead of methanogenesis.

We also detected both canonically aerobic methanotrophs and (putatively) anaerobic methanotrophs. Prominent
aerobic methanotrophs (>0.1%) belonged to the genera of Methylobacter and Crenothrix of the order Methyl-
ococcales (Figure 4a). The most prominent anaerobic methanotroph was a member of the order Methylomir-
abilales (genus: Sh765B‐TzT‐35). Members of the Methylomirabilales taxa had a higher relative abundance in
the coprecipitate added treatment compared with the control after 8 days (1.12 ± 0.06% compared with
0.64 ± 0.41%) and 42 days (1.26 ± 0.05% compared with 0.93 ± 0.07%). Although these differences were not
statistically significant (Kruskal‐Wallis test, p = 0.15), it is interesting to note that the RNA‐based copy numbers
of the pmoA gene were also slightly elevated at the same time points compared with the no‐coprecipitate control
(log2FC: 0.75 ± 0.81 and 0.54 ± 0.36 after 8 and 42 days, respectively, Figure 4b). The available genomes of
Methylomirabilales contain genes encoding for particulate methane monooxygenase (Versantvoort et al., 2018),
meaning that they could have contributed to the higher pmoA gene copy numbers. One member of the Methyl-
omirabilales taxa, Candidatus Methylomirabilis oxyfera, is capable of producing dioxygen (O2) intercellularly
from nitrite to oxidize CH4 under anoxic conditons (Ettwig et al., 2010). Additionally, it has been shown that Fe
(III) oxyhydroxides can serve as an electron acceptor for methanotrophs capable of extracellular electron transfer
(Rissanen et al., 2021). We therefore speculate that anaerobic methane oxidation coupled to Fe(III) or OC
reduction stemming from the coprecipitates could have further inhibited net methane release and would therefore
provide a previously unexplored biogeochemical pathway in terrestrial permafrost soils. The overall data,
however, suggests that methanogenesis inhibition due to substrate competition with Fe(III)‐reducers was the
dominant process in decreasing methane emissions.

Figure 4. Changes in potential activity of methanogens and methanotrophs based on 16S rRNA sequencing and functional
gene abundance in the microcosm experiment after 0, 8, and 42 days after addition of Fe(III)‐OC coprecipitates. Relative 16S
rRNA abundances of likely active (RNA‐based) microbial taxa related to methane production (blue) and methane oxidation
(red) per timepoint and treatment (+cop: with addition of Fe(III)‐OC coprecipitates, ‐cop: no‐coprecipitate control) (a). Taxa
with an abundance lower than 0.1% were not included. Taxa are labeled at the genus‐level, except for Bathyarchaeia for
which no genus could be classified. DNA‐based 16S rRNA abundances show similar trends and are given in Figure S13 in
Supporting Information S1. Data bars and error bars represent the average and standard deviation of experimental triplicates,
respectively. Quantitative PCR results of DNA‐ and RNA‐based mcrA and pmoA gene copies (b). Changes in the
coprecipitate‐added treatment are displayed as the log2 fold change (FC) of the mean copy numbers of “+ cop” treatment to
the mean of the no‐coprecipitate control [copies+cop g

− 1 dry soil/copies‒cop g
− 1 dry soil] at the same time point. Absolute

gene copy numbers are displayed in Figure S14 in Supporting Information S1. Data bars and error bars represent the average
and 95% confidence interval of experimental triplicates, respectively.

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008650

VOGGENREITER ET AL. 11 of 17

 21698961, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JG

008650 by U
niversité de N

euchâtel, W
iley O

nline L
ibrary on [03/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.4. Fe(III)‐OC Coprecipitates Decrease Net CH4 Emissions Under In Situ Conditions

To test whether our results from the microcosm experiment also apply in the environment, we incubated NAFe
(III)‐OC coprecipitates in passive porewater samplers (“peepers”) over a growing season in the fen area of
Stordalen Mire. After the incubation time of 53 days (from July to September 2022), the solid phase data showed
that the majority of added Fe in the coprecipitate‐added plots was not recovered from the peepers. Suspension
concentrations of total Fe were 29.6 ± 12.7 mg L− 1 per cell across all depths (Figure S15 in Supporting Infor-
mation S1) compared with the initial addition of 280 mg Fe L− 1. Over depth, solid total Fe concentrations
increased from 17.6 ± 8.4 mg L− 1 at 4 cm depth to 42.1 ± 8.34 mg L− 1 at 20 cm depth (Figure S15 in Supporting
Information S1). The Fe oxidation state of the remaining NAFe(III)‐OC coprecipitates was 14%–49% Fe(II)
(Figure 5a). Assuming that the loss in total Fe and solid‐phase Fe(II) content represents the combined extent of
reductive dissolution of NAFe(III)‐OC coprecipitates, 92 ± 4.0% of Fe in coprecipitates was reduced across all
depths (Figure 5a).

We also considered that some Fe(III)‐OC coprecipitates might have passed the 8 μmmembrane due to potentially
lower aggregate size. However, in a control experiment we found that 98.9% of the initial NAFe(III)‐OC
coprecipitate suspension was retained on the membrane, suggesting that the majority of the loss in Fe(III)‐OCwas
due to reductive dissolution. The control peeper, in which no Fe(III) was added, contained lower concentrations of
solid, primarily ferrous, Fe (0.65–6.31 mg L− 1, Figure S15 in Supporting Information S1) across all depths. This
suggests that there was a low background concentration of particulate Fe in the porewater. We did not detect any
large differences in dissolved species concentrations between the two treatments at the end of the experiment.
Aqueous Fe2+, dissolved CH4, and DOC did not vary in comparison to the no‐coprecipitate treatment (Figure S16
in Supporting Information S1). It is likely that any initial changes in porewater chemistry inside the peeper cells
due to Fe(III) reduction were overridden by re‐equilibration with the soil porewater.

The reduction extent of our added Fe(III)‐OC coprecipitates under in situ conditions was thus substantially larger
than in the microcosm experiment. The following factors might have played a role: (a) The in situ DOC con-
centrations detected in all three peepers were, on average, at least three times higher in the field compared to the
microcosm experiment (31.9 ± 8.6 mg C L− 1 compared with 8.8 ± 5.7 mg C L− 1, respectively). The higher DOC
concentrations might have facilitated more Fe(III) reduction via OC oxidation relative to the microcosm
experiment. (b) The peepers reached from 4 to 21 cm from the soil surface, while the soil used for the microcosm
experiment came from a depth of 30 cm. Thus, the geochemical parameters (such as OC content, pH, presence of

Figure 5. In situ loss and speciation of NAFe(III)‐OC coprecipitates and the net impact on greenhouse gas emissions over a
growing season in the fen area of Stordalen Mire. The Fe speciation in the solid (measured) and the loss of total Fe compared
with initial addition (calculated) is displayed over depth from the soil surface (a). Changes in CH4 and CO2 emissions [μmol
m− 2 s− 1] within one day after addition of NAFe(III)‐OC coprecipitates (July) and after 53 days (September) are shown
relative to a no‐coprecipitate plot in which only deionized water was added (b). Absolute Fe concentrations and gas flux data
are provided in Figures S15 and S17 in Supporting Information S1, respectively. Data bars and error bars represent the
average and range of experimental duplicates in case of the Fe speciation data, and the average and standard deviation of
triplicate measurements of one “+ cop” plot and one control plot in case of the gas data.

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008650

VOGGENREITER ET AL. 12 of 17

 21698961, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JG

008650 by U
niversité de N

euchâtel, W
iley O

nline L
ibrary on [03/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



other nutrients like phosphate and nitrate) and the microbial community might have slightly differed. (c) Under
waterlogged conditions in the soil, we expect that there was constant, albeit slow, exchange of nutrients over the
time span of the experiment, such that conditions for microbial Fe(III) reduction might be more favorable. (d) It is
also possible that we recovered less of the added coprecipitates than expected. Microbial reduction of copre-
cipiates could have decreased their particle size such that they could pass the membrane of the peeper.

Our quantified extent of Fe(III) reduction of Fe(III)‐OC coprecipitates is substantially higher than that of a
previous experiment at the same site by Patzner, Kainz, et al. (2022). They estimated that 50 ± 12% of added Fe
(III) in form of ferrihydrite coated on sand grains was reduced over a summer season (from June to September) in
the fen area. The reduction extent of our added NAFe(III)‐OC coprecipitates might have been higher due to the
more poorly crystalline mineral structure of coprecipitates compared to ferrihydrite, making them more reactive
(Eusterhues et al., 2008; Schwertmann et al., 2005), and the fact that coating of ferrihydrite on sand grains might
make the mineral less susceptible to microbial reduction (Masue‐Slowey et al., 2011). The presence of associated
OC within the Fe mineral therefore increased the reduction extent with possible feedbacks on net CH4 release.

The GHG fluxes measured above the different peeper treatments changed significantly depending on the season
(F = 18, df = 1, p < 0.05), with lower CH4 and CO2 emissions in September than in July (Figure S17 in Sup-
porting Information S1). We thus examined the differences in net fluxes of the coprecipitate‐added and no‐
coprecipitate plot at each sampling time. Net CH4 emission in the coprecipitated plot relative to the no‐
coprecipitate plot decreased significantly by 40% within one day after addition of coprecipitates (change of
− 0.12 ± 0.01 μmol m− 2 s− 1) and by 33% at the end of the growing season (− 0.04 ± 0.01 μmol m− 2 s− 1,
Figure 5b). Methanogenesis was thus inhibited likely due to Fe(III) reduction of added NAFe(III)‐OC copreci-
pitates, matching with the results of our microcosm experiment. Since spatial heterogeneity of CH4 fluxes in
peatlands is high (Taylor et al., 2023), we cannot rule out that initial differences in CH4 fluxes between the
coprecipitate‐added and control plot contributed to the measured differences in CH4 emissions. However, we took
care to choose plots with similar vegetation composition (Figure S6 in Supporting Information S1) and only 1 m
apart in order to minimize differences in soil temperatures.

Fluxes of CO2 measured under dark conditions (excluding photosynthesis) initially slightly decreased as a
consequence of NAFe(III)‐OC coprecipitate addition by 25% (− 0.37 ± 0.17 μmol m− 2 s− 1, Figure 5b) relative to
the no‐coprecipitate plot. In September, fluxes were on average 36% higher relative to the no‐coprecipitate control
(0.18 ± 0.15 μmol m− 2 s− 1). It is likely the NAFe(III)‐OC coprecipitates initially bound additional DOC, as
detected in the microcosm experiment (Figure S4 in Supporting Information S1). This could have decreased CO2
fluxes, which are often controlled by DOC concentrations (Algesten et al., 2005). As NAFe(III)‐OC coprecipitates
were reductively dissolved, they likely released this adsorbed OC again, contributing to an increased CO2 flux
together with microbial Fe(III) reduction coupled to OC oxidation. Our data thus show that Fe(III)‐OC copre-
cipitates also decrease net methane release in situ, which constitutes the first time this process is shown in thawed
permafrost soils.

4. Conclusions
This study demonstrated that the addition of Fe(III)‐OC associations (in the form of coprecipitates) in anoxic
permafrost peatland soils decreases net CH4 emissions (Figure 6). In both our microcosm and field experiment
with fully thawed permafrost peatland soil, addition of synthesized Fe(III)‐OC coprecipitates lowered fluxes of
CH4 compared with control treatments without the coprecipitates. Decrease in CH4 fluxes was mainly due to
inhibition of methanogenesis, likely of acetoclastic methanogens (e.g., Methanosaeta and Methanosarcina) by
substrate competition with Fe(III)‐reducers which reduced added Fe(III)‐OC coprecipitates. Methanotrophy
coupled to Fe(III) or OC reduction might have played a minor role, as suggested by the increase in relative
abundance of Methylomirabilales spp. upon Fe(III)‐OC coprecipitate addition.

The results of our study can be used to gain insights into future coupled Fe‐CH4 cycling in thawing permafrost
peatlands. The areal cover of fens at Stordalen Mire has already doubled in the last 50 years (Varner et al., 2022)
with this trend projected to continue in the future. Similarly, many other permafrost soils in Scandinavia and
Canada, including Yedoma deposits, are prone to the formation of thermokarst lakes and wetlands (Borge
et al., 2017; In ’T Zandt et al., 2020; Payette et al., 2004). A large proportion of these previously oxic soils could
abruptly thaw and collapse in the future (Turetsky et al., 2020), establishing anoxic conditions. It is expected that a
majority of the radiative forcing under these conditions will stem from CH4 (Knoblauch et al., 2018; Turetsky
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et al., 2020). Our findings show that native Fe(III)‐OC associations could attenuate CH4 release for a certain time
frame, and thus decrease the radiative forcing by emitting more C as CO2. The timescale of this attenuation is still
highly uncertain due to limited data on Fe stocks in permafrost peatlands (Mu et al., 2016; Patzner et al., 2020) and
the estimated in situ Fe reduction rates (Lipson et al., 2013). In addition, Fe(II)‐oxidizing microorganisms could
play a role in replenishing the content of Fe(III)‐OC associations in permanently anoxic soils, as they have been
detected in other Arctic habitats (Emerson et al., 2015).

The results of our two experiments also showcase the sensitivity of CH4 release on substrate availability and
microbial composition of methane‐cycling and Fe‐cycling communities. If higher substrate concentrations are
available and/or methanogenic communitites are made up of metabolically flexible members, competition with
Fe(III)‐reducing microorganisms might be decreased and methanogenesis suppression might be less severe. Our
work also has implications for other flooded soils in which high OC contents, Fe minerals, and methanogenesis
are expected, such as paddy soils or coastal marshes. Since these soils experience periodic flooding, abiotic or
microbial re‐oxidation of Fe(II) might regenerate Fe(III)‐OC associations that may suppress CH4 emission long
term. Thus, Fe(III)‐OC associations may play a major role in CH4 emissions from a range of flooded (or redox‐
dynamic) soils.

Data Availability Statement
All data displayed in the figures are available at Zenodo (https://doi.org/10.5281/zenodo.14826148) and raw
sequencing data have been deposited at NCBI in the Sequence Read Archive (SRA) under BioProject accession
number PRJNA1123917 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1123917). The samples discussed
here are SAMN41832410 ‐ SAMN41832445 (sample title contains “fen”).
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