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In thawing permafrost soils, associations between organic carbon (OC) and ferric iron (Fe(II)) (oxyhydr)oxide
minerals may stabilize OC in recently thawed soil layers, thus limiting the microbially mediated release of
greenhouse gases (GHGs) such as carbon dioxide (CO2) and methane (CHy4). Conversely, the development of

M?thanoge"es_ls . . anoxic conditions during thaw could lead to the microbial reductive dissolution of these Fe(IlI)-OC associations,
Mineral-organic carbon interactions s e s . . :
Peat resulting in a mobilization of the associated OC with unknown consequences for GHG release. In this study, we

investigated the role of Fe(IlI)-OC associations (in the form of Fe(III)-OC coprecipitates) in soil GHG release
during the collapse of previously oxic permafrost soils (“palsa”) and the inundation of seasonally anoxic soils
(“bog”) at Stordalen Mire (Abisko, Sweden). We performed anoxic microcosm experiments using these two soils
with the addition of >’Fe-labeled Fe(III)-OC coprecipitates. The coprecipitates were reduced entirely after 42
days, with rapid reductive dissolution of 22 + 7% and 20 + 7% of coprecipitates within 1 day in palsa and bog
soils, respectively. Emissions of GHG varied depending on soil type: in case of the palsa soil, cumulative CO5
emissions increased by 43 + 16% after addition of the Fe(IlI)-OC coprecipitates compared to a non-amended
control, due to microbial Fe(IlI) reduction coupled to OC oxidation and likely additional OC input due to the
release of Fe-bound OC. Concurrently, we observed an increase in activity of fermenting and complex OC-
degrading microorganisms. Within the bog soil, it was notable that CH4 emissions were temporarily sup-
pressed, likely due to inhibition of methanogenesis by microbial Fe(IlI) reduction of the added coprecipitates,
indicated by a decrease in mcrA gene copies. In conclusion, our findings demonstrate that Fe(III)-OC associations
do not provide protection for OC after establishment of anoxic conditions during permafrost thaw, with resulting
GHG emissions controlled by previous redox status of the soils and the microbial community.

1. Introduction its higher global warming potential (28x over a 100 year timescale)
(Turetsky et al., 2020; Walter Anthony et al., 2018). The high uncer-
tainty of projected GHG emissions is due to the multifaceted responses of

permafrost areas to thaw, varying in hydrologic conditions (Andresen

Thawing permafrost soils are predicted to be an increasing source of
the greenhouse gases (GHGs) carbon dioxide (CO2) and methane (CHy4)

due to higher bioavailability of organic carbon (OC) and higher soil
temperatures in the future (Schuur et al., 2015). Predicted quantities of
released GHGs are uncertain, with estimates varying between 37 and
149 Pg CO; and 1090-5050 Tg CH4 by the year 2100 (Schuur et al.,
2022). While most of the emitted OC will be as CO,, the majority (up to
70%) of the radiative forcing will come from the emission of CH4, due to
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etal., 2020; Sim et al., 2021), soil geochemistry (Ernakovich et al., 2017;
Gray et al., 2014) and microbial community composition (Graham et al.,
2012; Waldrop et al., 2023). Additionally, the presence of soil minerals,
which can bind and presumably stabilize OC against microbial decom-
position, is a major factor during permafrost thaw (Gentsch et al., 2018;
Lim et al., 2022; Monhonval et al., 2022; Monhonval et al., 2023b)

Received 15 October 2024; Received in revised form 11 December 2024; Accepted 27 January 2025

Available online 31 January 2025

0038-0717/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-7996-9129
https://orcid.org/0000-0001-7996-9129
https://orcid.org/0000-0002-6758-3760
https://orcid.org/0000-0002-6758-3760
https://orcid.org/0000-0002-2553-0660
https://orcid.org/0000-0002-2553-0660
https://orcid.org/0009-0001-0257-2286
https://orcid.org/0009-0001-0257-2286
https://orcid.org/0000-0001-5954-0309
https://orcid.org/0000-0001-5954-0309
mailto:prachi.joshi@uni-tuebingen.de
www.sciencedirect.com/science/journal/00380717
https://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2025.109735
https://doi.org/10.1016/j.soilbio.2025.109735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2025.109735&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Voggenreiter et al.

The fraction of mineral-bound OC in permafrost soils ranges from 33
to 74% of total OC (Gentsch et al., 2015; Liu et al., 2022; Martens et al.,
2023; Thomas et al., 2024). The variation of the mineral-bound OC
fraction is partly due to different minerals displaying a range of binding
capacities for OC, with redox-active ferric iron (Fe(III)) (oxyhydr)oxides
contributing to the highest estimates on a mass basis (Hu et al., 2024;
Zhu et al., 2023). Interactions of OC with Fe(III) (oxyhydr)oxides can
occur due to adsorption to already existing minerals and by coprecipi-
tation of dissolved Fe and OC at oxic-anoxic redox transitions (Kleber
et al., 2015), forming Fe(III)-OC associations. Field-based evidence has
shown that relatively older OC is stored in mineral fractions of perma-
frost soils, dominated by Fe(IlI) (oxyhydr)oxides (Gentsch et al., 2015;
Martens et al., 2023), displaying their ability to sequester OC over long
time frames. Some studies also demonstrated the preservation or de novo
formation of Fe(IlI)-OC associations after permafrost thaw, implying
that Fe-bound OC would lead to a lower permafrost-carbon feedback by
decreasing future GHG emissions (Liu et al., 2022; Monhonval et al.,
2022., 2023a; Thomas et al., 2023). Evidence for the inhibition of
permafrost OC degradation due to Fe(IlI) (oxyhydr)oxides has been
given by one study looking at Yedoma permafrost deposits that observed
lower basal respiration of thawed sediment layers in correlation with
higher amounts of poorly crystalline Fe(III) (oxyhydr)oxides (Martens
et al., 2023).

However, the stabilizing function of Fe(III)-OC associations is
brought into question if permafrost thaw leads to the development of
anoxic conditions due to soil subsidence and waterlogging in lowland
permafrost areas (Farquharson et al., 2019; Jorgenson et al., 2013;
Varner et al., 2022; Woo and Young, 2006). Anoxic conditions could
lead to microbial reductive dissolution of Fe(III) (oxyhydr)oxides, thus
releasing the previously bound OC to the aqueous phase (Barreto et al.,
2024; Patzner et al., 2020). Although no study has directly investigated
the stability of Fe(III)-OC associations in permafrost environments under
anoxic conditions, previous work in humid soils may provide useful
insights into Fe(III)-OC associations stability and resulting GHG emis-
sions. For example, emissions of COy (Chen et al., 2020) as well as of CHy4
increased (Huang and Hall, 2017) after dissolution of Fe minerals in
temperate, agricultural soils, indicating that anoxia might negate
Fe-mediated OC protection. Conversely, Fe(III)-OC associations seem to
persist in many wetland environments (Sun et al., 2023; Zhao et al.,
2023), especially Sphagnum-dominated wetlands (Zhao et al., 2023),
which typically experience anoxic conditions. Complementarily, it has
been demonstrated that Fe(III)-OC associations were reduced to a lower
extent than OC-free Fe(IIl) (oxyhydr)oxides using pure cultures of the Fe
(IlD)-reducing microorganisms of the genus Geobacter due to higher
particle sizes and limited microbial access to Fe(IIl) (Eusterhues et al.,
2014; Poggenburg et al., 2018). Given this contrasting knowledge, it is
unclear what the fate of Fe(III)-OC associations will be after permafrost
thaw.

Based on the uncertainty regarding the susceptibility of Fe(IlI)-OC
associations to reduction in thawing permafrost soils, the effect of Fe
(IID)-OC associations on GHG emissions has not been quantified well.
Previous estimates of the contribution of Fe(III) reduction to anaerobic
respiration in permafrost soils are based on field measurements of poorly
crystalline Fe(III) content and net CO, fluxes across thaw transitions
(Lipson et al., 2013; Patzner et al., 2022) or after injections of dissolved
Fe(III) into the soil (Lipson et al., 2010). Resulting estimates of contri-
butions of Fe(Ill) reduction to total CO, emissions ranged from 22 to
63% (Lipson et al., 2013; Patzner et al., 2022), suggesting that Fe(IIl)
reduction is an important contributor to anaerobic respiration in these
soils. However, no conclusions about the direct role of Fe(III)-OC asso-
ciations on CO, release can be drawn based on these measurements.
Further, it is unknown how the reduction of Fe(III)-OC associations in
thawing permafrost soils would affect net CH, release. Previous studies
demonstrated the suppression of methanogenesis due to Fe(III) reduc-
tion since Fe(Ill) is a more thermodynamically favorable electron
acceptor (Lipson et al., 2012; Miller et al., 2015; Reiche et al., 2008). In
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contrast, methanogenesis and Fe(III) reduction seemed to occur simul-
taneously in Alaskan permafrost soils (Herndon et al., 2015; Yang et al.,
2016). The release of OC from Fe(III)-OC associations could also in-
crease CH4 emissions by supplying new OC compounds for fermenting
microorganisms which provide the substrates (fatty acids, Hjy) for
methanogenesis (Drake et al., 2009).

Knowledge of the net effects of Fe(II)-OC associations on GHG
emissions during permafrost thaw is, therefore, limited. In this study, we
aimed to (i) determine the reduction extent of Fe(III)-OC associations
upon permafrost thaw, (ii) quantify the contribution of reduction of Fe
(II1)-OC associations to GHG release, and (iii) evaluate the changes of
microbial community composition due to addition of Fe(III)-OC asso-
ciations. To achieve this, we synthesized 57Fe-enriched Fe(IIN)-OC
coprecipitates, representative of Fe(III)-OC associations, using water-
extractable natural organic matter from a permafrost thaw gradient at
Stordalen Mire (Abisko, Sweden). The Fe(III)-OC coprecipitates were
then exposed to anoxic conditions in a microcosm experiment contain-
ing an anoxic soil slurry from the same site. We performed the experi-
ment using soils of two different permafrost thaw stages. We used intact,
oxic permafrost soils (“palsa”) and inundated them in order to simulate
rapid permafrost thaw, as well as partly thawed permafrost soils (“bog™)
to simulate the anoxic stage of natural seasonal water table fluctuations.
The results of this work will thus help to understand the influence of Fe
(IIN-OC associations on GHG emissions in thawing permafrost
peatlands.

2. Methods
2.1. Field site description and sampling

Stordalen Mire is a well-characterized permafrost peatland complex,
located at the edge of the discontinuous permafrost zone near Abisko,
Sweden (68 22' N, 19 03' E). It consists of several subhabitats: intact
permafrost areas (palsas) covered by dwarf shrubs, bryophytes and li-
chens, semi-wet bogs dominated by Sphagnum spp. mosses, and
permanently waterlogged fens covered by sedges (Eriophorum vagi-
natum, Carex rostrata) (Malmer et al., 2005). Mean annual air temper-
ature in Abisko increased from —0.9 °C during 1957-1971 (Malmer
et al., 2005) to 0.7 °C during 2005-2019 (Swedish Meteorological and
Hydrological Institute, 2020) leading to thawing of permafrost ice un-
derneath palsas and conversion to bog and fen areas (Johansson et al.,
2006).

Soil and porewater samples were collected in July 2022. Collected
subsoils (30-35 cm depth) from palsa and bog areas were used in the
microcosm experiment. The upper soil (2-10 cm depth) was collected
and used for extraction of soil organic matter for the Fe(IlI)-OC copre-
cipitate synthesis. Both soils were retrieved by bulk sampling and stored
in sterilized plastic bags (LDPE). The bog soils, which were fully water
saturated, were filled into the bags such that no headspace remained and
abiotic oxidation was minimized. Samples were transported under cold
conditions via airplane back to Tiibingen. In the lab, the soils were
stored in gas-tight, No-flushed mason jars at 4 °C until use. An aliquot of
the soils used for the microcosm experiment was dried (60 °C) inside an
anoxic glovebox (MBraun Unilab Workstation, 100% N5 atmosphere) for
initial analysis of Fe speciation by selective extractions (Text S1, Fig. S1)
and Fe K-edge X-ray absorption spectroscopy (XAS). Total organic car-
bon content was determined by elemental analysis (SoliTOC Cube,
Elementar, Germany). A soil standard was used for calibration (Soil
Standard OAS, Cat No B2152, Elemental Microanalysis Limited). Pore-
water was sampled over different depths (5-43 cm) at four different
locations per thaw stage in order to compare in situ concentrations of
aqueous Fe and OC to results from the microcosm experiments. We used
MacroRhizon® samplers (60 cm length, 0.15 pm pore size, Rhizosphere
Research, Netherlands) and stored porewater in sterilized serum vials
with an Nj headspace after sampling.
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2.2. Synthesis of >’Fe-enriched Fe(III)-OC coprecipitates

A water extraction was used to extract soil organic matter from the
upper soils of palsa and bog for the synthesis of Fe(III)-OC coprecipi-
tates. The detailed procedure can be found in Text S2. The final dis-
solved organic carbon (DOC) concentrations in the extracts (referred to
as water-extractable organic matter, WEOM) were 18 and 11 mg C L™}
for palsa and bog soil, respectively. The coprecipitates were prepared
from an isotopically labeled 57Fe-enriched FeCl; solution, which made it
possible to differentiate added Fe(III)-OC coprecipitates from the native
Fe pool. The enriched S7Fe(III) solution (150 mM) was prepared as
described previously (Notini et al., 2022; ThomasArrigo et al., 2018) and
subsequently mixed with an equimolar NAFeCl; (FeClgx6H,0,
Sigma-Aldrich) solution in a ratio of 1:10, to create a 10% 57Fe-enriched
Fe(III)Cl3 solution.

The coprecipitate synthesis involved mixing 1.5 L of the WEOM so-
lution from each thaw stage with the >’Fe-enriched FeCls solution to
create an initial molar C:Fe ratio of 1. An NaCl solution was added to
keep the ionic strength constant (final concentration: 3 mM). The pH
was raised by adding 50 mM NaOH dropwise until pH 4.5 under con-
stant stirring (800 rpm). The low pH was chosen since soil pH and
porewater pH in palsa and bog soils are between pH 3.5-5.5 (Fig. S2a).
The suspensions were left to stand for 2 h, after which the pH was
readjusted to pH 4.5. Afterwards, the suspensions were washed by filling
them in pre-soaked dialysis membranes (14 kDa, Sigma-Aldrich) in
double-deionized (DDI) water. The water was exchanged several times
until conductivity was <20 pS cm™l. The washed suspensions were
centrifuged, and the solids were resuspended in 50 mL DDI water. The
pH was adjusted to pH 4.5 and the solution was bubbled with Nj
(99.999%) for 15 min to make it anoxic. The Fe speciation was char-
acterized by 57Fe Méssbauer spectroscopy (Fig. S3, Table S1) and Fe K-
edge XAS by X-ray absorption near edge structure (XANES, Fig. S4) and
extended X-ray absorption fine structure (EXAFS, Fig. S5). We observed
that coprecipitates were made up entirely of Fe(Ill) (Fig. S4) and con-
sisted of mostly of ferrihydrite (93%) and minor portions of lep-
idocrocite (7%, Table 1).

2.3. Setup of microcosm experiments

The field-moist subsoils used in the microcosm experiments were
homogenized by wet sieving with a sterilized 2 mm sieve. Moist palsa
soil (5.5 g dry weight) and bog soil (8 g dry weight) were added to six
250 mL serum bottles each under sterile conditions. The bottles were
then closed with sterilized butyl rubber stoppers. The headspace in each
bottle was exchanged by applying vacuum for 5 min and flushing with
N, gas for 5 min (3 cycles). Artificial, anoxic porewater solution
(composition in Table S2) was added within an anoxic glovebox to the
bottles to reach a final soil-solution ratio of 0.23 and 0.88 mg dry soil
mL™! for palsa and bog soil, respectively. All bottles were incubated
under anoxic conditions at room temperature (20 °C) in the dark for 30
days prior to the addition of >Fe-enriched Fe(III)-OC coprecipitates. At
this point, coprecipitates that were synthesized using palsa WEOM were
added to three of the bottles containing palsa soil, and those synthesized
with bog WEOM were added to three bottles containing bog soil. Note
that we consider the timepoint right after addition of coprecipitates as
day 0. The amount of added 3’ Fe-enriched Fe(III)-OC coprecipitates was
adjusted to the amount of native Fe minerals in each bottle, increasing
the total 6 M HCl-extractable Fe by 50% (see Fig. S6d). The remaining
bottles contained only either palsa and bog soil, functioning as non-
amended controls.

In a control experiment, we tested the importance of abiotic reduc-
tion of added Fe(III)-OC coprecipitates by the native DOC within the
soil. For that purpose, we added the same concentration of Fe(III)-OC
coprecipitates to sterile filtered (0.22 pm, PES, Carl Roth) aqueous
phase from the non-amended treatments of palsa and bog soil, collected
at the end of the experiment. A new batch of the coprecipitates was
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Table 1

Linear combination fitting results for k>-weighted Fe K-edge EXAFS spectra of
the initially synthesized >’Fe-enriched Fe-OC coprecipitates and the initial soils,
as well as the samples from the microcosm experiment with added coprecipitates
(“+cop”) and without (“-cop™) at day 0, after 1, 8 and 42 days of incubation
(labeled as _days). Used references were ferrihydrite, lepidocrocite and various
Fe(II)/Fe(IlI)-OC complexes. The Fe(III)-OC fraction was fit as Fe(III)-citrate
and/or Fe(IlI)-catechol, and the Fe(II)-OC fraction was fit as a combination of
Fe(Il)-citrate, Fe(II)-catechol and Fe(II)-EDTA.

sample Fh® Lp® Fe Fe NSSR®  red.
(- - x>
OM OM
[%]  [%]  [%] [%] [%] [-]
Palsa 57FeOC_initial 93 7 0 0 2.3 0.11
soil initial 29 0 32 39 2.5 0.10
mix “57FeOC”+*- 24 2 20 55 n.a. n.a.
cop 0"
+cop_0 16 0 18 66 2.6 0.08
+cop_1 0 0 26 74 1.7 0.06
+cop_8 0 0 23 77 1.6 0.05
+cop_42 0 0 8 93 1.6 0.07
-cop_0 0 0 26 74 1.8 0.06
-cop_1 0 0 21 79 2.0 0.07
-cop_8 0 0 21 80 1.8 0.06
-cop_42 0 0 15 85 1.8 0.06
Bog 57FeOC_initial 93 7 0 0 1.8 0.09
soil initial 29 0 23 49 4.3 0.16
mix “57FeOC”+*- 41 2 0 56 n.a. n.a.
cop_0”°
+cop_0 31 0 0 69 2.4 0.07
+cop_1 19 0 81 4.0 0.13
+cop_8 16 0 17 68 1.8 0.06
+cop_42 0 0 18 82 1.4 0.05
-cop_0 20 0 80 5.2 0.16
-cop_1 21 0 0 79 2.0 0.06
-cop_8 26 0 0 74 2.5 0.08
-cop_42 0 0 19 81 1.9 0.06

? ferrihydrite.

b Jepidocrocite.

¢ normalized sum of of squared residuals (100* ; (datai—ﬁti)z/zi data?).

4 measure of fit accuracy ((Niap/Nps) i ((datai—ﬁti)/ei)Z(Nidp—Nvar)’l)). Nidp/
Nps and Ny, are the number of independent points in the model fit (18.1), the
total number of data points (181) and the number of fit variables (2-7),
respectively.

¢ represents the theoretical Fe speciation according to mixing of the initially
synthesized Fe(III)-OC coprecipitates and the non-amended control at day 0 (-
cop_0).

prepared for this control experiment in order to have similar storage
times as in the main experiment. In the case of the palsa soil, the filtered
aqueous phase was diluted with artificial porewater solution in order to
have the same concentration of DOC as on day 0 of the main experiment.
For bog soil, the DOC was lower at the time of filtration compared to the
beginning; thus, the aqueous phase was left undiluted. The speciation of
aqueous Fe and concentration of aqueous °’Fe and DOC were quantified
over 48 h as specified in section 2.6.

2.4. Gas sampling of microcosm experiment

Sampling of the microcosms included measuring GHG fluxes and
geochemical sampling inside the glovebox. To measure GHG fluxes, the
rubber stoppers of the bottles were pierced with two needles, each
attached to a three-way valve. The headspace of all bottles was flushed
with moistened N3 for 10 min via a gas distribution setup. After 10 min,
the flow of Ny gas was stopped and the gases were left to accumulate. 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 individual and cumulative gas fluxes were calculated based on the
increase in gas concentration (see Text S3).
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2.5. Aqueous and solid phase sampling of the microcosm experiment

The geochemical sampling was carried out in an anoxic glovebox. An
aliquot of the suspension (1 mL before addition of Fe(III)-OC copreci-
pitates, 1.5 mL during the main experiment) was taken out using a
needle and syringe. The suspension was centrifuged (10055 rcf, 5 min)
and the supernatant was pipetted off. The supernatant was used to
quantify DOC concentration and aqueous Fe speciation after acidifica-
tion with anoxic 1 M HCI. The soil pellet was dried at 60 °C in anoxic
conditions overnight and weighed to estimate the dry mass in each
sample. The poorly crystalline Fe mineral fraction was quantified by
adding 1.5 mL anoxic 0.5 M HCI to the dried soil (Heron et al., 1994;
Kostka and Luther, 1994). After 24 h, the extraction solution and
remaining solid were separated by centrifugation (10055 rcf, 5 min) and
the supernatant was diluted in 1 M HCl for measurement of Fe speciation
and >’Fe concentration.

At certain time points (day 0, after 8 and 42 d) an additional 15 mL of
suspension was taken out of the bottles. An aliquot (4 mL) was centri-
fuged 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 conditions
for analysis by Fe K-edge XAS. A separate 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 (17200 rcf, 5 min). The supernatant was pipetted
off under sterile conditions and the remaining soil pellet was immedi-
ately frozen (—80 °C) for later extraction of DNA and RNA and subse-
quent molecular biological analysis (see section 2.8).

2.6. Geochemical analysis

DOC concentrations were measured (as non-purgeable OC) after
acidification with 2 M HCl by a TOC analyzer (multi N/C 2100S, Ana-
lytik Jena AG, Germany). Aqueous Fe speciation and total aqueous Fe
concentrations, as well as the Fe speciation and concentration of the 0.5
M HCl extracts (solid-phase Fe) were quantified using the ferrozine assay
(Stookey, 1970). No ferric Fe was detected in the aqueous Fe pool, thus
we refer to aqueous Fe concentrations later as aqueous Fe?" concen-
trations. We only interpreted changes of total Fe concentrations from the
solids and not its speciation since abiotic reduction of Fe(IIl) by OC
under acidic conditions leads to an underestimate of the Fe(III) content
(Chen et al., 2003; Lau et al., 2015).

Gas samples were measured by a gas chromatograph (TraceGC1300,
ThermoFisher Scientific, USA; modified by S + HA analytics), equipped
with two column configurations (first configuration: 30 m long, 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. Gas concen-
trations were quantified with external calibrations of standards of pure
CH4 and CO; (99.5% CHy, 99.9% CO,, Westfalen) in He-flushed Exe-
tainer® vials in a range of 0.05-500 ppm.

Concentrations of °’Fe in aqueous and 0.5 M HCl-extracted solid
samples were quantified by inductively coupled plasma mass spec-
trometry (ICP-MS, Agilent 7900, Agilent Technologies, USA) with Ar as
carrier gas and in He mode after dilution in 1% HNOg (analytical grade,
Carl Roth). Contribution of >’Fe-enriched Fe-OC coprecipitates to the
aqueous and solid (0.5 M HCl-extractable) Fe pool were calculated (Text
S4). The concentration of microbial organic metabolites, such as small
sugars, organic acids, and amino acids were quantified using targeted
GC-MS (Shimadzu GC/MS TQ 8040, Japan). A full list of measured
metabolites is given in Table S3. Metabolites were analysed either by
headspace injection or as liquid samples after derivatization and addi-
tion of octanol or 13C-glucose as internal standard, respectively (details
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in Text S5). Concentrations were quantified with an 8-point external
calibration containing standards of all targeted analytes, ranging from
20 to 107 pmol.

2.7. Solid phase Fe characterization

Iron speciation in the solid was investigated by Fe K-edge XAS at
Synchrotron SOLEIL (SAMBA beamline, Gif-sur-Yvette, France) and
Synchrotron ELETTRA (XAFS beamline, Trieste, Italy). For this purpose,
the initial °’Fe-enriched coprecipitates were air-dried prior to homog-
enization with a mortar and pestle. The dried solids were pressed into
pellets (7 mm diameter) with PVP (Polyvinylpyrrolidone K12, Carl
Roth) and sealed with Kapton® tape. Freeze-dried samples of solids from
the microcosms were processed in the same way in a glovebox after
anoxic freeze drying (see section 2.5 above).

At both beamlines, transmission spectra were recorded at 77 K using
a Nao(l) cryostat. At SOLEIL, a Si(220) monochromator was used and
calibrated to the first derivative maximum of the K-edge absorption of
an Fe(0) foil. Harmonic rejection was performed by two Si mirrors
coated in Pd. Between 8 and 14 scans per sample were collected in
continuous scan mode and merged. At ELETTRA, an Si(111) mono-
chromator was calibrated to the first derivative maximum of the K-edge
absorption spectrum of an Fe(0) foil. Higher beam harmonics were
decreased by detuning the monochromator by 30%. Two to three scans
were collected per sample and merged. The merged spectra were used
for analysis of Fe K-edge XANES to estimate Fe oxidation state and
EXAFS to determine Fe speciation through linear combination fitting.
All data processing and analysis were done in Athena software (Ravel
and Newville, 2005) with detailed description included in Text S6. The
initial synthesized % Fe-enriched Fe(III)-OC coprecipitates were ana-
lysed using >’Fe Mossbauer spectroscopy to determine Fe speciation.
Details on the measurement and data analysis are given in Text S7.

2.8. 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
adjustments, quality control steps and transformation of RNA to cDNA
are given in Text S8. Bacterial and archaeal 16S rRNA genes were
amplified from DNA and cDNA 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
Tiibingen. Data processing, including quality control, reconstruction of
sequences and taxonomic annotation (Text S8) was done using
nf-core/ampliseq version 2.8.0 (Straub et al., 2020; Straub et al., 2024)
of the nf-core collection of workflows (Ewels et al., 2020).Fe(III)-r-
educing, Fe(II)-oxidizing as well as methanotrophic and methanogenic
microorganisms were identified, as listed elsewhere (Patzner et al., 2022
and references therein). To evaluate which microbial taxa were signif-
icantly affected by addition of Fe(III)-OC coprecipitates, we used the
multivariate analysis of composition of microbiomes (ANCOM) (Mandal
et al., 2015). We compared the relative abundance of all ASVs in DNA-
and RNA-based datasets after 8 and 42 days of the
coprecipitate-amended treatment to the non-amended control, since we
expected only minimal changes at day 0.

Quantitative PCR (qPCR) was performed on DNA and cDNA samples
to quantify changes in total bacterial and archaeal 16S rRNA (gene)
copies as well as for methyl-coenzyme M reductase subunit alpha
(mcrA), a functional gene relevant for CH4 production (Friedrich, 2005;
Juottonen et al., 2006). The used primer sequences, plasmid standards,
dilution factors of samples and details of the temperature programs are
summarized in Table S4. The assays were performed using SybrGreen®
Supermix (Bio-Rad Laboratories, USA) on the C1000 Touch thermal
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cycler (CFX96TM real time system, Bio-Rad Laboratories). Sample di-
lutions (10-1000x) were necessary since presence of complex OC com-
pounds lead to inhibition of the fluorescence signal in samples with no
dilution (Winkel et al., 2018). Copy numbers were determined in
analytical triplicate of each experimental replicate. Data analysis was
performed in Bio-Rad CFX Maestro 1.1 software, vs. 4.1 (Bio-Rad, 2017).

2.9. Statistics

Mean and standard deviations were calculated for each variable
analysed in triplicate. When differences between treatments with added
Fe(III)-OC coprecipitates and the non-amended controls were calcu-
lated, the mean values were used for calculation and the errors (standard
deviation) were propagated. Datasets involving GHG fluxes, concen-
trations of microbial metabolites, relative abundances of taxa on the
phyla level of the microbial community and gPCR-based copy numbers
were compared between the coprecipitate-amended and non-amended
treatments using a two-way ANOVA, followed by Tukey HSD tests. If
datasets were non-parametric, they were log transformed unless other-
wise stated. All statistical analyses were performed in R version 4.3.3 (R
Core Team, 2024).

3. Results
3.1. Aqueous Fe speciation in palsa and bog soils

Aqueous FeZ* concentrations in microcosms were quantified in order
to track the reductive dissolution of added °’Fe-enriched Fe(III)-OC
coprecipitates in palsa and bog soils. During the initial incubation
stage before the addition of Fe(III)-OC coprecipitates, both soils
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exhibited an increase in aqueous Fe>™ concentrations over time which
plateaued at 48 + 1.1 pmol Fe>™ g~! soil after 30 days in the palsa
microcosm and at 24 + 0.3 pmol Fe?>* g~! soil after 14 days in the bog
microcosm (Fig. S6a). The aqueous Fe?* concentrations at the start of
the experiment (equivalent to 0.16 + 0.02 and 0.58 + 0.09 mM Fe?* in
the palsa and bog reactors, respectively, Fig. S6b) were consistent with
the concentrations measured in the porewater taken from the field site
(Fig. S2b). In the field, we observed increasing Fe?T concentrations with
depth (Fig. S2b).

After addition of the coprecipitates, there was an increase in aqueous
Fe?" concentrations in coprecipitate-amended treatments compared to
the non-amended controls (AFe,q). After one day, AFe,q was 7.44 £
4.52 pmol Fe?* g1 soil in palsa soil and 9.66 + 0.50 pmol Fe?* g1 soil
in bog soil (Fig. 1a and b). This difference stayed constant for the
duration of the experiment, fluctuating around 10.10 + 3.16 and 11.00
+ 3.72 pmol Fe?t g1 soil for palsa and bog soil, respectively. Based on
AFe,q between the two treatments, 22 + 7% and 20 + 7% of added Fe
(III) in coprecipitates were dissolved in palsa and bog soil, respectively.
To directly quantify aqueous Fe from the added Fe(III)-OC coprecipi-
tates, we measured 57Fe concentrations (Fi g. 1c and d). This dataset also
showed an increase in aqueous Fe from the coprecipitates in
coprecipitate-amended treatments to 14.45 + 2.16 and 6.84 + 0.50
umol Fe g~! soil for palsa and bog soil, respectively, after one day. The
dissolution of coprecipitates based on the aqueous *’Fe dataset was 32
+ 5% and 12 + 1% for palsa and bog coprecipitates, respectively.

3.2. Solid phase Fe speciation in palsa and bog soils

We determined changes in solid phase Fe speciation in the micro-
cosms over time by using Fe K-edge XAS. The fraction of oxidized Fe (Fe
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Fig. 1. Concentrations of aqueous Fe [pmol g~ ! dry soil] over time. Measured concentrations of aqueous Fe?" in treatments with Fe(II)-OC coprecipitate addition
(“+ cop”, filled circles) and the non-amended control (“- cop”, open triangles) of palsa and bog soils (a-b). Calculated concentrations of aqueous Fe stemming from Fe
(IID-OC coprecipitates based on the fraction of >”Fe (c-d). All data points and error bars represent the average and standard deviation of experimental triplicates.
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(IT1)/total Fe) in the solid phase based on XANES fitting decreased over
time in the microcosm experiment in both soils (Fig. 2a, Table S5). At
day 0, the fraction of Fe(III) in both soils without added coprecipitates
was similar (20 and 18% in palsa and bog soil, respectively). In the
coprecipitate-amended treatments, the fraction was higher by 8% and
13% than in the non-amended control for palsa and bog soil, respec-
tively. Based on the mass of added total Fe (estimated from 0.5 M HCl
extraction, Fig. S6d), the addition of Fe(Il)-OC coprecipitates, all of
which was initially Fe(III) (Fig. S4), initially contributed to 30% of total
Fe in the coprecipitate-amended reactors. After one day of incubation,
the fraction of Fe(III) in coprecipitate-amended treatments decreased
further and the difference in fraction of Fe(Ill) between the
coprecipitate-amended and non-amended control treatment only made
up 3% and 2% for palsa and bog soil, respectively. In the palsa soil, the
fraction of Fe(III) in both treatments continued to decrease until the end
of the experiment (42 days), after which no Fe(Ill) was present in the
coprecipitate-amended treatment and 7% Fe(Il[) was in the non-
amended control. In the bog soil, the percentage of oxidized Fe
slightly increased in both treatments after 8 days, after which it
decreased again to 10 and 13% for the coprecipitate-amended and non-
amended treatment, respectively, at the end of the experiment (42 days).

The relative abundances of the two identified Fe(III) phases, ferri-
hydrite and Fe(III) directly bound to OC (Fe(III)-OC), varied over time
(Fig. 2b). We detected a higher percentage of ferrihydrite in the
coprecipitate-amended treatments compared to the non-amended con-
trols at day O for both soils (16% compared to 0% and 31% compared to
20% for palsa and bog soil, respectively), which is consistent with the
primary Fe phase in the coprecipitates being ferrihydrite (section 2.2).
The fraction of ferrihydrite in the coprecipitate-amended treatment
decreased in both soils and reached 0% after 1 day in palsa soil and after
42 days in the bog soil. Concurrently, the percentage of Fe(III)-OC
(initially) increased in the coprecipitate-amended treatment of both
soils. In the palsa soil, the fraction of Fe(III)-OC increased from 18% to
26% within 1 day, before decreasing to 8% at day 42. In the bog soil, Fe
(IID)-OC increased from 0% to 17% within 8 days and stayed constant for
the remaining experiment. While Fe(III) phases decreased, the per-
centage of Fe(Il) bound to OC (Fe(I[)-OC) increased in all treatments
(Table 1).
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3.3. Greenhouse gas emissions in palsa and bog soils

The impact of the coprecipitate addition on the release of GHGs
varied depending on the soil type. In palsa soils, cumulative CO2 emis-
sions significantly increased in the coprecipitate-amended treatment
compared to the non-amended control by 43 + 16% (733 + 80
compared to 511 + 15 pmol CO4 g’1 soil, ANOVA, p < 0.01) over 42
days (Fig. 3a). After 3 days, the CO- fluxes of the coprecipitate-amended
palsa treatment were higher than the respective control and showed the
largest difference after 10 and 12 days (ANOVA, p < 0.05, Fig. S7). In
contrast, cumulative CO, emissions did not differ between the two
treatments in the bog soil (535 + 22 compared to 523 + 38 pmol CO,
g1 soil in coprecipitate-amended and control treatment, respectively)
after 42 days. Also, individual CO; fluxes between the two bog treat-
ments were not significantly different from each other at any timepoint.

Emissions of CH4 were below the detection limit in both treatments
for the palsa soil during the entire experiment (Fig. 3b). In contrast,
continued CH4 emissions were detected in both treatments of the bog
soil and cumulative emissions at the end of the experiment did not differ
from each other (273 + 7.6 compared to 251 + 62 pmol CH, g ! soil for
coprecipitate-amended and non-amended treatment, respectively). In
the beginning of the experiment, cumulative CH4 emissions were
slightly lower from day O to day 12 in the coprecipitate-amended
treatment compared to the non-amended control (15 + 8.9 compared
to 22 + 12 pmol CH4 g~ soil, Kruskal-Wallis test, p = 0.18).

3.4. Shifts in microbial community in palsa and bog soils

Changes in microbial community composition and potential activity
upon addition of Fe(IlI)-OC coprecipitates were monitored using 16S
rRNA (gene) amplicon sequencing and quantification of the bacterial
and archaeal 16S rRNA gene over the course of the microcosm experi-
ment. Community composition differed between the two soils and
changed over time. Within the palsa soil, the community was dominated
by the phyla Acidobacteriota, Actinobacteriota, Proteobacteria and Firmi-
cutes. The RNA-based relative abundance of the phylum Acidobacteriota
increased over time for both treatments of the palsa soil (44 + 3% at day
0 compared to 62 + 6% at day 42, Fig. 4a). After 42 days of incubation,
there was a significantly higher relative RNA-based abundance of Fir-
micutes in the coprecipitate-amended palsa treatment compared to the
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and is displayed in Fig. S13.

respective non-amended control (14 + 3% compared to 7 + 3%, two-
way ANOVA, p < 0.01). Additionally, ANCOM revealed that the abun-
dance of Sphingomonas spp. was significantly higher in the coprecipitate-
amended treatment of DNA- and RNA-based samples after 8 and 42 days
compared to the non-amended control. Based on qPCR results, RNA-
based gene copy numbers of bacterial and archaeal 16S rRNA gene
were higher in the coprecipitate-amended palsa soil directly after
addition of coprecipitates at day 0 compared to the non-amended con-
trol (logs FC: 1.44 + 0.58 and 1.29 + 0.69, respectively, Fig. S8).

The microbial community in the bog soil was more diverse than in
the palsa soil, based on the number of phyla present. The dominant
phylum was Acidobacteria, similar to the palsa soils, but its relative
abundance did not change over time; instead, it remained constant at 34
+ 2% (Fig. 4b). It was also notable that the relative abundance of

Fibrobacterota significantly increased in the coprecipitate-amended bog
treatment compared to the respective non-amended control after 42
days (15 + 1% compared to 5 £+ 2%, two-way ANOVA, p < 0.001).
Upregulated taxa due to coprecipitate addition based on ANCOM also
included Sphingomonas, as well as Geobacteraceae (full list given in
Fig. S9). Copy numbers of the bacterial and archaeal 16S gene in the
coprecipitate-amended bog treatment did not differ from the non-
amended control over time (Fig. S8), contrary to the palsa treatments.

The abundance and activity of methane-metabolizing microorgan-
isms was determined by identifying taxa known as methanogens and
methanotrophs based on 16S rRNA (gene) amplicon sequencing and
quantifying mcrA gene copy numbers across the experiment. We
detected no known genera of methanogens in the palsa treatments at any
timepoint of the incubation (Fig. S10). This is consistent with the
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findings of the mcrA gene copy numbers. DNA-based mcrA copy numbers
in the palsa treatments were ca. 100 times lower than for the bog
treatments and did not change between the coprecipitate-amended and
the non-amended control (Fig. S11). RNA-based copy numbers of mcrA
were below detection limit within the palsa soil. In comparison, a few
aerobic methanotrophs were detected (Roseiarcus, Methylocapsa, Rho-
doblastus) and their relative abundance decreased over time regardless
of the treatment (0.68 + 0.05% at day O compared to 0.26 + 0.06% at
day 42, Fig. S10).

In the bog treatments, we detected a few taxa known as metha-
nogens: Bathyarchaeia, Methanosarcina, Methanobacterium and Meth-
anomassiliicoccales. The RNA-based relative abundance of all
methanogens increased more in the non-amended treatment over time
than it did for the coprecipitate-amended treatment (from 2.41 + 0.29%
to 4.81 + 2.14% compared to 3.00 + 0.59% to 4.23 + 0.31%, Fig. S10).
The largest difference between the relative abundance of the two
treatments was after 8 days of incubation (0.77 + 1.14% difference),
particularly driven by changes in relative abundance of Methanosarcina.
Concurrently, DNA-based mcrA copy numbers were lower in the
coprecipitate-amended treatment after 8 days compared to the non-
amended control (log; fold change (FC): —0.31 + 0.14, Fig. 5) while
copy numbers did not differ based on treatment after 42 days (logo, FC:
—0.01 £ 0.50). On the other hand, RNA-based mcrA copy numbers did
not differ significantly from the non-amended control after 8 days and
instead were slightly lower after 42 days (logz FC: —0.64 + 0.39). The
trends in DNA-based relative abundances of methanogens and meth-
anotrophs were similar to the RNA-based results (Fig. S10).

4. Discussion

4.1. Fe(IID-OC coprecipitates are readily reduced in thawing permafrost
soils

The results overall show that Fe(IlI)-OC coprecipitates were fully
reduced in thawing permafrost soils once anoxic conditions develop.
Both datasets based on AFe,q and aqueous 57Fe concentrations show that
there was rapid reductive dissolution of added Fe(III)-OC coprecipitates
in both soils (Fig. 1). Results of the >’Fe-based analysis were similar
compared to the AFe,q values. In case of the palsa microcosms, it is likely
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that this difference was a consequence of partial abiotic Fe isotope ex-
change, further discussed below.

Based on the aqueous °’Fe concentrations, all of the reductive
dissolution of added Fe(III)-OC coprecipitates occurred within one day
and did not change further along the incubation. We considered the
following explanations: first, it is possible that there was abiotic
reduction of Fe(Ill) in the coprecipitates due to complexation with
redox-active DOC at the low pH (palsa: pH 3.4-3.8, bog: pH 4.2-4.7,
Fig. S6i) in the microcosms. Especially aromatic and (poly-)phenolic
organic carbon functional groups are known to reduce Fe(III) abiotically
at low pH (Chen et al., 2003). We tested this possibility with an abiotic
experiment in which the same concentration of coprecipitates was
added to sterile-filtered aqueous phase from the control treatment (see
section 2.3). We did not observe any increase in aqueous Fe?" concen-
trations over 48 h, indicating that no abiotic reduction of Fe(IIl) in
coprecipitates by the native DOC  occurred. Instead,
coprecipitate-amended treatments of palsa and bog soils showed an
immediate decrease of aqueous Fe>™ compared to the reactors without
addition of coprecipitates (6% and 8% respectively, Fig. S12). After 48 h,
there was no further change in aqueous Fe?* or total Fe concentration in
any of the reactors. The decrease is therefore attributable to sorption of
native aqueous Fe?' onto the coprecipitate surface which has been
shown before for aqueous Fe?" and naturally occurring Fe(III)-OC
coprecipitates from a wetland (ThomasArrigo et al., 2017), as well as
for synthesized Fe(IIl) (oxyhydr)oxides (Pedersen et al., 2005; Williams
and Scherer, 2004).

This abiotic experiment also enabled us to test if abiotic isotope ex-
change between the %’Fe(IIl) in coprecipitates and the aqueous *°Fe?*
was responsible for the entire change in aqueous Fe isotopic composition
in the main experiment. The fraction of aqueous >’Fe in the abiotic
experiment increased by 1.86 + 0.02% and 1.21 + 0.03% within 48 h in
the coprecipitate-amended treatment of palsa and bog reactors,
respectively, compared to the non-amended control (Fig. S12). The
change in the aqueous ’Fe fraction was therefore smaller than in the
main experiment (2.23 + 0.19% and 2.37 + 0.17% in palsa and bog
reactors, respectively). Coupled with the fact that aqueous Fe?* and
aqueous total Fe concentrations did not increase in the abiotic experi-
ment, this dataset therefore shows that abiotic isotope exchange cannot
explain the full increase of aqueous °’Fe that we observed within two
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days in the main experiment. The isotopic exchange is likely the reason
why the extent of reductive dissolution of coprecipitates in the palsa soil
based on °’Fe concentrations and aqueous Fe?* concentrations did not
match.

The second possibility that would explain the rapid reductive
dissolution of added coprecipitates is that the microbial community was
well adapted to the reduction of Fe(II)-OC associations. We found
several taxa which are known as respiratory (Geobacter, Pseudomonas,
Anaeromyxobacter) and fermentative (Clostridiales) Fe(IlI)-reducers
(Coates et al., 1996; Li et al., 2017; Lovley et al., 2004; Treude et al.,
2003), which could play a role even if their total relative abundance did
not exceed 1% (Fig. S13). Other yet unidentified Fe(IIl)-reducing mi-
croorganisms, possibly within the phyla Acidobacteriota or Firmicutes
(Blothe et al., 2008; Glodowska et al., 2021; Hultman et al., 2015; Li
et al., 2011) could have also contributed to Fe(III) reduction of the
coprecipitates.

We also considered a third possibility that soil-derived, reduced
particulate organic matter (POM) could have transferred electrons to the
Fe(III)-OC coprecipitates, either abiotically, as shown with dissolved,
redox-active DOC (Bauer and Kappler, 2009) or biotically by microor-
ganisms using the POM as an electron shuttle (Roden et al., 2010).
Assuming that POM can transfer 0.08 mmol e~ g~* POM in its reduced
state, as estimated in Swedish non-permafrost peatlands (Joshi et al.,
2021; Obradovic et al., 2024), the available POM in our experiments
could theoretically reduce 0.13 and 0.20 mmol Fe(III) in palsa and bog
reactors, respectively (Table S6). As the actual amount of reduced Fe
from added Fe(III)-OC coprecipitates was only 0.08 and 0.04 mmol after
one day of incubation in palsa and bog soils, respectively, POM could
have played a role in reducing Fe(IIl) in added coprecipitates. Overall,
we therefore conclude that the rapid increase in aqueous Fe?* originates
from the microbially-induced reduction of added coprecipitates with a
possible contribution of abiotic electron transfer from reduced POM to
Fe(IID).

4.2. Reduction of Fe(III)-OC coprecipitates in palsa and bog soils forms
intermediate Fe(III)-OC phases

Besides the initial reduction of added Fe(IlI)-OC coprecipitates
resulting in the increase in aqueous Fe?*, there also was continued Fe
(III) reduction in the solid phase. Results of XANES analysis indicated
that there was less Fe(Il) than expected due to the addition of copre-
cipitates (Fig. 2), indicating that a large proportion of coprecipitates was
already reduced at the start of the experiment (49% and 37% for palsa
and bog coprecipitates, respectively) before the sample for analysis by
XAS (within 4 h) was taken. It is unlikely that we did not capture this
fraction of coprecipitates due to a sampling bias, since the 0.5 M HCl
extracted solids in the coprecipitate-amended treatments displayed the
expected total content of Fe (30% of total Fe, Fig. S6d).

Further reduction of both added coprecipitates and native Fe(III)
minerals occurred faster in the palsa soil than in bog soil. The reason
might be higher DOC concentrations in palsa than in bog soil (Fig. S6g),
specifically higher concentrations of substrates commonly serving as
electron donors for Fe(IlI) reduction (Dong et al., 2023) like acetate or
glucose (Fig. S14) (Coates et al., 1996; Kiisel et al., 1999). The high DOC
concentrations could have also led to more electron shuttling between
the Fe(III)-OC coprecipitates and Fe(III)-reducers (Kliipfel et al., 2014;
Scott et al., 1998). Further, the pH in palsa microcosms was lower than
in bog microcosms (palsa: pH 3.4-3.8, bog: pH 4.2-4.7, Fig. S6i), leading
to a higher standard electron potential of the Fe>*/Fe?" redox couple
(Gorski et al., 2016; Kappler et al., 2021) in palsa microcosms compared
to bog microcosms. This could have increased the rate of Fe(III) reduc-
tion in the palsa soil compared to the bog soil. Overall, the XANES
spectra show that Fe(II)-OC coprecipitates were fully reduced in the
palsa soil within 42 days since the fraction of Fe(IIl) was lower in the
coprecipitate-amended treatment compared to the respective
non-amended control. In the bog soil, it is also very likely that all added
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coprecipitates were reduced based on the slightly lower fraction of Fe
(III) in the coprecipitate-amended treatment compared to the control
after 42 days.

During this reduction, we identified notable changes in the specia-
tion of Fe(IIl). Generally, results based on EXAFS suggest that the added
coprecipitates (in form of ferrihydrite) were intermediately transformed
to poorly-soluble Fe(III)-OC phases (Fig. 2). We speculate that part of the
reduced Fe from coprecipitates might have been bound to POM and
subsequently oxidized by reduced redox-active POM functional groups
(e.g., quinones), as was previously shown under anoxic conditions
(Joshi et al., 2024). This process could have occurred faster in the palsa
soil (1 day) than in the bog soil (>10 days) due to the lower pH values
which make quinone reduction more thermodynamically favorable
(Uchimiya and Stone, 2009). However, the exact processes responsible
for Fe(IlI)-OC formation in a ternary system of aqueous Fe2+, Fe(IID)
(oxyhydr)oxides and POM under anoxic conditions deserve further
study. The Fe(III)-OC phase is likely subsequently microbially reduced
over time, forming Fe(I[)-OC phases. For the bog treatment, we did not
observe a reduction of Fe(IlI)-OC phase within the time span of the
experiment, since the coprecipitates (in form of ferrihydrite) were
reduced at a lower rate and just depleted at the end of the experiment.
The same general temporal trends of the fraction of ferrihydrite and Fe
(IID)-OC were visible in the non-amended controls of both soils, due to
reduction of native Fe(Il) phases.

4.3. Greenhouse gas emissions in palsa soils are dominated by increased
CO; emissions due to Fe(II[)-OC coprecipitate reduction

Within the palsa soil, we observed an increase in COy emissions
relative to the non-amended treatment (Fig. 3), which is in line with
microbial Fe(IIl) reduction coupled to organic matter respiration. We
calculated how much CO2 would be produced directly from the reduc-
tion of Fe(III) based on redox stoichiometry (4 mol Fe(III) reduced per 1
mol CO, produced from oxidation of OC) (Kiisel et al., 2008; Lipson
et al., 2013). We found that 15-30% of the increase in COy emissions
relative to the non-amended control may be attributable directly to Fe
(III) reduction of the coprecipitates. Based on the rapid reductive
dissolution of coprecipitates within 1 day, we did not observe an
accompanying pulse in CO2 emissions in the same timeframe (Fig. S7). It
is likely that the expected pulse in CO; (max. 3.61 pmol CO g~ ! soil) is
within the variation of experimental triplicates and was masked by the
adsorption of native DOC (Fig. S6h), which likely also decreased CO4
emissions in the coprecipitate-amended setup. The difference in CO4
emissions between the treatments at the end of the experiment could
also stem from the release and respiration of all Fe-bound OC, which
would explain, on average, 66% of this difference. However, as the
addition of coprecipitated OC only contributed to 0.1% of total OC and
7% of DOC in the palsa reactors, it is questionable whether there was a
preferential mineralization of the previously Fe-bound OC. It is also
possible that the release of Fe-bound OC stimulated further reduction of
native Fe(II) minerals (ThomasArrigo et al., 2024) or induced priming
effects so that the native OC pool was mineralized to a higher extent.
Recent work by ThomasArrigo et al. (2023) and Wang et al. (2024)
support the latter argument, since they found that the release of previ-
ously Fe-coprecipitated glucuronic acid/glucose led to higher respira-
tion of native OC in anoxic soils.

We did not detect any CH,4 release in palsa soils within 72 days of
anoxic conditions (Fig. 3), including the incubation time before addition
of coprecipitates. This is in line with the absence of identified metha-
nogens in the palsa soil based on the 16S rRNA amplicon sequencing
data (Fig. S10) and the RNA-based mcrA gene copy numbers, which were
below the detection limit. Our results are thus similar to previous met-
agenomic studies which mentioned the low to negligible activity of
methanogens in palsa soil (Ellenbogen et al., 2024; McCalley et al.,
2014). Still, we did expect to measure CH4 emissions after a certain time
lag in palsa reactors due to the establishment of anoxic conditions and
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since field-based flux measurements showed high net CH4 emission after
initial palsa collapse (Patzner et al., 2022). The fact that our results
therefore differ from field measurements might mean that (i) longer
anoxic periods are necessary to establish methanogenic conditions or (ii)
CH4 release during palsa collapse in the field likely stems from the
contact with bog methanogen communities. Support for the latter
argument is given by Knoblauch et al. (2018) who found no CH4 emis-
sions from a Siberian permafrost soil layer with no detectable mcrA gene
copies after 7 years of incubation, until they added an inoculum from
another soil layer which contained active methanogens.

4.4. Reduction of Fe(III)-OC coprecipitates induces no change on net CO2
release in bog soils and temporarily inhibits CH4 emissions

In comparison to the palsa soil, we did not detect any difference in
cumulative CO5 emissions in the bog treatments (Fig. 3). This was sur-
prising since the reduction of Fe(Ill) from the added coprecipitates
should have produced an additional 100 pmol CO, g~ ! soil within the
incubation, based on the stoichiometry mentioned in section 4.3.
Therefore, there was likely a counteracting effect on CO; release. It is
possible that the activity of microorganisms was suppressed by the
addition of certain Sphagnum-derived compounds that were initially
coprecipitated with Fe. Such compounds could be sphagnan, a pectin-
like polysaccharide stemming from the cell wall of Sphagnum mosses,
or soluble phenolic compounds, which have both been shown to inhibit
microbial respiration in bogs (Cory et al., 2022; Hajek et al., 2011).
Since both sphagnan and phenolic compounds are abundant in bog
porewaters (AminiTabrizi et al., 2020; Freeman et al., 2004; Painter,
1991) and likely also in bog WEOM, they were likely bound to Fe(III)
(oxyhydr)oxides during the coprecipitation synthesis (Chen et al.,
2016). It has also been suggested that release of Fe-bound OC in
non-permafrost Sphagnum peatlands decreased f-glucosidase activity
(Wang et al., 2022), which is a central enzyme for carbon degradation
(Ketudat Cairns and Esen, 2010).

The bog treatments showed continuous CH,4 emissions (Fig. 3). Dif-
ferences between the coprecipitate-amended and the non-amended
control were only present in the first part of the incubation from 0 to
12 days, when cumulative CH4 emissions were lower in the
coprecipitate-amended treatment. This might indicate suppression of
methanogenesis due to reduction of the Fe(IIl) in the added coprecipi-
tates. However, once the majority of Fe(III)-OC coprecipitates were
reduced (after 10 days), CH4 emissions increased again, reaching the
same cumulative CH4 emission as in the non-amended treatment. The
release of coprecipitated OC could have also played a role in increasing
CH4 production since it could have served as an additional OC source for
fermenting  microorganisms, which provide substrates for
methanogenesis.

The trends in DNA-based mcrA gene copies are in line with the
temporary suppression of CH4 emissions between 0 and 12 days since
logs FC values of mcrA copies were the lowest at 8 days, compared to the
beginning and the end of the experiment. However, the RNA-based mcrA
copy numbers did not match with our hypothesis that temporary inhi-
bition of methanogenesis occurred at the beginning of the experiment.
We speculate that the difference between the DNA- and RNA-based mcrA
values might be due to varying activity of methanogen taxa compared to
their abundance. Some methanogens are hypothesized to be more
vulnerable to competition effects with Fe(IlI)-reducing microorganisms
(acetoclastic and hydrogenotrophic methanogens) than others (meth-
ylotrophic methanogens) (Jgrgensen, 2006; Liu and Whitman, 2008).
Indeed, Ellenbogen et al. (2024) found that methylotrophic metha-
nogens can make up 7-54% of the total methanogen activity in bog soil
and that members of the order Methanosarcinales are capable of using
methoxylated compounds for methanogenesis. In any case, it was
apparent that the addition of Fe(III)-OC coprecipitates temporarily
decreased CH4 emissions due to suppression of methanogenesis.
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4.5. Fermenting and organic carbon-degrading microorganisms are
stimulated by Fe(II)-OC coprecipitate addition

We found shifts in abundance and potential activity of several mi-
crobial taxa over time (Fig. 4). There was a high abundance of Acid-
obacteriota in both soils. The presence of this phylum is typical in
permafrost soils (Hultman et al., 2015; Waldrop et al., 2023; Woodcroft
et al., 2018) since Acidobacteriota encompass a wide array of taxa
capable of complex polysaccharide degradation as well as several
fermentation pathways (Woodcroft et al., 2018). Its increasing relative
abundance over time in palsa soils could indicate the increase of fer-
menting bacteria due to anoxia. Similarly, higher relative abundances of
Firmicutes in the coprecipitate-amended palsa treatment compared to
the respective control after 42 days points towards a likely higher ac-
tivity of fermenting microorganisms in this treatment (Li et al., 2024).
Since fermentation produces low-molecular weight OC compounds,
such fatty acids, which are often further mineralized to CO,, Firmicutes
could have indirectly contributed to the higher CO, emissions in the
coprecipitate-amended treatment. The higher RNA-based gene copy
numbers of bacterial and archaeal 16S rRNA gene in the
coprecipitate-amended palsa soil compared to the non-amended control
at day 0 could signal a potential priming effect, induced by the release of
previously Fe-bound OC, as discussed above.

Within the bog soil, the relative abundance of Fibrobacterota, a taxon
generally known for containing (hemi-)cellulose-degraders
(Ransom-Jones et al., 2012; Weimer, 2022), significantly increased in
the coprecipitate-amended treatment compared to the respective
non-amended control, which could hint at a higher OC degradation
potential. The similar quantity of copy numbers of the bacterial and
archaeal 16S gene between the two bog treatments is also consistent
with the lack of difference in cumulative CO5 emissions between the two
treatments.

Based on ANCOM analysis, Sphingomonas was significantly enriched
in the coprecipitate-amended treatment of both soils compared to the
non-amended control. This genus is ubiquitous in soils and known for
degradation of a wide range of OC compounds (Sood et al., 2021),
including aromatic compounds (Kim et al., 1996; Zylstra and Kim,
1997). We therefore speculate that Sphingomonas could have been
involved in decomposition of the aromatic-rich OC that was released
from the coprecipitates, since these moieties are found to preferentially
bind to Fe(IIl) (oxyhydr)oxides (Chen et al., 2014; Voggenreiter et al.,
2024; X. Zhu et al., 2023). Other upregulated taxa based on ANCOM also
included Geobacteraceae in the bog soil. This family includes well-known
respiratory Fe(Ill)-reducers, such as Geobacter (Coates et al., 1996;
Lovley et al., 2004), which were likely more abundant due to the higher
supply of Fe(Ill) in form of coprecipitates.

4.6. Estimation of CO release from reduction of Fe(III)-OC associations
in low-lying permafrost areas

Our results have wider implications for future CO5 emissions of Fe-
rich, low-lying permafrost areas. These regions will likely see an in-
crease in CO5 emissions upon thaw-induced anoxia due to the reduction
of their native Fe(III)-OC associations. Based on previously published
data on Fe stocks in permafrost soils (52-638 g Fe m~2 in the upper 30
cm) (Lipson et al., 2013; Mu et al., 2016; Patzner et al., 2020) and a
constant stoichiometry of reduced Fe to produced CO; (4:1), 23 to 286
Tg C could be released as CO, upon the dissolution of Fe(III)-OC asso-
ciations in low-land tundra or boreal ecosystems (Table S7) (Hugelius
et al., 2014; Nitzbon et al., 2024). Our data even suggests that the ratio
of reduced Fe to produced CO; after initial permafrost thaw is closer to
1:1, meaning that more CO; than that calculated from theoretical stoi-
chiometry could be released.

There is potential for refining these estimates. First, only a few
studies report the Fe content of permafrost soils as stocks scaled to area
of soil instead of soil mass (Lipson et al., 2013; Mu et al., 2016; Patzner
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et al., 2020). Therefore, upscaling of Fe contents across permafrost areas
is highly uncertain due to limited measurements. Second, widespread
projected changes in water saturation of permafrost soils do not exist
yet, but would be needed in order to constrain the area of permafrost
soils which will likely turn anoxic. For now, we assumed that all
low-lying permafrost soils (Hugelius et al., 2014; Nitzbon et al., 2024)
will turn anoxic, which may be an overestimation. We therefore propose
(i) that future studies should analyze Fe contents along C contents in
permafrost soils across a variety of permafrost areas to assess the
importance and heterogeneity of Fe(II)-OC associations, and (ii) that
modelling of future water saturation based on changes in rainfall,
evapotranspiration, and thawing of permafrost ice should be conducted
for permafrost areas.

5. Conclusion

Our work demonstrates that mineral-bound OC in the form of Fe(III)-
OC associations is not protected after permafrost thaw followed by the
onset of anoxic conditions. The added Fe(IlI)-OC coprecipitates were
fully reduced within several weeks in collapsed palsa soils. The reduc-
tion increased CO2 emissions by 43 + 16% compared to the non-
amended control, due to the use of Fe(III) as an additional electron
acceptor and likely by releasing Fe-bound OC to the aqueous phase and
priming the use of native DOC. As a result, excess emitted CO, was three
times higher than expected based on the reduction of added Fe(III)
alone. A simplified calculation based on our results suggests that 23 to
287 Tg C may be released due to microbial reduction of Fe(III)-OC as-
sociations from previously oxic permafrost soils.

The added Fe(II)-OC coprecipitates were also fully reduced in the
naturally anoxic bog soils. Contrary to expectations, there was no clear
increase in CO, emissions, such that we could not assess the direct
contribution of Fe(III)-OC coprecipitates to CO» release. This suggests
that counteracting processes, possibly due to the unique OC composition
in Sphagnum-dominated bogs played a role. Once permafrost soils have
transitioned into anoxic bog-like wetlands, the reduction of Fe(III)-OC
associations might therefore not lead to excess CO; release. The un-
derlying processes for this observation are still unclear and deserve
further research. Regarding CH4 emissions, it was apparent that the
reduction of Fe(III)-OC coprecipitates temporarily decreased emissions
in the bog soil, as long as coprecipitates were still present. Since bog soils
often experience periodic water table fluctuations (Breeuwer et al.,
2009; Olefeldt et al., 2012), the content of Fe(III)-OC associations could
be replenished by abiotic oxidation of dissolved Fe* and coprecipita-
tion of Fe and OC, leading to initial suppression of methanogenesis
during anoxic periods. Further, the formation of Fe(III)-OC phases after
coprecipitate dissolution, likely associated with POM, could explain the
high C:Fe ratios found in Sphagnum-dominated wetlands (Zhao et al.,
2023) and increase the persistence of Fe(IlI) under anoxic conditions.
Together, our results therefore show that Fe(III)-OC associations are no
stable C sink during anoxic conditions in thawing permafrost soils,
thereby affecting the GHG balance in diverging ways depending on the
soil biogeochemical conditions.
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