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A B S T R A C T

Wetlands are important contributors to global CH4 emissions, yet uncertainties remain regarding plant-mediated 
controls of greenhouse gas (GHG) fluxes. Wetland graminoids influence these emissions via multiple pathways. 
The study focuses on two key root traits: organic carbon exudation and radial oxygen loss (ROL). Their individual 
and combined impacts on soil organic carbon (SOC) dynamics and GHG emissions were investigated in 26-day- 
long incubations, using an anoxic mineral-rich permafrost fen soil as a wetland proxy. Organic exudation was 
imposed by repeated injection of an artificial organic compound mix mimicking real root exudate, and ROL by 
continuous ambient-air injection. Organic exudation enhanced CO2 and CH4 emissions 3- and 2.2-fold, respec
tively. This stimulated fermentation, methanogenesis, and Fe mineral dissolution, thereby co-mobilizing SOC 
from the ‘rusty carbon sink’. ROL promoted methanotrophs and aerobes reducing bioavailable carbon pools, so 
that 29% less CO2 and 47% less CH4 were emitted compared to the no-addition control. The combination of 
organic exudation and ROL increased CO2 by 70% and decreased CH4 by 20% relative to the no-addition control, 
indicating active methanotrophs. Thus, Fe-associated OC increased ~4.6-fold with an OC:Fe ratio above 1, 
suggesting a persistent ‘rusty carbon sink’ with less bioavailable SOC. This study demonstrates that combined 
root traits can exert opposing effects on CO2 and CH4 emissions, which can improve prediction and management 
for natural, agricultural, and restored wetlands.

1. Introduction

Wetlands are the largest natural source of CH4 and can either act as 
sinks or sources of CO2 (Lafleur, 2009). These ecosystems range from 
thawing permafrost peatlands, flooded rice paddies, coastal salt 
marshes, and natural and restored temperate peatlands. They are char
acterized by steep redox gradients that regulate biogeochemical cycling 
and greenhouse gas (GHG) emissions (Reddy et al., 2022; Verhoeven 
and Sorrell, 2010). Through their growth and litter inputs, plants act as 
ecosystem engineers that shape redox potentials, microbial commu
nities, and organic matter turnover (Laanbroek, 2010; Li et al., 2024; 
Mueller and Megonigal, 2024; Tanner, 2001; Verhoeven and Sorrell, 
2010). Consequently, redox shifts can drive climate feedbacks, yet 
projections of CH4 fluxes remain uncertain due to limited mechanistic 
understanding at fine spatial scales (Yazbeck and Bohrer, 2023). In this 
context, root traits represent key plant characteristics that govern 
biogeochemical heterogeneity at the soil-root interface (Bodelier, 2011; 

Lamers et al., 2012). In particular, the root traits radial oxygen loss 
(ROL) and root organic carbon (OC) exudation determine soil oxygen
ation and carbon (C) supply (Bodelier, 2011; Sutton-Grier and Mego
nigal, 2011).

Root organic exudation (hereafter termed organic exudation) is a 
major pathway by which plants affect soil processes. Up to half of the 
photosynthetically fixed C can be released into the rhizosphere as 
organic exudates, especially in high-yielding wetland graminoids 
(Hütsch et al., 2002). These organic exudates are diverse, low- 
molecular-weight OC containing substrates that serve as a fresh C 
source for soil microorganisms. Laboratory and field studies have 
demonstrated that added labile C can trigger a rhizosphere priming ef
fect (RPE). RPEs are short-term shifts in microbial activity that change 
the mineralization of native soil OC (SOC) to CO2 and CH4 (Kuzyakov, 
2010). In wetlands, priming has received less attention compared to 
uplands but can be of importance, with effects on CO2 emissions ranging 
from suppression (− 92%) to stimulation (+1242%) (Mueller and 
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Megonigal, 2024). Organic exudates often stimulate not only CO2 but 
also CH4 emissions by rapidly depleting alternative electron acceptors 
and producing fermentation intermediates for methanogens (Waldo 
et al., 2019). The direction and extent of priming are controlled by soil 
properties such as pH and SOC content in combination with the root 
exudate composition (Mueller and Megonigal, 2024; Wang and Kuzya
kov, 2024; Wild et al., 2023). Here, chelators within organic exudates 
were shown to mobilize iron (Fe) through complexation, co-mobilizing 
OC and thereby stimulating CO2 release (Keiluweit et al., 2015). Yet, this 
process may thermodynamically inhibit methanogenesis when Fe(III) 
serves as electron acceptor (Van Bodegom et al., 2004). Preferential 
substrate use (Boye et al., 2017; Mueller and Megonigal, 2024) or the 
exhaustion of electron acceptors (Mueller and Megonigal, 2024) proved 
important to induce negative priming in wetland soils. The latter limi
tation can be alleviated by rhizosphere oxygenation via ROL (Krüger 
et al., 2025).

O2 is photosynthetically produced in plant shoots, transported via 
aerenchyma from shoots to roots, and released into the rhizosphere in a 
process termed ROL (Colmer and Voesenek, 2009). As an adaptive trait 
to soil anoxia, ROL is characteristic of many wetland macrophytes (e.g., 
Phragmites) and wetland crops such as rice. The magnitude of ROL varies 
with species, light, phenological stage, and barriers to diffusion 
(Jimenez et al., 2021). ROL can create oxic hotspots that relieve anoxic 
constraints on complex OC breakdown, boosting CO2 emissions (Krüger 
et al., 2025) and providing methanogenic substrates after O2 depletion 
(Wilmoth et al., 2021). Mechanistically, ROL re-oxidizes Fe(II) forming 
root-associated Fe(III) plaques. Iron plaque refers to Fe(III)-(oxyhydr) 
oxide coatings that precipitate on root surfaces when ROL oxidizes Fe 
(II)-rich porewater (Maisch et al., 2020; Weiss et al., 2003). Such for
mation of Fe plaque can drive the adsorption and co-precipitation of 
dissolved organic carbon (DOC) forming the so called “rusty C sink” (Sun 
et al., 2025; Wei et al., 2022). DOC is thus protected from rapid 
mineralization. This protection can be dynamic: ligand-driven mineral 
dissolution or reductive dissolution during anoxic periods can remobi
lize previously stabilized OC (Li et al., 2021; Patzner et al., 2020). 
Furthermore, ROL regenerates terminal electron acceptors (i.e., Fe(III), 
Mn(IV), and O2 itself) and thereby shifts redox pathways and alters both 
the type and amount of emitted GHGs, as electron donors are oxidized 
after bulk O2 depletion (Agethen et al., 2018; Määttä and Malhotra, 
2024). In this way, ROL can suppress methanogenesis by raising redox 
potentials to ranges inhibitory to methanogens and enabling Fe(III), Mn 
(IV), and nitrate reducers to outcompete methanogens for preferred 
substrates. ROL can enhance CH4 oxidation by creating oxic layers 
around roots that stimulate CH4-consuming methanotrophs (Vogel, 
2017). In peat soils, ROL can promote positive priming (Krüger et al., 
2025) and CH4 formation (Wilmoth et al., 2021), while in mineral soils, 
stronger Fe-OC associations and plaque-mediated sorption may favor OC 
preservation and negative priming (Sun et al., 2025). Thus, the quantity 
and composition of root C exudates interact with the extent of ROL to 
control the balance of CO2 and CH4 fluxes in wetland soils (Haviland and 
Noyce, 2024; Krüger et al., 2025), and the direction of the combined 
effect may be further controlled by wetland soil properties (Mueller and 
Megonigal, 2024).

Most studies have isolated either ROL or organic exudation under 
simplified laboratory conditions to assess mechanisms, e.g., the direc
tion and magnitude of ROL on CH4 emissions. Key uncertainties towards 
the interactive effects of both organic exudation and ROL remain that 
limit predictions: (i) how exudate chemistry amplifies or counteracts 
ROL effects on Fe cycling and the rusty C sink, (iii) the persistence of 
plaque-stabilized OC under fluctuating redox conditions as well as, (iii) 
the net effect on microbial functional genes involved in GHG cycling.

In this study, both traits were applied concurrently to regulate CO2 
and CH4 fluxes in microcosms containing field-sampled, anoxic, 
mineral-dominated wetland soil. An artificial root was used to mimic a 
low-redox rhizosphere for precise injection of O2 and organic exudates. 
Four treatments were applied: (i) artificial rainwater (non-addition) 

control, to quantify net plant-trait effects, (ii) organic exudate solution 
of field-relevant composition and dose (iii) O2 as ambient air to repre
sent ROL, and (iv) the combination of organic exudates and O2. The 
organic exudate mixes reflected graminoid metabolites measured from 
Stordalen Mire, Sweden, and ambient air reproduced realistic O2 de
livery. We hypothesized that combined organic exudation and O2 
addition increases CO2 but decreases CH4 emissions relative to organic 
exudate addition alone. By linking GHG measurements with root-surface 
soil and solution geochemistry assessments (C and Fe) and CH4-cycling 
gene quantification, trait interactions under realistic substrate and O2 
regimes were isolated to inform wetland GHG predictions and 
management.

2. Materials and methods

2.1. Soils and simulated root-derived inputs

Mineral soil was sampled from a fen peatland soil in Stordalen Mire 
(68.35◦N, 19.05◦E), Abisko, Sweden. Stordalen is a well-studied Arctic 
permafrost peatland and is described elsewhere (Freire-Zapata et al., 
2024). Samples were taken in September 2023 (Fig. S1) and stored 
anoxically and wet at 4 ◦C in the dark until the experiment started. Soil 
was chosen from a deeper layer for two reasons: (1) Graminoid root tips 
typically grow to the thaw front, (2) handling soil of a lower peat content 
for experimental purposes is easier. Soil was characterized prior to 
experimentation (Method S1).

The composition of the artificial organic exudation mix was based on 
OC released by graminoids, specifically Eriophorum angustifolium and 
Carex spp., from Stordalen mire in a hydroponic solution described in 
Oburger and Jones, 2018 (Fig. S2, Method S2). Based on this charac
terization, artificial organic exudates include malate (48%) and citrate 
(6%) as organic chelators, acetate (8%) as an organic acid known as an 
important exudate from graminoid roots (Meier et al., 2021), glucose as 
a common sugar (23%), and glycine (15%) representing amino acids and 
a nitrogen (N) source.

2.2. Experimental setup and sampling

Plastic tubes (250 mL) (HCl-, ultrapure water washed and UV- 
sterilized) were equipped with an ultrapure water washed pumice 
stone (1.5x2.5 cm, Pawly) imitating a root (Fig. S3B). A tube was con
nected to the artificial root equipped with a backflush valve (∅ = 5 mm, 
Pawly) for ambient air and/or organic exudates injection. To sample 
porewater, an ultrapure water washed Rhizon sampler (Rhizosphere 
Research Products, Netherlands, standard Rhizon sampler MOM, 0.15 
µm pore size) was mounted to the tube 1 cm above the pumice stone. 60 
g of sieved (2 mm) soil and 20 mL of artificial rainwater (0.07 mM NaCl, 
0.02 mM NaHCO3, 0.02 mM K2SO4, 0.76 mM CaSO4) were filled into 
the tubes. To acclimate to lab conditions, the soil was incubated anox
ically for a 2.5-week pre-incubation. For establishing anoxic conditions, 
the tubes were closed gas-tight, and the headspace was flushed with N2 
several times. The experiment was set for four treatments: a control of 
adding artificial rainwater only (hereafter termed “(no-addition) con
trol”), an O2-only treatment continuously injecting ambient air as a 
realistic simulation of O2 exudation (hereafter termed “O2 exudation”, 
or “O2” in figures), an artificial root C exudation treatment only (here
after termed “organic exudates” or “OrgC” in figures), and a combina
tion of O2 and artificial C exudation treatment (hereafter termed 
“combined treatment”, or “O2 + OrgC” in figures). Ambient air (~21% 
O2) was used to mimic aerenchyma gas composition, rather than pure 
O2. Additionally, all treatments were treated with artificial rainwater to 
balance the ionic strength.

Root density was set to 4.2 g dry root L− 1 soil, informed by field 
measurements of graminoid roots from an adjacent permafrost peatland 
(Monteux et al., 2018) (Tab. 1). O2 exudation rates were parameterized 
from literature of different wetland plants (Tab. 1) (Li et al., 2011), 
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assuming continuous ROL (24 h day− 1). Because ROL varies among 
species (e.g., Li et al., 2011) and site-specific data are limited, O2 in
jection via the artificial root was set near the upper bound of reported 
graminoid ROL due to pump-diffuser stability constraints; this may 
overestimate field rates. Ambient air was injected in pulses every 15 s for 
7 s, totalling 0.042 mM O2 week− 1 per replicate. Root C exudation rates 
were based on hydroponic measurements of graminoids from Stordalen 
mire (adapted from Oburger and Jones, 2018), assuming exudation over 
a typical daily plant activity of 14 h. With the given root density and soil 
volume (27.5 mL), this resulted in a weekly input of 1.88 mM C per 
replicate, performed in three equal injections (2.6 mL each). Each 
treatment had five replicates (Fig. S3C).

For porewater sampling, porewater was withdrawn through the 
Rhizon into gas-tight syringes by applying a gentle vacuum, discarding 
the first ~ 0.5 mL and then collecting up to 5 mL per sampling. Samples 
were taken 2–3 × per week and sample water refilled with artificial 
rainwater to maintain volume/ionic strength. For Fe speciation, sub
samples were transferred to headspace-free vials and immediately 
acidified to pH ≈ 0 with 1 M HCl to prevent Fe(II) oxidation; Fetot and Fe 
(II) were later measured by ferrozine. Porewater pH and SUVA254/DOC 
were measured from the same Rhizon porewater (pH measured 
promptly after extraction; DOC/SUVA filtered through Rhizon). All 
porewater measurements thus refer to Rhizon-extracted porewater 1 cm 
above the artificial root, not bulk slurry.

For GHG quantification, the tube headspace was flushed with N2, and 
subsequently, 3 mL of headspace gas was taken after 2, 20, and 40 min 
and transferred to a 12 mL pre-N2-flushed exetainer. Gas was sampled 
every second to third day. Porewater was extracted 2–3 times per week 
via the Rhizon with max. 5 mL per sampling and refilled with artificial 
rainwater. Collected porewater was subsequently aliquoted for 
geochemical analyses, including pH, DOC, and N species, Fe speciation, 
and OC aromaticity. To protect Fe(II) from oxidation, samples were 
stored by acidifying with 1 M HCl to a pH of 0.

In a final sampling, tubes were sawed open. Sequential Fe and OC 
extraction was performed with the artificial roots after washing in ul
trapure water. For this, the stone was sequentially put into 0.5 M and 
6 M HCl and extracted for 30 min and 24 h with 1:2.5 (w/v) ratio on a 

horizontal shaker (150 rpm), and aliquoted for Fe and DOC analyses. 
Soil (approx. 1 g) taken directly adjacent to the artificial root was shock- 
frozen at − 80 ◦C for molecular biological analyses. A subsample was 
taken for water content.

2.3. Gas and aqueous analyses

GHG concentrations including CO2 and CH4 were quantified using 
gas chromatography (TRACE 1310, Thermo Fisher Waltham, Massa
chusetts, USA) equipped with two pulsed discharge ionization detectors 
(PDD) (N2O was consistently below detection limits). Measured parts 
per million (ppm) concentrations were corrected for sampling temper
ature using the ideal gas law. Gas production rates were calculated based 
on a linear change in headspace gas concentration over time and 
normalized to g dry soil according to the equations published in Ruser 
et al., 1998. The warming potential (WP) of the sum of the two gases in 
CO2-equiv. was calculated assuming gas-specific abilities of radiative 
efficiency and lifetimes in the atmosphere (amount of energy absorbed 
by 1 ton of gas over a given period relative to 1 ton of CO2). CH4 has a 
WP 27 times higher than CO2 on a 100-year timeframe (Parada et al., 
2016).

DOC was quantified in technical triplicates on a multi N/C 2100 
(Analytik Jena, Germany). The Specific UV absorbance at 254 nm 
(SUVA254) (Specord 50 plus, Analytik Jena, Germany) was used to 
represent the aromaticity of DOC. pH was determined with technical 
triplicates using an InLab Easy pH probe (Mettler Toledo, USA). Nitro
gen species (nitrite, nitrate, and ammonium) were quantified in tech
nical unicates using flow injection analysis (AA3, Seal analytical, USA). 
Total Fe concentrations and speciation were quantified in technical 
triplicates spectrophotometrically with the ferrozine assay after Stoo
key, 1970 (MultiskanTM GO, Thermo Fisher Scientific).

2.4. Soil microbial ecology analyses

DNA and RNA were co-extracted twice, before addition (day 0) and 
after the incubation (day 26), from soil (anoxic incubation) as described 
previously (Lueders et al., 2004) and 806-R (5′-GGAC
TACNVGGGTWTCTAAT-3′) (Apprill et al., 2015) followed by 1% (w/v) 
ethidium-bromide-died agarose gel.

Gene and transcript copy numbers were quantified with quantitative 
PCR (qPCR) using 1 × SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad Laboratories, Hercules, CA, USA) for 16S rRNA, and the 
functional genes for methanogenesis methyl coenzyme-M reductase 
(mcrA) and aerobic methanotrophs particulate methane mono
oxygenase (pmoA). In a 10 µL reaction volume, 1 µL of template DNA 
and cDNA or a tenfold dilution series of the standard plasmid DNA were 
annealed gene-specific forward and reverse primers (Tab. S1). The qPCR 
programs ran on a CFX Connect Real-Time PCR Detection System (Bio- 
Rad Laboratories, Hercules, CA, USA). The data analysis was performed 
using the Bio-Rad CFX Maestro software (Bio-Rad Laboratories, Hercu
les, CA, USA). Transcript abundances (16S rRNA, mcrA, pmoA) were 
normalized to dry soil mass (per g dry soil). For the 16S rRNA genes and 
transcripts are presented to inform about potential cell numbers and 
their activity. For functional genes, the transcripts are presented to 
inform about their activity.

2.5. Data analyses

Means and one standard deviation (1SD) were calculated for all data 
except for molecular biology data, where standard errors (SE) were 
used. For whisker-boxplots, black diamonds represent the mean, and the 
line in the box is the median; whiskers show the 5th and the 95th 
percentile. Fold changes were calculated for most datasets and presented 
in percent, and when exceeding 100% as fold change.

Stabilization of root-exuded C in Fe-bound minerals, and the ratio of 
dissolved versus Fe–bound C, was calculated as detailed in Method S3.

Table 1 
Specifics of treatment deliveries: Parameterization of root-mediated oxygen and 
carbon inputs in microcosm incubations using mineral-dominated fen soil.

Item Value Units Notes/Source

Soil volume per 
microcosm

27.5 mL From setup

Root density (dry)# 4.2 g L− 1 soil Field-based (adjacent permafrost 
peatland)a

ROL ​ ​ ​
ROL reference 
rate#

0.07 mM O2 h− 1 

g− 1 dry root
Literature value across wetland 
plantsb

Air pulsing 
schedule

7/15 s air/s cycle Ambient air through artificial root

Weekly O2 

delivered (per 
replicate)

0.042 mM O2 

week− 1
From pulsing + parameterization 
(as reported)

Organic exudation ​ ​ ​
Organic 
exudation 
reference rate#

16.3 mM C 
week− 1 g− 1 

dry root

From Stordalen graminoids, 
method adapted from (Oburger 
and Jones, 2018)

Organic 
exudation 
volume

2.6 mL per injection

Weekly C input 
(per replicate)

1.88 mM C 
week− 1

Derived from rate × root density 
× soil volume

Injections per 
week

3 count Evenly spaced

# Based on field measurements and literature values, used to derive weekly O2 
and organic exudation deliveries.

a Monteux et al., 2018.
b Li et al., 2011
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Linear mixed models (LMMs) were used to assess the effects of 
organic exudate addition, O2 addition, and their interaction on cumu
lative CO2 and CH4 emissions and on (functional) transcript abundances 
(mcrA, pmoA, 16S rRNA). Models were fit by restricted maximum like
lihood (REML) and Type III sums of squares. Estimated marginal means 
(EMMs) are reported with Least Significant Difference (LSD) adjusted 
pairwise comparisons (α = 0.05). Predefined, time-point-specific hy
potheses were evaluated with two-sided, unpaired t-tests. Normality was 
assessed using Kolmogorov-Smirnov tests and variance homogeneity 
Levenés test; when assumptions were not met, appropriate non- 
parametric alternatives were applied. For all tests, statistical signifi
cance was defined as p < 0.05. Analyses were performed in SPSS Sta
tistics v27 (IBM Corp., USA). For multivariate structure, Principal 
Component Analysis (PCA) was performed on standardized variables in 
R (v4.4.2 (R Core Team, 2024) using prcomp() in RStudio 
(2v2024.09.1+394, (Posit, 2024))), 80% confidence ellipses and 
loading vectors visualized using ggplot2, ggrepel, and factoextra 
(Kassambara and Mundt, 2020; Slowikowski, 2024; Wickham, 2016).

3. Results

The soil can be classified as Histosol (WRB), and the fixed 60 cm 
sampling depth targeted the gleyed mineral subsoil beneath the surface 
peat. The texture of the soil was silt-dominated (85 ± 6% silt, 12% sand, 
12% clay; Tab. 2). The soil contained 1.22 ± 0.03% SOC and 0.05 ±
0.02% total N, with a C:N ratio of ~ 24, and had a slightly acidic pH (pH 
= 5.45). Organic matter was primarily mineral-associated (MAOC =
76.5%), while particulate organic carbon (POC) accounted for 17.3%.

3.1. Greenhouse gas dynamics during Incubation

CO2 emissions from the no-addition control were 5.2 ± 0.1 mg CO2 
g− 1 soil on day 1 and were stable over 26 days of incubation (Fig. 1A). 
The addition of organic exudates did not affect the CO2 emissions until 
day 12, after which it led to the highest cumulative CO2 emissions 
among all treatments. By day 26, organic exudates had increased cu
mulative CO2 emissions 3-fold relative to the control. O2 release reduced 
cumulative CO2 emissions, with divergence from the control starting on 
day 8, and resulted in 29% less emitted CO2 by the end of the experi
ment. The combination of O2 release and organic exudation increased 
cumulative CO2 emissions by 70% relative to the control, with diver
gence starting on day 19. However, total CO2 emissions under this 
combined treatment remained lower than those observed with organic 
exudates alone, and an interaction was confirmed with LMM.

CH4 emissions were 1.2 ± 0.4 mg CO2-equiv. g− 1 soil in the no- 
addition control on day 1 and stable during the experimental phase 
(Fig. 1B). The addition of organic exudates increased cumulative CH4 
emissions 2.2-fold relative to the control, with divergence apparent from 
day 4. O2 exudation reduced cumulative CH4 emissions by 47% relative 
to the control by the end of incubation, with divergence starting on day 
8. The combined O2 and organic exudation reduced CH4 emissions by 
20% relative to the control at the end of incubation, with divergence 
starting on day 8. The interaction of O2 and organic exudation was 
confirmed with a LMM.

The CO2:CH4 ratio, averaged across all incubation timepoints, in the 
no-addition control soil was 52.5 ± 6.3 and increased 1.1-fold with 
organic exudates, 1.4-fold with O2 exudation, and 2.6-fold with their 
combined addition (Fig. 1C). N2O was not quantifiable in both oxic and 
anoxic incubations, supported by high porewater NH4

+ (Fig. S7A). N2O 
spikes usually appear early on after flooding, so emissions may have 
occurred during pre-incubation of the soil and prior to experimental 
start. Thus, N2O data does not feed into warming potential calculations 
here.

The warming potential at the end of incubation of the no-addition 
control was 29.1 ± 5.3 mg CO2-equiv. g− 1 soil (Fig. 1D). Organic exu
dates increased the warming potential 2.9-fold, yet O2 exudation tended 
to decrease the warming potential by 33% (p = 0.068). The combination 
of organic and O2 exudation did not alter the warming potential 
significantly compared to the control, though a trend of 53% increase 
could be noted given high replicate variability (p = 0.110).

3.2. Fe and OC dynamics at the artificial root

“Reactive” Fe denotes 0.5 M HCl-extractable Fe (short-term pool), 
and “recalcitrant” Fe denotes 6 M HCl-extractable Fe (longer-term pool), 
which were sequentially extracted and can be related to the respective 
amount of trapped OC. In the no-addition control, root-associated 
reactive Fetot averaged 1.2 ± 0.1 µmol g− 1 artificial root (Fig. 2A). O2 
exudation did not affect reactive Fetot compared to the control, while 
organic exudates decreased reactive Fetot by 74%. Their combination 
increased root-associated reactive Fetot by 88% relative to the control. 
The co-precipitated or adsorbed OC in the reactive Fe fraction was 1.4 ±
0.9 µmol g− 1 artificial root in the control and increased in the order 
control < O2 < organic exudates < combination. The combination had 
4.6-fold higher reactive Fe-associated OC than in the control (Fig. 2B).

In the no-addition control, root-associated recalcitrant Fetot was 3.6 
± 0.3 µmol g− 1 artificial root (Fig. 2A). Organic exudates did not change 
recalcitrant Fetot, whereas O2 exudation increased Fetot 2-fold. The 
combination of organic and O2 exudation increased recalcitrant Fetot 
3.8-fold relative to the control. OC associated with the recalcitrant Fe 
mineral fraction averaged 12.6 ± 3.4 µmol g− 1 artificial root (Fig. 2B). 
Organic exudates tended to increase the amount of root-associated, 
recalcitrant OC by 31% compared to the control. O2 exudation and the 
combined treatment of organic and O2 exudation increased OC by 50% 
and 2.6-fold relative to the control, respectively.

The linear regression (R2 = 0.891, p < 0.0001) between Fe and OC 
concentrations reveals that adsorption occurs predominantly at lower Fe 
concentrations, whereas co-precipitation becomes more dominant at 
higher Fe concentrations, particularly under combined O2 and organic 
exudation treatments (Fig. 2C). OC trapping efficiency and the 
dissolved-to-trapped OC ratio are both highest when organic exudates 
are present, with the combined treatment enhancing OC retention 
compared to individual treatments (Fig. 2D).

3.3. Microbial and geochemical response during incubation

Microbial gene/transcript data were collected on day 0 (pre-addi
tion) and endpoint (day 26), whereas porewater chemistry (e.g., Fe, 
DOC, metabolites, pH) was monitored throughout via Rhizon samplers 
1 cm above the artificial root. We summarize these trajectories and 

Table 2 
Soil characteristics of the used soil sampled in Stordalen, Abisko, Sweden.

Parameters Units Fen soil

Coordinates (approx.) ​ 68◦21′15.4″N 19◦02′41.5″E
Soil Type (WRB) ​ Histosol
Texturec ​ ​
Sandc % 12 ± 0
Siltc % 85 ± 6
Clayc % 12 ± 0
SOCa % 1.22 ± 0.03
Total Nb % 0.05 ± 0.02
POCb,c % 17.3
MAOCb,c % 76.5
pH (H2O) ​ 5.45
Active layer depth cm ∞

a Soil Organic Carbon (SOC) and Nitrogen (Total N) in the dried and milled 
soil measured with a soli TOC cube (Elementar, Germany).

b Particulate organic C (POC) and Mineral-Associated Organic Carbon 
(MAOC) were assessed by extracting with 0.5% sodium hexaphosphate and 
subsequent size fractionation.

c Parameters were analyzed on soil collected at the same locations in July 
2023 as compared to the soil collected in Sept 2023.
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endpoint responses in Fig. 3 and Figs. S4–S7.
Porewater Fe(II) in no-addition control soils averaged 0.11 ± 0.08 

mM (Fig. 3A). Organic exudates increased Fe(II) 21.8-fold relative to the 

control, while O2 exudation decreased Fe(II). The combined exudation 
of O2 and organic exudates increased Fe(II) 7.4-fold compared to the 
control. Fetot and Fe(II)/Fetot as well as porewater DOC followed these 

Fig. 1. Greenhouse gas emission from anoxic soil exposed to single or combined root traits. Greenhouse gas dynamics in anoxic microcosms containing mineral soil 
from a thawed permafrost fen peatland (Stordalen Mire, Abisko, Sweden). Soils were exposed to single or combined root traits: (1) no-addition control (Control, 
grey), (2) organic exudates (+OrgC, green), (3) O2 release (+O2, blue), and (4) combination of organic and O2 exudation (O2 + OrgC, red). Cumulative (A) CO2 and 
(B) CH4 emissions (in CO2-equiv.) during incubation. (C) CO2:CH4 ratios based on molar concentrations over the whole incubation period after substrate additions. 
(D) Warming potentials based on cumulative emissions at the end of the incubation. For (A) and (B), significance was assessed using linear mixed models (LMM) with 
organic exudation, O2 exudation, and their interaction as fixed factors (Tab. S2-3 for full statistics). For (C) and (D), significance was tested by a two-sided t-test or 
non-parametric alternatives when data were not normally distributed. Mean ± 1SD. Significance (two-sided t-tests or non-parametric alternative) included if p <
0.05, always tested for treated against control, full statistics see Tab. S4).

Fig. 2. Artificial root plaque Fe and organic carbon in anoxic soils exposed to single or combined root traits. Artificial root plaque Fe and organic carbon (OC) 
dynamics in anoxic microcosms containing mineral soil from a thawed permafrost fen peatland (Stordalen Mire, Abisko, Sweden). Soils were exposed to single or 
combined root traits: (1) no-addition control (rainwater only), (2) organic exudates (+OrgC), (3) O2 exudation (+O2), and (4) combination of organic and O2 
exudation (O2 + OrgC). (A) Fe and (B) OC determined by sequential extraction from the artificial root, separating reactive (0.5 M HCl extraction) from recalcitrant 
phases (6 M HCl extraction). Data represent mean ± 1SD, n = 4. Significance (two-sided t-test or non-parametric alternative) included if p < 0.05 in black for 0.5 M 
extraction, in white for 6 M HCl extraction, always tested for treated against control (Tab. S5). (C) Correlation between Fe and OC. The black dashed reference line at 
OC/Fe = 1 indicates when co-precipitation of Fe and OC dominates over adsorption (OC:Fe < 1) and vice versa (Chen et al., 2014). The red dashed line is the linear 
regression for all treatments. (D) The percentage of added OC captured in Fe-associated phases and the total porewater OC: Fe-trapped OC were calculated (see 
Method S3). Fe-associated OC refers to OC in Fe extracts and does not represent total mineral-associated OC.

M. Mollenkopf et al.                                                                                                                                                                                                                            Geoderma 465 (2026) 117658 

5 



patterns (Fig. S4). DOC aromaticity (SUVA254) increased in the com
bined treatment relative to the control, differing from Fe /DOC patterns 
(Fig. S4C).

16S rRNA, mcrA, and pmoA functional gene copy quantification 
marginally changed with root trait treatments (Fig. S6, top). The only 
notable change in absolute gene abundance was observed for pmoA, 
which decreased by 81% under organic exudate addition compared to 
the control (Fig. S6C). For the aerobic CH4 oxidation gene pmoA, organic 
exudates did not affect transcript numbers, whereas both O2 exudation 
and the combined treatment increased pmoA 4.3- and 2.6-fold, respec
tively, compared to the control (Fig. 3B, Tab. S6C). In contrast, CH4 
production gene mcrA transcripts significantly increased 17-fold under 
organic exudates alone, 7.1-fold under O2 exudation, and increased 143- 
fold under the combined addition, differing from the pmoA response 
(Fig. S6E). 16S rRNA transcripts increase under all treatments, with the 
highest, 7.5-fold increase in the combined addition relative to the con
trol (Fig. S6D).

Organic metabolites in the porewater, indicative of active microbial 
processes such as fermentation, were quantified (Fig. 3C). Soils with 
added organic exudates contained the highest total metabolite concen
trations (16.3 ± 4.1 mM), which decreased by 42% under the combi
nation of organic and O2 exudation. Individual metabolites were 
distinctly affected by the combined treatment. While citrate, malate, and 
succinate concentrations did not differ under combined conditions 
compared to the organic exudate addition, others, such as propionate 
and acetate, substantially decreased by 40%, and 57%, respectively. For 
both control and O2 exudation, metabolites were below the detection 
limit.

Based on the PCA, organic exudation positively correlated with 
dissolved Fe(II), ammonium, CO2, and CH4 emissions as well as propi
onate concentrations (Fig. 3D). O2 exudation positively correlated with 
pmoA transcript abundance, while the combined addition correlated 
with plaque-associated DOC and Fe, as well as both mcrA and pmoA 
transcripts. Compared to the control, transcript abundances were 4.3- 
fold and 2.6-fold higher for pmoA under O2 and combined treatments, 
and 17-fold, 7.1-fold, and 143-fold higher for mcrA under organic 
exudate, O2, and combined additions, respectively. These changes co- 
occurred with lower and higher end-point CH4 totals (Fig. 3B; 
Fig. S6E; cf. Fig. 1B).

Porewater NH4
+ in the no-addition control was 0.24 ± 0.12 mg L-1 

(Fig. S7A). Organic exudates increased NH4
+ 135-fold relative to the 

control, while O2 exudation increased NH4
+ 9-fold. The combination of 

organic and O2 exudation increased NH4
+ 80-fold compared to the con

trol. Porewater NO3
– in the no-addition control averaged at 52.0 ± 3.8  

µg L–1 (Fig. S7B). Only organic exudates increased NO3
– by 24% 

compared to the control, while O2 exudation and the combination of 
organic and O2 exudation did not affect NO3

– concentrations (Fig. S7B).
Porewater pH in the no-addition control averaged 5.45 ± 0.16 dur

ing the preincubation and varied slightly over time (Fig. S7C). Organic 
exudates decreased pH by 2 units directly after the experiment started 
but recovered almost to control levels over time. O2 exudation decreased 
pH by up to 0.7 after the experiment started. The combination of organic 
and O2 exudation initially decreased pH by 1.7 units, and pH remained 
0.3 units lower than the control on day 14.

Fig. 3. Biogeochemical variables and principal component analysis (PCA) of microbial and geochemical patterns in anoxic soils exposed to single or combined root 
traits. Data was obtained from anoxic microcosms containing mineral soil from a thawed permafrost fen peatland (Stordalen Mire, Abisko, Sweden). Soils were 
exposed to single or combined root traits: (1) no-addition control (rainwater only, grey), (2) organic exudation (+OrgC, green), (3) O2 exudation (+O2, blue), and (4) 
combined organic exudate and O2 exudation (O2 + OrgC, red). Concentrations averaged from day 12 to the end of incubation of only at the end of incubation (B) are 
shown for (A) Fe(II), (B) transcript copy numbers of pmoA, and (C) metabolite concentrations (Ac = acetate, Glu = glucose, Mal = malate, Prop = propionate, Fum =
fumarate). Bars represent means ± 1SD. Significance (two-sided t-tests or non-parametric alternative) included when p < 0.05, always tested for treated against 
control, full statistics in Tab. S6-7. Fetot, Fe(II)/Fetot and DOC/SUVA in Fig. S4-5, DNA-based/RNA-based functional gene copy and transcripts of 16S rRNA, mcrA, 
pmoA in Fig. S6. (D) PCA biplot illustrates the clustering of treatments based on microbial and geochemical variables. Ellipses represent 80% confidence intervals. 
Arrows indicate the loadings of selected microbial (pmoA, mcrA transcripts) and geochemical (e.g., plaque on (DOC, 0.5 M + 6 M HCl extracted), ammonium) 
variables driving the separation along principal components.
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4. Discussion

Repeated additions of organic exudates and O2 resulted in distinct 
microbial and geochemical soil responses that depend on root trait 
combinations, as indicated by their separation in the PCA ordination 
(Fig. 3D). Organic exudation, O2 release, and their interaction signifi
cantly influenced microbial CO2 and CH4 emissions and selected func
tional genes, as confirmed by the LMMs (Fig. 1, Tab. S2-3, Fig. S6, Tab. 
S8–10). The combined addition of organic exudates and O2 to this 
mineral soil with low SOC and high MAOC (Tab. 2) decreased the overall 
warming potential compared to organic exudation alone, consistent 
with a strengthened Fe-oxide “rusty C sink” and elevated activity of CH4 
oxidizers (conceptualized in Fig. 4). These findings highlight the 
importance of root trait combinations, particularly the interactive effect 
of organic exudation and O2 release, for wetland C cycling alongside 
hydrology and SOC quantity and quality. In the following, we separate 
the discussion into two parts, one on the effects of organic exudates and 
O2 release, and the other on specific effects of their combination.

4.1. Organic exudates and O2 release altered microbial and geochemical 
soil responses in opposite directions

Three linked mechanisms drove alterations in CO2 and CH4 emis
sions: (1) Fe-OC interactions, (2) shifts in OC decomposition pathways, 
and (2) opposing activity of methanogens and methanotrophs (illus
trated in Fig. 4).

Organic exudates containing low-molecular-weight carboxylates like 
malate and citrate likely promoted ligand-induced dissolution of Fe(III) 
minerals (Fig. 3A). In line with the findings of others (Keiluweit et al., 
2015; Li et al., 2021), this process would co-mobilize associated OC and 
increase the availability of aromatic DOC (Fig. S4). In such anoxic sys
tems, mobilized Fe(III) and OC can fuel fermentation and more Fe(III) 
reduction, alleviating energetic constraints on anaerobic respiration 
(Duchesneau et al., 2025). Given that 77% of SOC in this soil was MAOC, 
mobilization of Fe-associated OC likely accessed a substantial mineral- 
bound pool (Voggenreiter et al., 2024), even though the sequential ex
tractions used here do not isolate the Fe-specific fraction of MAOC.

Parallel to Fe(III) reduction, organic exudates altered N cycling. 
Organic-exudate-derived glycine was efficiently mineralized, with 
approximately 20% recovered as NH4

+, whereas NO3
– accumulation re

mains minimal (<0.1%, Tab. S11, Fig. S7B). This pattern is consistent 
with ammonification as a major anaerobic pathway, providing addi
tional electron donors (Jeannotte, 2014) and only minor heterotrophic 
nitrification in localized microsites. The resulting increase in reduced N 
further supported microbial growth and activity under organic exudate 
addition.

These geochemical shifts translated into distinct microbial responses. 
Organic exudates stimulated overall microbial activity, as reflected in 
higher 16S rRNA transcripts, and favored anaerobic decomposers and 
methanogens. The substantial increase in mcrA transcripts under organic 
exudate addition, combined with elevated fermentation products and 
higher CH4 emissions, indicates efficient channeling of organic exudate- 
derived and mobilized C into methanogenesis (Fig. 1B, Fig. 3C, Fig. S6E) 
(Waldo et al., 2019; Wild et al., 2016). The temporal pattern, with early 
divergence of CH4 trajectories and delayed CO2 increases, together with 
relatively low CO2/CH4 ratios, suggests a prominent contribution of 
hydrogenotrophic methanogenesis. Acetoclastic methanogenesis, being 
more sensitive to initial acidic, Fe(III) reducing conditions (Hattori, 
2008; Lovley and Phillips, 1987) was likely limited at first. As pH 
partially recovered and DOC aromaticity declined later in the incubation 
(Fig. S5, Fig. S7C), conditions became more favorable for a broader set of 
methanogenic pathways.

In contrast, simulated O2 exudation mimicking ROL, reduced both 
CO2 and CH4 emissions relative to the no-addition control (Fig. 1). 
Continuous O2 supply supported (1) the formation of Fe (oxyhydr)ox
ides as plaques around the artificial root, (2) enhanced Fe-associated OC, 
and (3) stimulated methanotrophs, as indicated in Fig. 4. The formation 
of a persistent Fe root plaque is supported by increased both reactive and 
recalcitrant Fe pools (Fig. 2), and its association with OC indicates 
effective trapping of DOC and reduced substrate availability for anaer
obic respiration (Fig. 2, Fig. S4, Fig. S5). This is consistent with the 
formation of a “rusty C sink” in mineral soils (Chen et al., 2014; Zhu 
et al., 2023). Lower Fe(II)/Fetot ratios indicate thermodynamic sup
pression of methanogenesis, while increased pmoA transcript abundance 
and lower CH4 emissions demonstrate stimulation of methanotrophic 
activity with efficient CH4 oxidation in oxygenated microsites (Bian 
et al., 2020; Noyce et al., 2023; Teh et al., 2005).

The response to O2 addition contrasts with findings from high-SOC 
peat soils, where O2 inputs accelerated aerobic decomposition and 
increased CO2 release, as shown by Krüger et al., 2025. In the low-SOC, 
mineral-dominated soil studied here, strong Fe-OC interactions favored 
incorporation and stabilization of C in Fe mineral phases and microbial 
biomass rather than increased respiratory CO2 losses. Suppression of 
strictly anaerobic pathways could have further contributed to lower CH4 
emissions under O2 supply. Together, the single-trait treatments show 
that organic exudation in mineral anoxic soil amplifies fermentation, Fe 
(III) reduction, and methanogenesis, whereas O2 release reinforces Fe- 
bound C stabilization, constrains methanogenesis, and promotes meth
anotrophy (Fig. 4).

Fig. 4. Conceptual understanding derived from the present study how individual and combined root traits, namely organic exudation and O2 release, regulate the 
rusty carbon sink and associated greenhouse gas emissions. Red: formed iron plaque around roots, light blue: O2 released from roots. OC:Fe values represent the ratios 
of OC to Fe in iron plaque using the reactive Fe fraction (targeted in a 0.5 M HCl extraction).
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4.2. Interactive impacts of organic exudates and O2 release on the rusty C 
sink and related GHG dynamics

The combination of organic exudation and O2 release decreased CH4 
emissions by 20% relative to the control, while it increased CO2 emis
sions by 70% (Fig. 1, conceptualized in Fig. 4). These outcomes were not 
predictable from single-trait effects alone and reflect coupled Fe-OC 
dynamics and active CH4 cycling. Here, repeated cycles of organic 
exudate-driven Fe dissolution and O2-driven re-precipitation at the 
artificial root surface enhanced plaque growth and Fe-associated OC 
trapping compared to single-trait treatments (Fig. 2A–C, Fig. S4).

Under combined inputs, both reactive and recalcitrant Fe pools 
increased, and OC bound to these phases was substantially enriched 
(Fig. 2). OC:Fe ratios larger than one indicate that co-precipitation 
dominated over adsorption, forming a more stable Fe-bound C pool 
and supporting the concept of a more persistent rusty C sink (Chen et al., 
2014; Bhattacharyya et al., 2018) (conceptualized in Fig. 4). The com
bined treatment trapped nearly twice as much OC in Fe-associated 
phases as organic exudates alone (Fig. 2D), which reduced the fraction 
of added and mobilized OC available for mineralization. Cumulative 
CO2 emissions thus remained lower than in the organic exudate-only 
treatment despite sustained inputs of labile substrates. These results 
are consistent with the idea that O2-driven plaque formation can stabi
lize organic exudate-derived OC and MAOC when both traits co-occur.

At the same time, combined organic exudation and O2 release 
stimulated multiple microbial processes. Fermentation products and 
elevated ammonium confirmed active decomposition and N minerali
zation (Fig. 3C, Fig. S7, Tab. S11). The transcript of mcrA and pmoA 
increased under the combined treatment (Fig. 3B, Fig. S6E), indicating 
that methanogenesis and CH4 oxidation were simultaneously stimu
lated. The net outcome of reduced CH4 emissions despite increased 
methanogenic potential implies efficient CH4 recycling within oxygen
ated and Fe-rich microsites, where methanotrophs and alternative 
electron-accepting processes limit the escape of CH4 to the headspace. 
Thus, the combined traits support strong internal CH4 cycling in com
bination with a strengthened rusty C sink (Fig. 4).

The porous artificial root used here mimicked organic exudation and 
ROL and induced controlled plaque formation, but it did not capture full 
rhizosphere biology, including root growth, exudate turnover at the root 
surface, and plant uptake. The experiment is therefore best interpreted 
in terms of process contrasts among treatments rather than absolute 
plant fluxes. Nevertheless, the observed non-additive behavior demon
strates that predictions based solely on single traits risk misrepresenting 
wetland Fe-C-CH4 interactions. The results emphasize that the rate and 
composition of organic exudation, the magnitude and spatial pattern of 
ROL jointly define whether mineral-dominated anoxic soils act as net 
sources or partial sinks for exudate-derived C and CH4. Precise consid
eration of interacting root traits and Fe-mediated stabilization is there
fore essential for projecting CO2 and CH4 dynamics in thawing 
permafrost wetlands, agricultural wetlands, and restored systems where 
roots increasingly occupy mineral horizons.

4.3. Ecological implications

Wetland root traits control wetland C processes, yet the combination 
of root traits can exert opposing outcomes in terms of GHG emissions. 
These findings are relevant to both natural and managed wetlands, 
including agricultural and restored systems, where combining organic 
exudation with ROL can lead to decreased CH4 emissions while stabi
lizing OC. In this study, organic and O2 exudation were implemented at 
realistic concentrations based on field measurements (organic exudates) 
and O2 release rates of different wetland species (Li et al., 2011). 
However, it is important to recognize that these root traits exhibit sub
stantial variability both intra- and interspecifically, as well as under 
different environmental conditions, including diurnal and seasonal dy
namics. In addition, the magnitude and composition of both organic and 

O2 exudation can vary strongly with root type (e.g., young vs. mature 
roots, active vs. structural roots) and with the plant’s developmental 
stage. Moreover, differences in diffusion kinetics between gaseous O2 
and dissolved organic exudates imply distinct spatial and temporal 
scales of influence around roots (York et al., 2016). Rapid O2 diffusion 
creates sharp but spatially limited oxidizing zones, while slower diffu
sion of dissolved organics likely generates broader, longer-lasting im
pacts on microbial processes. Understanding these dynamics is essential 
for accurately predicting root trait interactions and their consequences 
for GHG emissions. Our findings from mineral-dominated, low SOC soils 
suggest that stimulatory effects could be overstated if research exclu
sively considers organic exudation without concurrent O2 exudation. 
Vascular plant roots are expected to grow further downward following 
warming-induced deepening of active layers (Blume-Werry et al., 2019), 
thus reaching soil horizons with lower SOC contents compared to sur
face peat soils. Considering this and that ROL predominantly occurs at 
root tips, studies on wetland plant root traits should not solely focus on 
organic-rich peat. Root traits constitute a primary axis of wetland C 
cycling (Määttä and Malhotra, 2024) alongside hydrology and SOC 
quantity/quality. Considering their combined expression is therefore 
crucial for predicting CO2 and CH4 outcomes.

Future studies should thus systematically assess how different com
binations of organic exudation and O2 release influence GHG emissions 
across soil types and plant or root densities. Ultimately, understanding 
plant species-specific variations in organic and O2 exudation under 
changing environmental conditions, such as fluctuating water levels, 
seasonal variability, and climate-induced warming, will increase our 
capacity to predict and manage wetland contributions to global climate 
change. With this, the present findings add information with ecological 
implications across different wetland ecosystems, e.g. (1) to help esti
mate and predict C processes and GHG release from expanding thawed 
permafrost (Christensen, 2024), and (2) to manage restored and agri
cultural wetlands where the precise knowledge of the effect of combined 
root traits will help develop strategies to reduce GHG emissions, e.g., 
through optimizing conditions for C sequestration or minimizing CH4 
release. By accounting for interacting root traits, the results refine pro
jections of CH4 fluxes under climate warming, particularly as roots 
penetrate mineral horizons with distinct redox and C conditions. Man
agement should prioritize plant species or mixtures with a high ratio of 
ROL to organic exudation and maintain water levels that sustain thin 
oxic zones around root tips promoting Fe-oxide plaque formation and 
CH4 oxidation.
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