Geoderma 470 (2026) 117834

Contents lists available at ScienceDirect

GEODERMA

Geoderma

journal homepage: www.elsevier.com/locate/geoderma

ELSEVIER

Temperature-dependent kinetics of microbial particulate organic matter
reduction and its regulatory effect on CH4 emissions in peatlands™

Hong-Yan Wang %P yan Xin?, Ruo-Yi Zhen®, Andreas Kappler“, Klaus-Holger Knorr " @,
Zhi-Guo Yu™

@ School of Hydrology and Water Resources, Nanjing University of Information Science and Technology, Nanjing 210044, China

® University of Miinster, Institute for Landscape Ecology, Ecohydrology and Biogeochemistry Group, Heisenbergstr. 2, Miinster 48149, Germany

¢ State Key Lab of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China
4 Geomicrobiology, Department of Geosciences, Tiibingen 72076, Germany

ARTICLE INFO ABSTRACT

Keywords:

Particulate organic matter

Anoxic respiration

Electron accepting capacities (EAC)
Mediated electrochemical reduction (MER)
Temperature

Methane

Particulate organic matter (POM) is increasingly recognized as an important electron acceptor influencing
methane (CH4) dynamics in peatland soils. However, the temperature-dependent kinetics of microbial POM
reduction remain unclear. In this study, peat soils collected from five poor fens in China were incubated under
anoxic conditions at 15 and 30°C. Microbial reduction of POM was assessed by tracking its electron accepting
capacities (EACpom) over time using mediated electrochemical reduction (MER). The effect of POM reduction on
net CH,4 formation was examined in peat soils from the Tibetan Plateau. Results demonstrated that EACpom
decreased exponentially, following pseudo-first-order kinetics (R*> = 0.86-0.99). On average, 58 + 12%
(120-860 pmol e- (g peat C)'l) of the electrochemically reducible EACpoy was microbially accessible. This
fraction remained largely invariant with temperature and was comparable to values previously reported for
DOM. The first-order rate constants (kq) at 30°C (0.08 to 0.28 dh were, on average, three times higher than at
15°C. Temperature sensitivity (Q1030.15:c) ranged from 1.8 to 2.5, consistent with Q10 values involving inor-
ganic electron acceptor reductions. The CH,4 formation became significant only after ~ 90% of the microbially
available EACpom (A\AEACpon) was depleted. Elevated temperatures accelerated POM reduction, resulting in an
earlier onset of CH4 formation. These findings provide insights into the temperature-dependent kinetics of mi-
crobial POM reductions and underscore its gatekeeping role in CH4 emissions from peatland ecosystems.

1. Introduction et al., 2013; Bridgham et al., 2013; Conrad, 2023; Feng et al., 2020),

limiting their representation in climate models.

Peatlands play a crucial role in global carbon cycling and climate
change mitigation. Despite occupying less than 3% of earth’s surface,
they store more than 30% (~1055 Gt) of the terrestrial carbon pool as
peat (Yu, 2012; Nichols and Peteet, 2019). However, their permanently
or periodically waterlogged conditions promote methane (CH,4) emis-
sions, contributing up to 10% of global CH4 emissions (Saunois et al.,
2020). Given that CH4 has a global warming potential more than 28
times greater than CO5 over a century, increasing CH4 release from
warming peatlands poses a significant positive climate feedback (Hopple
et al., 2020; Roth et al., 2023). Despite this importance, the biogeo-
chemical mechanisms regulating CH,4 emissions and the temperature
sensitivity of those emissions remain poorly constrained (Andersen

Under anoxic conditions, complex plant residues are hydrolyzed and
fermented into substrates such as H,, CO,, and acetate, which are either
oxidized through terminal electron-accepting processes or used in
methanogenesis when alternative electron acceptors (EAs) become
depleted (Blodau, 2011; Conrad, 2020). Inorganic EAs such as Fe(IIl),
SO7~ and NOgs, along with organic EAs such as quinone molecules,
support anaerobic respiration processes that are thermodynamically
favorable than methanogenesis, thereby delaying CH4 formation (Knorr
et al., 2008, 2009; Choi et al., 2025). The soil organic matter (SOM) is
broadly categorized into dissolved organic matter (DOM) and particu-
late organic matter (POM). DOM refers to the fraction passing through a
0.45 pm filter (Thurman, 1985; Bolan et al., 1999), whereas POM
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comprises the solid fraction (Fichez et al., 1993). In peat soils, exceeding
90% of SOM exists as POM, which either adsorbs onto or co-precipitates
with minerals, or occurs as free particles (Gorham, 1991; Lalonde et al.,
2012; Cotrufo and Lavallee, 2022). In peatlands, particularly those with
ombrotrophic status, POM is considered as the largest EA pool (Lau
et al., 2015; Gao et al., 2019a; Joshi et al., 2021; Guth et al., 2023). Its
concentration and reduction rates are therefore key controls on CHy
formation.

The reduction of DOM has been extensively studied (Scott et al.,
1998; Bauer et al., 2007; Kliipfel et al., 2014; Aeschbacher et al., 2010;
Yang et al., 2016; Walpen et al., 2018). Bauer et al. (2007) demonstrates
that chemical reduction of DOM by hydrogen sulfide and metallic Zn
follows a pseudo-first-order rate law, while Jiang and Kappler (2008)
reports that DOM reduction by Geobacter sulfurreducens can be
completed within minutes. In contrast, although regulatory role of POM
in anaerobic respiration has been recognized (Gao et al., 2019a; Guth
et al., 2023), the kinetics and environmental controls of microbial POM
reduction, particularly temperature, remain poorly understood.

Microbial processes such as hydrolysis, fermentation and respiration
are strongly temperature-dependent (Price and Sowers, 2004; Schipper
etal., 2014). The temperature responses of inorganic EAs such as Fe(III),
NOj3 and SO7 reductions have been well characterized, with Q10 value
mostly reported from 1.5 to 3.0 (Meier et al., 2005; Schilling et al., 2019;
Pallud and Van Cappellen, 2006; Robador et al., 2016). Although Q10 of
anaerobic respiration in peatlands is generally comparable to other soils
(Liuetal., 2024), no studies have explicitly investigated the temperature
sensitivity of microbial POM reduction. Furthermore, the temperature
sensitivity of CH4 emissions in wetlands often shows greater variability
than that of CO, emissions (Liu et al., 2019), partly because CHy4 for-
mation is preceded by a temperature-dependent lag associated with
reduction of electron acceptors (Van Hulzen et al., 1999). Investigating
the temperature-dependent kinetics of POM reduction and its linkage to
CH4 formation can therefore provide a more mechanistic basis for un-
derstanding the temperature response of methanogenesis in peatlands.

The studies of Rush et al. (2021) and Keller et al. (2023) assesses
microbial POM reduction at varying temperatures using Fe(III)-based
electron-shuttling assays. However, these approaches may substan-
tially underestimate microbially available EACpoy (AEACpoy) due to
the slow electron transfer between POM and chemical reactants. In
contrast, mediated electrochemical reduction (MER) analysis enables
efficient electron transfers between POM and electrodes due to the
presence of suitable mediators (Aeschbacher et al., 2010; Joshi et al.,
2021). Previous studies by Gao et al. (2019a) and Guth et al. (2023) have
validated MER as an effective technique to track microbial POM re-
ductions, explaining on average 70% of non-methanogenic CO, forma-
tion. Building on these findings, we aimed to further explore
temperature-dependence of POM reduction kinetics and its conse-
quences for subsequent CH,4 formation.

In this study, we hypothesized that characteristics of POM reduction
were comparable to those of inorganic EAs. We further hypothesized
that elevated temperatures accelerated POM reduction and led to an
earlier onset of CH4 formation. To test those hypotheses, we collected
representative peat soils from different regions of China and incubated
them under controlled laboratory conditions. MER was applied to track
kinetics of microbial POM reduction at 15 and 30°C. A first order kinetic
model was then fitted to the time course of POM reduction to assess the
kinetic parameters and evaluate temperature effects. Furthermore, we
monitored CH4 and CO5 formation in peat soils from the Tibetan plateau
to constrain how temperature-dependent POM reduction influenced CH4
formation.

2. Materials and Methods
2.1. Peat soil collection and chemical characterization

The peat soils investigated in this study were collected from five
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representative peatlands in different regions of China (Fig. 1). Dajiuhu
peatland (DJH, 31°48.1' N, 110°00.3' E) is located in the Shennongjia
forestry region of central China; Zoige (HY, 33°27' N, 102°37.98' E) and
Linzhi peatland (LZ, 29°36.32' N, 94°44.95' E) are situated on the Ti-
betan plateau; TX (TX, 42°16.249' N, 127°51.665' E) represents a
northern peatland from Changbai Mountain region, while Tuqiang (TQ,
52°567' N, 122°34.2' E) is a typical permafrost peatland located in
Greater Khingan Mountains. Vegetation in these peatlands is dominated
by sedges such as Carex sp., with peat mosses present only to a limited
extent. Based on vegetation composition and porewater pH (~5.0-
~5.5), all sites are classified as poor oligotrophic fens (Watmough et al.,
2022). Additional information on these peatlands is available in previ-
ous studies (Liu et al., 2019; Song et al., 2021; Zhang et al., 2022; Wang
et al., 2023).

At each peatland site, six peat cores with a diameter of 5 cm were
randomly collected from the top 0-20 cm using a Russian peat corer (Eij-
kelkamp Agrisearch Equipment, Giesbeek, The Netherlands). All sub-
samples were taken within a 5.0 m diameter area. The collected peat
soils were stored at 4°C under aerobic conditions until the experimental
setup. Monitoring of EACpgoy in peat soils following exposure to atmo-
spheric oxygen indicated that the peat became fully oxidized within a
few days (Fig. S1).

After removing visible plant debris, peat samples were air-dried,
homogenized, ground with a vibratory cup mill, and then sieved
through a 100-mesh screen (particle size < 0.15 mm). Although the
milling may expose redox-active moieties in POM that would otherwise
inaccessible to microbes or mediators (Joshi et al., 2021), this step is
necessary to reduce soil heterogeneity and improve electron transfer
efficiency between mediator and POM during MER analysis. Total car-
bon (C), nitrogen (N) and sulfur (S) contents were determined using an
elemental analyzer (UNICUBE, Elementar GmbH, Langenselbold, Ger-
many). Total manganese (Mn) and iron (Fe) content were measured by
inductively coupled plasma mass spectrometry (ICP-MS, X-series,
Thermo Fisher) after acid digestion. Water-extractable organic carbon
(WEOC) was obtained by shaking air-dried peat in ultrapure water at a
solid-to-liquid ratio of 1:20 (w:v) for 12 h. The suspension was then
filtered through 0.45-pm Nylon filters, and the filtrate was acidified to
pH < 2 with phosphoric acid (H3PO4). The WEOC concentrations were
measured using a TOC analyzer (TOC-L, Shimadzu, Tokyo, Japan).
Specific UV absorbance at 254 nm (SUVAgs4) was measured with a
UV-Vis spectrometer (DR6000, Hach-Lange, Diisseldorf, Germany) to
assess DOM aromaticity (Weishaar et al., 2003). The initial EACpoy
(EACpom(0)) was measured by shaking a suspension of 1.0 g peat soil in
150 mL ultrapure water for one hour.

2.2. Incubation setups

To investigate the temperature response of microbial POM reduction
and its relationship to net CH4 formation, we selected temperatures of
15 and 30°C for the anoxic incubations. Previous studies suggest that net
CH4 formation remains low below 10°C due to limited methanogenic
enzyme activity (Feng et al., 2020; Conrad, 2023). Thus, 15°C was
chosen to represent a low temperature, which is also typical of summer
temperatures across many peatlands. In contrast, maximum summer
temperature in northern peatlands can exceed 30°C, a level at which
peak CH4 formation is often observed (Blake et al., 2015; Conrad, 2023).
Thus, 30°C was selected as the high incubation temperature.

Before setting up the incubations, No-gas-flushed water and peat soils
were placed in a glovebox (N2 atmosphere, O < 1 ppm) and deoxy-
genated for ~ 24 h. All incubation setups and subsequent samplings
were conducted inside the glovebox. For each incubation, approxi-
mately 1.0 g of dry peat soils was transferred into a 250 mL serum bottle,
and 150 mL of ultrapure water was added. To introduce an active mi-
crobial community, 0.1 g (~0.01 g dry weight) of fresh peat from each
respective site was also added into incubation bottles (Gao et al., 2019a).
The bottles were subsequently sealed with butyl-rubber stoppers and
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Fig. 1. Locations of the peatland sites investigated in this study.

incubated in the dark at 15 and 30°C, respectively.

Destructive sampling was performed to measure solute chemistry,
gas formation and EACpopm(t) at each time point. For each sampling
event, triplicate bottles from each temperature were destructively

et al. 2019a). To monitor net CH4 formation and its linkage to EACpom

sampled. For TQ, DT and DJH, an incubation duration of approximately
50 days was selected, following time scales used in previous studies (Gao

dynamics, longer incubation times (approximately 90 days) were used
for peat soils from Tibetan plateau (HY and LZ). The experimental and
analytical design is summarized in Fig. 2.
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Fig. 2. Analytical scheme of the experiment (a), design of the electrochemical cell used for mediated electrochemical reduction (MER) analysis (b), and repre-
sentative reductive current peak in response to three successive additions of suspended peat soils at increasing amount (c). The design of the electrochemical cell and
the analytical procedures follow methodologies outlined by Lau et al. (2015) and Joshi et al. (2021). The cell consisted a glassy carbon (GC) working electrode, a

platinum wire counter electrode separated from the main compartment by a porous glass frit, and an Ag/AgCl reference electrode.
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2.3. Solute chemistry and gas analyses

Solute pH, dissolved organic carbon (DOC) concentration and Fe
speciation in both dissolved and solid phases were measured in triplicate
bottles at each sampling event. Throughout the incubation period, solute
pH in all peat soil remained between ~ 5.0-~6.0 (SenTix and ProfiLine
3310, WTW, Germany). The DOC concentrations were measured using a
TOC analyzer (TOC-L, Shimadzu, Japan). Concentrations of Fe(II) and
Fe(III) in the dissolved phase were determined using the ferrozine assay
(Viollier et al., 2000). Additionally, reactive iron in the solid phase was
extracted using 0.5 M HCI in a solid suspension (Lau et al., 2015). The
acid extraction was carried out for 24 h on a shaker (150 rpm) under a
Ny atmosphere. Fe(II) and Fe(III) concentrations in extracts were
quantified using the ferrozine method (Viollier et al., 2000).

For HY and LZ peat, headspace gas concentrations including COo,
CH4, and H,, as well as acetate concentrations, were monitored
throughout the incubation. At each sampling timepoint, 2.0 mL of gas
were extracted from the serum bottle headspace using a sterile syringe.
Gas concentrations were determined using a Gas Chromatograph
(GC8090B, Agilent, Santa Clara, USA) equipped with a thermal con-
ductivity detector (TCD), and a flame ionization detector (FID) coupled
with a nickel catalyst mechanizer. Headspace Hy concentrations were
measured using a TCD with a detection limit of 10 ppm. The CH4 and
CO; concentrations were measured using the FID coupled with nickel
catalyst mechanizer when headspace concentrations were below 2000
ppm, and using the TCD when they exceeded 2000 ppm. Aqueous gas
concentrations were calculated using Herny’s constants corrected for
the incubation temperature (Lide and Frederikse, 1995). Dissolved
inorganic carbon (DIC) speciation was further calculated using
measured porewater pH and equilibrium constants (Stumm and Morgan,
1995). Cumulative gas concentrations in peat soils were calculated by
summing headspace and dissolved gas concentrations, and normalized
to per gram of carbon in peat soils. Acetate concentrations were deter-
mined by High-Performance Liquid Chromatography (HPLC, SPD-
M20A, Shimadzu) equipped with a UV detector.

2.4. Mediated electrochemical reduction analysis

Electrochemical analyses were conducted following the protocols
described by Lau et al. (2015) and Joshi et al. (2021) (Fig. 2b). A 0.2
mol L™} potassium hydrogen phosphate (KH,PO4, Sigma Aldrich) buffer
was used in the electrochemical cells (pH = 7.0, containing 0.1 mol L™
KCl as background electrolyte). The probe compound, 4,4-bipyr-
idinium-1,1'-bis(2-ethylsulfonate) (zwitterionic viologen, ZiV, Eh (Ziv®/
ZiVe—) = — 0.41 V versus standard hydrogen electrode) (Sander et al.,
2015), which acted as the reducing mediator, was synthesized following
Bhandari et al. (2010) and Gorski et al. (2012). All solutions were
deoxygenated with N5 and equilibrated overnight in a glovebox prior to
use. Electrochemical measurements were performed inside the glovebox
using a one-channel potentiostat (ChI630E, Chenhua, Shanghai). For
MER measurements, the working electrode potential was set to —0.49 V
(measured against Ag/AgCl reference electrodes but normalized to the
standard hydrogen electrode).

Initially, 10.0 mL of buffer was added to the electrochemical cell.
Once the baseline current stabilized, 180 uL of 0.1 mol L™} ZiV was
introduced. The EACpoy was determined by filtering samples through
0.45-um Nylon syringe filters and adding 150 pL of the filtrate to the cell.
For solids- containing suspensions, 50 pL (containing 0.33 mg of dry peat
soil) were added directly to the cell. Representative current-time
response curves are shown in Fig. 2¢. Each sample remained in the
electrochemical cell for ~ 60 min to allow reductive currents to return to
baseline levels. The EACpoy or EACpoy was obtained by the following
equation:

EAC =1 fIM_E“dt .

F Mearbon
Where Iyjgr(A) is the baseline-corrected reduction current integrated
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over time (A sec); Mearbon iS the mass of carbon added (g), as DOC
content represented less than 2% of total organic carbon, the solid-phase
carbon content in suspension was calculated by multiplying the sus-
pended soil mass by the total organic carbon ratio in peat soils (Gao
et al., 2019a, Guth et al., 2023); F is the Faraday constant (96,485 A sec
(mol e')'l). Final EACpoy values were corrected by subtracting the EAC
contributions of dissolved Fe(III). EACpoy were calculated by subtract-
ing EACpoym and the solid-phase Fe(III) extracted with 0.5 M HCI from
the total EAC measured in the suspension. In original, air-dried peat
soils, solid-phase Fe(Ill) significantly contributed to the EAC. Due to the
rapid reduction of Fe(III) under anoxic conditions, Fe(IIl) extracted with
0.5 M HClI from solid peat soil was detected only during the first sam-
pling event in TX. At other sites and later sampling times, the extracted
iron consisted exclusively Fe(I). Although sulfur was present in sub-
stantial concentrations in the peat, sulfate in solution was below
detection limits, indicating that sulfur predominantly existed in organic
forms (Wang et al., 2025) (Table 1). Total manganese (Mn) in peat soils
ranged from 1.5 to 10 umol g~ ! peat (Table 1), suggesting contribution
of Mn to EAC (3 to 20 ymol e- g_l peat) to be minimal. Furthermore, due
to the high redox potential of the Mn(IV)/Mn(Il) equilibrium, Mn in
aerobic soils occurs predominately as Mn(II), either complexed with
organic matter or in exchangeable form (Zahoransky et al., 2022). Thus,
Mn was excluded in the calculation of the EAC for peat soils.

2.5. Kinetics and temperature sensitivity of POM reduction

Kinetic curves of POM reduction were fitted using non-linear least
squares regression with the following equation (Roden and Wetzel,
2002):

EACPOM(t) % a—Kreqt
m =a"e dt+1—a (2)
Where EACpowm(t) was the EACpoy at time t, EACpom(0) was the initial
EACpoy. The parameter a represented the fraction of microbially
available EACpoy to EACpom(0). The microbially available EACpoy
(AEACponm) was defined as the difference between EACpom(0) and the
stabilized EACpoy after prolonged incubation. The rate constant kyeq
represented the first-order rate constant for microbial POM reduction. A
detailed derivation of Eq. (2) is provided in the supporting
information.

The temperature sensitivity (Q10) of POM reduction was calculated
using the rate constants obtained at two temperatures (T1 and T2) as
follows:

10

M)Tzq"l (4)

Q10 = (

red(T1)

2.6. Gibbs free energy calculations for CH4 emissions

The Gibbs free energies (AG) of net CH4 formation via acetate
cleavage or CO; reduction by Hy were calculated following Beer and
Blodau (2007). Standard Gibbs free energies (AG?, 25°C and 1 atm) were
applied as follows:

CO;, reduction by Hj:

CO2 (aq) + 4H; (aq) — CH4 (aq) + 2H20 (1) AG898.15K =-193.1 kJ
(Nordstrom and Munz, 1994; Stumm and Morgan, 1981).

Acetate cleavage:

CH3CO0" (aq) + H' (aq) — CO2 (aq) + CHy (aq) AGlog.15x = -51.0kJ
(Nordstrom and Munoz, 1994).

The AG; at different temperature was adjusted using the van’s Hoff
equation and the free energy of formation AHC. The pressure de-
pendency was neglected, and concentrations were converted to activ-
ities using the extended Law of Debye-Hiickel for ionic strengths lower
than 0.01 mol L' (Beer and Blodau, 2007). The dissolved CO, con-
centration was calculated according to DIC concentration, temperature
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Table 1
Chemical properties of peat soils collected from different peatlands.
Site C% N% C/N WEOC mg L! SUVAys4 Fe (II) S Mn EACpom(0)
L (mg m)! umol (g peat) umol (g peat)™! umol (g peat)™ [umol e (g peat C)]
X 32.8 1.6 20 179 0.68 35 56 3.5 1101 £ 75
LZ 41.4 2.7 15 146 0.99 26 101 5.0 466 + 17
HY 39.1 2.1 18 168 0.54 13 93 2.9 459 + 14
TQ 37.2 1.6 24 233 0.50 18 53 9.8 813 + 46
DJH 29.1 1.7 17 220 0.57 28 58 1.5 907 + 27

WEOC: water-extractable organic carbon, which was determined as the concentration of organic carbon in peat extracts; SUVA,s4: specific UV absorbance at 254 nm;

EACpom(0): initial electron accepting capacity of particulate organic matter.

and pH.
2.7. Statistical analysis
Statistical analyses were conducted using SPSS (version 20, IBM).
3. Results
3.1. Chemical properties of peat soils

The peat soils collected from different peatlands exhibited charac-
teristics typical of poor fens (Table 1). Carbon content ranged from 29 to
41%, with carbon-to-nitrogen (C/N) ratios between 15 and 24. The
WEOC concentration in extracts (w:v = 1: 20) varied from 146 to 233
mg L~L The Fe(IIl) extracted with 0.5 M HCl averaged at 24 umol g’1
peat, contributing to ~ 6 to 12% of initial EAC in peat soils. Although
previous studies suggest that Fe(III) content may be underestimated due
to electron transfer from reduced quinones to Fe(Ill) during acid
extraction (Lau et al., 2015), this is unlikely in the present study, as
reduced quinones were fully oxidized in initial peat soils. The EACpoy in
peat soils ranged from 459 to 1016 umol e~ (g peat C) ™}, consistent with
global values reported by Guth et al. (2023). Over the course of in-
cubations, EACpoy ranged from < 100 to 800 umol e~ (g DOM ol
corresponding to < 10 pmol e~ (g peat C)! (Fig. $2), indicating that
EACpoym contributed only a minor fraction of total EAC in the peat soils.

3.2. Kinetics of microbial POM reduction

The EACpoym decreased rapidly during initial days of incubation,
followed by a slower, continuous decline that gradually approached a
non-zero constant value (Fig. 3). By the end of incubation, cumulative
electron transfers to POM ranged from 122 to 858 pmol e (g peat C) .
On average, residual EACpoy values accounted for approximately 53
and 35% of EACpopm(0) at 15 and 30 °C, respectively, showing positive
correlations with EACpopm(0) at both temperatures [®R?> 0.9, p < 0.05,
Fig. S3).

Despite differences in peat chemical composition (Table 1), micro-
bial POM reduction at all peat sites was well characterized by a pseudo-
first-order kinetic model, with R? values ranging from ~ 0.86 to 0.99
(Fig. 3, Table 2). Similarly, the reduction of dissolved humic substances
by Shewanella oneidensis MR-1 (data referred from Kliipfel et al., 2014)
also followed pseudo-first-order kinetics (Fig. 3, Table S1).

3.3. Temperature response of the microbial POM reduction

An increase in temperature significantly accelerated microbial POM
reduction (Fig. 3). At 30°C, the first-order rate constants (kyq) ranged
from 0.08 to 0.28 d’!, with an average of 0.17 d!, approximately three
times as high as the rate observed at 15°C (Table 2). The calculated Q19
values for POM reduction ranged from 1.76 to 2.53 with an average
value of 2.0 + 0.28.
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Fig. 3. Evolution of the electron accepting capacity (EAC) of particulate organic matter (POM) and dissolved humic substances over time. The EACpop(t) were
normalized to the initial electron accepting capacities of POM (EACponm(0)), with fitted values thus ranging from 0 to 1.0. Kinetic data for the reduction of dissolved
humic substance by Shewanella oneidensis MR-1 were obtained from Kliipfel et al. (2014). SRHA: Suwannee River humic acid; PPHA: Pahokee Peat humic acid; LHA:
Leonardite Coal humic acid; ESHA: Elliot soil humic acid. Dashed lines represent nonlinear least-squares regression fits to first-order kinetics (Eq. (2).
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Table 2
Results of non-linear least-squares regression analysis of microbial particulate
organic matter (POM) reduction according to Eq. (2).

Temperature Parameters Sites
TX LZ HY TQ DJH
15°C Krea (d1) 0.07 + 0.05 + 0.02 + 0.06 + 0.12 +
0.01 0.01 0.01 0.01 0.03
a 0.74 + 0.51 + 0.57 + 0.41 + 0.46 +
0.03 0.02 0.03 0.03 0.03
R? 0.990 0.920 0.890 0.976 0.952
30°C Krea (d) 018+ 012+ 008+ 018+ 028+
0.02 0.02 0.02 0.05 0.03
a 0.78 + 0.60 + 0.61 + 0.53 + 0.62 +
0.01 0.02 0.03 0.03 0.01
R? 0.981 0.949 0.904 0.856 0.974
Q10 1.88 1.80 2.53 2.09 1.76

Both experimental data and kinetic modelling indicated that a sub-
stantial proportion of the electrochemically reducible POM moieties was
not microbially accessible (Table 2). Although elevated temperatures
accelerated the rate of POM reduction and resulted in a slightly lower
final EACpoyy, the change was within 10% in most peat soils. Across all
sites, the AEACpop averaged at 58 + 12%, comparable to the reduction
observed in dissolved humic acids (~61 & 1.6%, Table S1, data from
Kliipfel et al., 2014).

3.4. Temperature-dependent dynamics of net gas formation

The dynamics of POM reduction at selected sites (LZ and HY) were
subsequently linked to net CO, and CH4 formation to assess how
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temperature-dependent POM reduction influenced net CH4 formation
(Fig. 4). At 15°C, net CH4 formation remained low (<10 umol (g peat C)°
1) until days 70-85, by which time over 90% of AAEACpom had been
reduced in both LZ and HY peat soils. By day 85, net CH4 formation rates
in LZ and HY were 4.8 and 2.1 pmol (g peat C)* d'}, respectively. Prior to
onset of dominant methanogenesis, the CO5 to CH4 production ratio was
significantly greater than 1:1, it was defined as POM reduction stage.
During this stage, the Hy concentrations exhibited a transient increase,
reaching up to 6000 nmol L™ in HY and 2000 nmol L~} in LZ, before
decreasing and stabilizing at less than 100 nmol L™}, Acetate concen-
trations ranged from 100 to 500 yumol L™}, In HY, a transient increase in
acetate coincided with a period of lower POM reduction rate, whereas
acetate levels remained consistently low in LZ.

At 30°C, rapid POM reduction was accompanied by a swift net
consumption of Hy. The time scale of POM reduction was significantly
shortened, aligning with an earlier onset of CH4 formation (Fig. 4). By
day 25, net CH4 formation rates in LZ and HY had already increased
sharply, rising from 0.5 to 9.3 pmol (g peat €)' d"! in LZ and from 1.3 to
3.2 umol (g peat )1 d!in HY. At this stage, the ratio of net CO; to CHy
formation rates ranged from 1.0 to 1.1. Again, more than 90% of the
microbially-available EACpoy had already been reduced at this time. By
the end of the incubation, net CH4 accumulation reached 428 + 46 and
873 £ 72 pymol (g peat C)'1 in LZ and HY, respectively.

For acetoclastic methanogenesis, the AG ranged from ~ -72 to ~ -39
KJ mol~! (Fig. 5). For hydrogenotrophic methanogenesis, the AG ranged
from ~ -101 to —40 KJ mol ! at 15°C, and from ~ -90 to ~ -24 KJ mol !
at 30°C. As CH4 accumulated during incubation, AG yields for both
pathways declined, with hydrogenotrophic methanogenesis approach-
ing ~ -25 kJ mol ! at 30°C due to decreasing Hy levels.

30°C
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Fig. 4. Net formation dynamics of CO, and CH,4 along with changes in dissolved molecular hydrogen (H,), dissolved organic carbon (DOC) and acetate concen-
trations during the incubation period of peat soils from LZ and HY. The orange dashed line represents the estimated minimum value of EACponm(t)/EACpom(0),
derived from nonlinear regression using Eq. (2). For consistency with values reported in the literature, H, levels were presented as nanomolar, aqueous

concentrations.
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Fig. 5. The Gibbs free energy (AG) yields for acetoclastic and hydrogenotrophic methanogenesis over time in peat soils from HY and LZ incubated at 15 and 30°C.

For calculation details, see Section 2.6 of the Methods.
4. Discussion
4.1. Kinetics of microbial POM reduction

Our results demonstrate that POM reduction occurred rapidly and to
the greatest extent within the first few days of anoxic incubation, fol-
lowed by a slower, continuous reduction that approached an apparent
threshold of microbially available EACpoy (Fig. 3). This kinetic behavior
was well described by a pseudo-first-order kinetic model, consistent
with previous reports on the chemical and microbial reduction of dis-
solved humic acids (Bauer et al., 2007; Kliipfel et al., 2014), and mi-
crobial reduction of POM by Geobacter sulfurreducens strain PCA/
Shewanella purtrefaciens strains CN32 (Roden et al., 2010). The similarity
in reduction kinetics between dissolved humic acids and POM suggests
that similar underlying mechanisms govern their EAC dynamics. As also
described for other solid electron acceptors such as iron(oxy)hydroxides
(Hering and Stumm, 1990; Roden and Wetzel, 2002; Xu et al., 2025),
microbial organic matter reduction appears to be a surface-controlled
process, mediated by the interactions between microbial cells or elec-
tron shuttles and redox-active quinone groups on organic matter sur-
faces (Lovley et al. , 1996; Scott et al., 1998). Thus, the rate of microbial
organic matter reduction is largely influenced by the abundance of
accessible quinone groups. In addition, the curvilinear decline in EAC-
pom may also be attributed to substrate availabilities (Roden and Wetzel,
2002), as consistently low acetate concentrations in LZ during POM
reduction phase suggested substrate limitation (Fig. 4).We note, how-
ever, that in situ POM reduction rates may be overestimated in this study,
as milling increased the surface area of peat soils and exposed previously
inaccessible EACpoym (Joshi et al., 2021).

Across all sites and temperatures, a substantial proportion of elec-
trochemically reducible moieties in POM was found to be unavailable to
microbial reduction. This result aligns with previous results that not all
electrochemically or chemically reducible moieties in organic matter are
accessible to microbes (Kliipfel et al., 2014; Gao et al., 2019a; Joshi
et al., 2021; Obradovic et al., 2024, 2025; Guth et al., 2023; Choi et al.,
2025). Kliipfel et al. (2014) demonstrates that dissolved humic acids

with varying EAC are reduced to similar redox potentials (Eh ~ -0.2 V).
Similarly, Xiong et al. (2025) note that only quinones with Eh > -0.25V
may function as terminal electron acceptors in microbial respiration. For
quinones on POM surfaces, their Eh must be high enough to accept
electrons from extracellular respiratory microbes. Extracellular respi-
ration becomes energetically limited if microorganisms must expend
more energy oxidizing organic carbon than is gained by the electron
transfer to EAs (Jin and Bethke, 2003, 2005). Additionally, quinone
reduction requires accessibility, either directly by microbes or indirectly
via soluble redox mediators, such as riboflavin (Marsili et al., 2008).
Certain micropores in soil may be accessible through the employed
mediator ZiV, but not directly accessed by microbes. However, the
comparable ratios of microbially reducible to electrochemically reduc-
ible moieties in POM and DOM between our study and others suggest
that both processes are governed by surface redox potentials rather than
by physical processes (Kliipfel et al., 2014). We focused solely on the
sum of EAC at higher Eh values, where reduction is required for meth-
anogenesis to become competitive. Therefore, we did not further char-
acterize the Eh ranges at which POM accepts electrons. Additionally, we
did not measure Eh in incubation slurries, as Eh values in complex
environmental systems do not reliably represent specific redox pairs due
to kinetic constraints and redox disequilibria associated with the elec-
trodes used (Morris and Stumm, 1967; Stumm, 1984; Kumar and Riya-
zuddin, 2012).

The comparable extent of reduction of initial EAC of organic matter
as reported here and in previous studies (Gao et al., 2019a; Guth et al.,
2023) suggests that this range may be typical, if absolute EAC values
from MER are available or have been estimated from peat chemical
characteristics (Teickner et al., 2021). It is important to note that this
range is specific to the initial EAC obtained via MER under similar
conditions, as EAC of POM remains operationally defined (Joshi et al.,
2021). It further has to be noted that although reductive currents in the
MER analysis returned to baseline within 60 min, slower reduction of
internal POM regions may occur at rates undetectable by MER (Joshi
et al., 2021). Still, we claim that the MER approach effectively captures
the major fraction of microbially reducible sites in POM. If MER did not
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capture all microbially available EACpgy, then internal EACpoy would
be expected to continue sustaining anaerobic CO, formation even after
onset of methanogenesis. However, the near 1:1 CO:CHy4 net formation
ratio in both HY and LZ indicated minimal ongoing reduction of internal
sites (Yavitt and Seidmann, 2006; Gao et al., 2019). Recent studies using
extended chemical reduction times reports higher total EAC of organic
matter (Joshi et al., 2021; Obradovi¢ et al., 2024; Choi et al., 2025;
Rincon-Rodriguez et al., 2024), but the microbially available EACpoy
determined across studies, as in most cases determined by a difference in
EACpom before and after microbial reduction, remains comparable
(Joshi et al., 2021; Obradovi¢ et al., 2024, 2025).

4.2. Temperature sensitivity of microbial POM reduction

As expected, microbial POM reduction is temperature-sensitive, with
higher temperatures accelerating POM reduction. The observed Q10
values (1.8-2.5) fall within the range reported for inorganic EAs
including sulfate (Q10: 1.9-3.4), nitrate (Q10: 1.7-4.9) and Fe(III)
reduction (Q10: 0.8-5.3) in aquatic sediments and wetlands (Table 2,
Table S2). This suggests that microbial enzymes and metabolic path-
ways mediating electron transfers to quinones and inorganic acceptors
are similarly affected by temperature, implying that EACpoy dynamics
could be modeled analogously to inorganic electron acceptors. The
observed values are also consistent with the temperature sensitivity of
peatland CO, emissions (Mckenzie et al., 1998; Wang et al., 2023; Liu
et al., 2024). While our findings support previously reported Q10 values
for peat respiration, the absolute temperature-sensitivity values for POM
reduction provide important information for process-based modeling of
anaerobic respiration in peat. This is particularly relevant given the
rapid regeneration of EACpoy during water-table fluctuations (Knorr
et al., 2009; Walpen et al., 2018).

It is well documented that Q10 values generally decrease with
increasing temperature (Zhou et al., 2009; Liu et al., 2024). As mean
temperatures in northern peatlands are substantially lower than tem-
perature ranges applied in our study, we may somewhat underestimate
the temperature sensitivity of POM respiration in these ecosystems.
However, this potential underestimation is likely minimal, as our results
are comparable to our preliminary experiment conducted across a
broader temperature range (4, 10, 20, 27°C) (Gao et al., 2019b). In the
present study, we focused on relatively higher temperatures, as obtained
Q10 values are particularly relevant to CH4 emission, which are dis-
cussed in the following section.

4.3. The significance of temperature-dependent POM reduction for CHy4
formation in peatlands

Our results support previous findings that microbial POM reduction
suppresses CH4 formation (Gao et al., 2019a; Guth et al., 2023), and
further reveal that this suppression is temperature-dependent, with
warming accelerating POM reduction and leading to an earlier onset of
methanogenesis (Fig. 4).

During POM reduction, an initial transient increase in Hy was fol-
lowed by rapid consumption and stabilization at low levels, indicating
that Hy served as a primary electron donor. The initial Hp peak likely
reflected a short-term substrate surplus caused by disturbance, whereas
its rapid decline along with persistently low acetate concentrations re-
flected the transition to substrate limitation. Substrate limitation would
be expected to be one of the prerequisites for thermodynamic suppres-
sion of methanogenesis by POM reduction (Blodau, 2011). However,
Gibbs free energy calculations suggested that CH4 formation during the
POM reduction stage yielded even higher AG values than during
methanogenic phase (Fig. 5), consistent with previous studies (Peters
and Conrad, 1996; Yao and Conrad, 1999). Therefore, abundant
methanogens were obviously not capable to harvest the energy from Hy
or acetate consumption, yet electron flow was directed to the reduction
of POM as an electron acceptor, possibly due to kinetic constraints of
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higher threshold concentrations for the process to be initiated (Jetten
et al., 1990; Yao and Conrad, 1999). Consequently, the EACpoy can
apparently also serve as a reliable indicator of CH4 formation potential
in peatlands under transient substrate surpluses following system
disturbance, such as during water table level fluctuations.

The activation energy of methanogenesis is approximately 100kJ
mol !, which is typically higher than organic matter hydrolysis and
respiration (Yvon-Durocher et al., 2014; Conrad, 2023). At low tem-
perature (< 10°C), limited methanogen enzyme activity results in
characteristically low CH4 fluxes in peatlands (Conrad, 2023). Above
this threshold, substrate availability and other geochemical conditions,
such as redox potential, become the primary controls, allowing POM
reduction to compete more effectively with methanogenesis. Acceler-
ated EACpoy depletion under warming therefore shortens the POM
reduction phase and advances the onset of methanogenesis, amplifying
its net temperature sensitivity on the bulk scale (Van Hulzen et al.,
1999). Thus, in addition to methanogen activity, we propose that the
temperature-dependent POM reduction also contributes to the observed
greater temperature sensitivity of methanogenesis on both laboratory
and field scale. If phases of EACpoy reduction are not clearly distin-
guished from methanogenesis based on microbially available EACpoy,
assessment of methanogenic temperature sensitivity may be biased. We
propose that the temperature sensitivity of methanogenesis can be
reliably assessed only when the CO,:CHy4 production ratio approaches 1.
Any substantially higher ratio likely reflects the temperature sensitivity
of anaerobic respiration driven by of EACpoy or other electron
acceptors.

A minor portion (~10%) of microbially reducible EACpoy was
apparently reduced concurrently with abundant methanogenesis
(Fig. 5). This overlap likely reflects the thermodynamically transition
point near Eh ~ — 0.2 V, where both processes yield similar Gibbs free
energies (Kliipfel et al., 2014). Based on the /A\G values of methano-
genesis onset, the calculated Eh values ranged from approximately
—0.13 V to —0.21 V, Which is broadly consistent with minimum
reduction potentials reported for dissolved humic acids (Kliipfel et al.,
2014). Such coexistence, however, does not contradict our conclusion
that microbial POM reduction generally suppresses CH4 formation and
that EACpoy is a reliable predictor for the onset of methanogenesis.

5. Conclusions

In this study, we report that the microbial reduction of EACpoy fol-
lows pseudo-first-order rate kinetics, with rates primarily controlled by
the availability of EACpoy. Noticeably, a portion of electrochemically
reducible moieties in POM appears inaccessible to microbial reduction,
likely due to thermodynamic constraints. Because the absolute values of
EACpoym determined by MER are operationally defined, evaluating the
differences between measurements collected before and after microbial
reduction is essential for interpreting the dynamics of the microbial
reduction process. Microbial POM reduction kinetics was temperature
sensitive, with Q10 values comparable to those reported for common
inorganic electron acceptors (Fe(III), SO%’ and NO3) as well as bulk peat
mineralization rates. Therefore, our findings confirm that temperature-
dependent microbial EACpoy reduction can be effectively incorporated
into biogeochemical models to improve predictions of anaerobic respi-
ration and methanogenesis in peatlands. Accelerated EACpoy reduction
results in faster depletion of microbially available EACpgy, thereby
triggering an earlier onset of CH4 formation. The linkage between
temperature-dependent EACpoy reduction and suppression of CHy for-
mation may help explain the observed variability in the temperature
sensitivities of CH4 emissions from peatlands. Future research should
investigate how the frequency of EACpoy regeneration, together with
water table fluctuations and temperature variability, influences overall
organic carbon turnover and mineralization in peatland ecosystems.
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