
1. Introduction
Northern peatlands are a major global carbon pool, storing an estimated 500–1,055 Gt carbon, an amount that 
corresponds to as much as 30%–60% of the total global soil organic carbon stock (Christensen et  al.,  1997; 
Gorham, 1991; Hiederer & Köchy, 2011; Nichols & Peteet, 2019; Scharlemann et al., 2014; Z. C. Yu, 2012; Z. 
Yu et al., 2011). More than 98.5% of peatland carbon is stored in peat soils in the form of peat particulate organic 
matter (POM) (Gorham, 1991), the solid peat-forming material that results from incomplete decomposition of 

Abstract Electron transfer to peat particulate organic matter (POM) as terminal electron acceptor (TEA) 
in anaerobic respiration has been hypothesized to lower methane emissions from peatlands by competitively 
suppressing methanogenesis and/or allowing for anaerobic oxidation of methane. We herein provide evidence 
for two critical aspects of this hypothesis: (a) peat POM is present in a reduced state in situ in the anoxic peat 
subsurface, and (b) reduced POM at the oxic-anoxic interface in peat soils can be oxidized by dissolved oxygen 
(DO), restoring its TEA capacity. We reacted reduced POM from three ombrotrophic bogs in Sweden with DO 
in soil-packed column-breakthrough experiments (CBEs), mimicking oxidation reactions at the oxic-anoxic 
interface. Breakthrough of DO was substantially retarded relative to the inert tracer bromide, consistent with 
DO reduction by POM. Control experiments confirmed abiotic DO reduction and excluded DO consumption 
through aerobic respiration. Modeling DO breakthrough revealed fast and slowly reacting POM moieties with 
reaction times spanning minutes to days. Complementary push-pull tests (PPTs) in the anoxic subsurface of 
one bog confirmed results from laboratory CBEs: lower recoveries of injected DO compared with bromide 
supported DO reduction by reduced POM. Rates of reduction of injected DO decreased with increasing number 
of injections, consistent with continuous oxidation of reduced POM. Electron-donating capacities of POM to 
DO in CBEs and PPTs were comparable at 40–130 μmol e −/g dry POM. Our results substantiate that POM is 
a regenerable TEA at oxic-anoxic interfaces in peat soils and, thereby, may substantially lower CH4 emissions 
from peatlands.

Plain Language Summary Northern peatland soils contain large amounts of carbon stored as 
peat particulate organic matter (POM). Understanding how microorganisms turn over this carbon is important 
because turnover can release not only carbon dioxide but also methane, a more potent warming gas. Recent 
literature proposes that microorganisms in oxygen-free parts of peat soils can turn over carbon substrate 
molecules by oxidation to carbon dioxide coupled to transferring electrons liberated in this process to POM. 
This newly proposed pathway is expected to substantially lower methane formation and emissions but relies 
on POM's ability to accept electrons. However, continuous electron transfer to POM in oxygen-free soil parts 
would eventually consume the capacity of POM to accept electrons, at which point methane formation would 
set in. In our work, we show that the electrons stored in POM under anoxic conditions can be transferred to 
dissolved oxygen (DO) which periodically enters the peat soils by various means. Reaction with DO thus 
restores POM's capacity to accept electrons in subsequent oxygen-free periods and thus its potential to suppress 
methane emissions. Our findings will help to better understand the role of POM in peatland carbon turnover to 
carbon dioxide and methane.
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vegetation litter. This carbon has accumulated since the last glaciation owing to carbon fixation by peat vegetation 
exceeding slow decomposition of the vegetation litter in the water-logged, nutrient-poor, low pH, and cold peat-
soil environments typical for these ecosystems (Beer et al., 2008; Freeman et al., 2001; Scheffer et al., 2001). 
There is significant interest in understanding how carbon is turned over in northern peatlands, especially in 
the context of ongoing and expected future global warming (IPCC, 2022). Processes that control the formation 
and emission of the potent greenhouse gas methane (CH4) are of particular interest: currently, northern peat-
lands account for an estimated 24%–33% of the annual CH4 emissions from natural sources (Forster et al., 2007; 
IPCC, 2022; Lai, 2009; Salmon et al., 2022; Saunois et al., 2020).

Recent studies provided evidence for anaerobic respiration prevailing over methanogenesis in anoxic parts of peat 
soils even when pore waters contained only very low concentrations of the canonical inorganic terminal electron 
acceptors (TEA) (i.e., sulfate, nitrate, iron(III), and manganese(IV)) used for anaerobic respiration (Lindsay, 2016; 
Moore et al., 2005). These studies hypothesized that peat POM is an unrecognized TEA for anaerobic respira-
tion (Bridgham et al., 2013; Broder et al., 2012; Gabriel et al., 2017; Keller & Takagi, 2013; Keller et al., 2009; 
Roden et al., 2010; Scott et al., 1998; Z.-G. Yu et al., 2016). This hypothesis builds on extensive past work, which 
demonstrated that dissolved organic matter (DOM) contains redox-active quinone groups that can reversibly 
accept electrons from anaerobic microbial respiration (Klüpfel et al., 2014; Lovley et al., 1996, 1998; Walpen 
et al., 2018a) to form hydroquinone groups.

Akin to anaerobic respiration to inorganic TEAs, respiration to POM could substantially lower methane concen-
trations in peat pore waters through two pathways. First, anaerobic respiration to POM is expected to be energet-
ically more favorable than methanogenesis and thus is expected to competitively suppress the latter (Amaral & 
Knowles, 1994; Heitmann et al., 2007; Rissanen et al., 2017; Segers & Kengen, 1998; Ye et al., 2016). Results 
from peat soil incubations in the laboratory support this pathway (Efremenko et al., 2020; Gabriel et al., 2017; 
Gao et al., 2019; Keller & Takagi, 2013). Second, POM as TEA may allow for anaerobic oxidation of methane 
(AOM) formed within methanogenic zones in peat soils (Smemo & Yavitt, 2007, 2011). The AOM with a model 
dissolved quinone was recently demonstrated (Scheller et al., 2016), suggesting that this respiration pathway is 
possible also with electron-accepting quinone moieties in POM.

The use of POM as TEA in anaerobic respiration would stipulate that POM is present in a reduced state in 
anoxic parts of peat soils. At the same time, extensive use as TEA would lead to a depletion of the capac-
ity of POM to accept additional electrons. Therefore, sustained anaerobic respiration to POM over longer time 
requires that the reduced POM undergoes periodic re-oxidation to regenerate its capacity to accept electrons. 
Such periodic re-oxidation is expected to occur by dissolved oxygen (DO) near oxic-anoxic interfaces in peat 
soils, and would render POM a sustainable, regenerable TEA. Intrusion of DO into the anoxic part of peat soils 
below the oxic-anoxic interface can occur by several means, including the percolation of rainwater or snowmelt 
(Blodau, 2002; Rydin & Jeglum, 2013; Stepniewski & Glinski, 1988), water-table drawdowns (Estop-Aragones 
et al., 2012; Gabriel et al., 2017; Gorecki et al., 2021), transfer through plant aerenchyma (Agethen et al., 2018), 
and through the release of photosynthetically produced DO from roots and sphagnum rhizoids (Björn et al., 2022). 
Cyclic DO reduction and re-oxidation of POM may thus favor anaerobic respiration over methanogenesis specifi-
cally in the upper part of peat soils, which receive high inputs of fresh labile carbon substrates (Yang et al., 2017). 
Moreover, POM at the redox interface may allow for anaerobic oxidation of CH4 formed in methanogenic zones 
of peat soils below the oxic/anoxic interface. Quantifying the number of electrons donated from extensively 
reduced POM to DO would allow for estimating the number of electrons that POM accepted from anaerobic 
respiration.

We previously provided first evidence for POM being in a reduced state in the anoxic, water-saturated part of an 
ombrotrophic bog (Lungsmossen (LM), Värmland, Sweden) by demonstrating that this POM transferred electrons 
to DO that we injected into the peat subsurface (Walpen et al., 2018b). However, we used single DO injections, 
which resulted in fast and complete DO reduction in the peat subsurface and thus did not allow to quantify  the 
total number of electrons that reduced POM donates to DO. In a follow-up laboratory batch-reactor study, we 
demonstrated that exposing reduced POM from anoxic parts of two bogs (i.e., LM and Björsmossen (BM)) to 
DO for 8 d resulted in substantial POM oxidation, as evidenced from much higher capacities of re-oxidized POM 
to accept electrons in a chemical reduction assay as compared to the non-re-oxidized POM in the same assay 
(Joshi et al., 2021). Measured electron-accepting capacities ranged from 180 ± 30 to 260 ± 30 μmol e −/g dry peat 
for the reduced and DO-oxidized LM POM, and from 240 ± 30 to 330 ± 40 μmol e −/g dry peat for the reduced 
and DO-oxidized BM POM. In the same study, we also showed reversible electron transfer to a reference POM 
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material over an electrochemical reduction and subsequent DO re-oxidation cycle. However, in our previous 
work we did not assess the transferability of results from POM oxidation experiments in laboratory batch reactors 
to POM oxidation in the field in situ. Furthermore, the past studies omitted information on the rates of electron 
transfer from POM to DO. This information is critical to assess the reaction times over which the capacities of 
POM to accept electrons are restored during recurring DO oxidation events in peat soils.

The goal of this work was to provide quantitative information on both rates and capacities of electron transfer from 
reduced POM to DO in peat soils from different ombrotrophic bogs, and to assess the transferability of results 
obtained in laboratory experiments to the in situ conditions in the field. To this end, we first determined rates 
and capacities of POM oxidation by DO in laboratory column-breakthrough experiments (CBEs) using columns 
packed anoxically with reduced peat soils collected in three ombrotrophic bogs. The DO reduction rates and 
extents were determined by fitting tracer and DO breakthrough curves using a solute transport—kinetic reaction 
model. We complemented these laboratory CBEs with in-field single-well injection-extraction tests (i.e., push-
pull tests (PPTs)), in which we quantified the decreases in DO concentrations of oxic test solutions that we repeat-
edly injected into and retrieved from the anoxic peat soil below the oxic-anoxic interface. Collectively, this work 
quantifies rates and capacities of electron transfer from reduced POM to DO in different peatlands, thereby provid-
ing missing information on the regeneration dynamics of POM as TEA at the oxic-anoxic interface in peat soils.

2. Materials and Methods
2.1. Field Sites, Pore-Water and Peat-Soil Characterization

For our work we chose three ombrotrophic bogs in Värmland county, Sweden, that we had previously studied 
(Joshi et al., 2021; Walpen et al., 2016, 2018a, 2018b): LM (N 59°32.969′E 14°14.313′), BM (N 59°41.557′E 
14°16.629′), and Storhultsmossen (SM, N 59°34.301′E 14°07.908′). The vegetation in these bogs is domi-
nated by Sphagnum carpets and hummocks with few isolated trees (mostly Pinus sylvestris), as was previously 
described for bogs in this region (Almquist-Jacobson & Foster, 1995). The water tables were located at 5–15 cm 
below the peat surface. We chose ombrotrophic bogs because these systems contain comparatively low amounts 
of reduced inorganic species such as ferrous iron (Fe 2+) and sulfide (HS −), which could contribute to DO reduc-
tion in our experiments. Pore waters collected from the three bogs ∼25 cm below the water table contained Fe 2+ 
concentrations ranging from 0 to 7 μM, and HS − concentrations ranging from 2 to 13 μM (Text S1 in Supporting 
Information S1). The data for LM and SM are in good agreement with Fe 2+ and HS − concentrations we previ-
ously determined in pore waters of these two bogs (Walpen et al., 2016, 2018a). Moreover, the data for all three 
bogs strongly suggest that contributions of Fe 2+ and HS − to DO reduction were negligible given the much larger 
amount of DO reduced when reacted with reduced POM (see below). We characterized peat-soil samples by 
elemental and spectroscopic analyses, as detailed in the Text S2 and S3 in Supporting Information S1.

2.2. Column-Breakthrough Experiments

2.2.1. Peat-Soil Collection and Column Packing

To quantify rates and capacities of electron transfer from reduced POM to DO, we conducted a series of CBEs 
in water-saturated peat-soil packs. In each bog, we manually collected anoxic peat soil from a depth of 30–40 cm 
below the water table. Column packing for experiments conducted at our field laboratory was done directly in 
the field by submersing and filling columns anoxically with peat soil at the sampled depth. For CBEs conducted 
at the ETH laboratory (specifically identified below), columns were packed in an anoxic glovebox (atmosphere 
of 99.999% N2, O2 < 2.3 ppm) with peat soil brought to the laboratory in sealed glass jars. The jars were filled 
with peat soil anoxically in the field at the sampled depth. Upon retrieval to the peat surface, these jars were 
immediately closed air-tight with a lid to prevent oxygen intrusion, stored in a cooler and refrigerator, and then 
transported to our ETH laboratory. Further information is provided in Text S4 in Supporting Information S1.

2.2.2. Experimental Design

Our experimental design allowed for operation of up to three columns in parallel inside a refrigerator maintained 
at 10–13°C (Figure 1), which corresponded to the temperature at the redox interface of the peat soils determined 
in the months of June and July. Flow of aqueous test solutions through the vertically mounted columns (either 
small (86 mL void volume) or large (160 mL) FlashPure Empty Solid Loader, Büchi, Flawil, Switzerland) was in 
the upward direction at a constant volumetric flow rate (2.4 mL/min for small and 3.0 mL/min for large columns) 
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using SIMDOS-02 and -10 diaphragm pumps (KNF Neuberger AG, Balterswil, Switzerland). To prevent gas 
bubbles from entering the columns with test solutions, we installed bubble traps before the column inlets. Back-
pressure was monitored at the column inflow using a manometer (LEO 1, Keller, Winterthur, Switzerland) to 
allow for intervention in the rare case of column clogging. For tracer breakthrough analysis, the column outflow 
was manually collected in fractions (see below). Concentrations of DO and temperature in the inflow as well as 
each of the three columns' outflows were continuously measured using four O2 flow-through cells with optode 
technology (PSt7and10 optodes, Pt-100 temperature sensors), which were connected by fiber optics to an OXY-4 
trace measurement system (all from PreSens, Regensburg, Germany).

2.2.3. Characterization of Peat-Soil-Pack Physical Parameters

The internal pore volume (ipv) available to aqueous flow and the porosity of peat-soil packs in columns were 
determined for each CBE by first amending inflow solutions with the inert tracer bromide (Br −) (i.e., tracer 
concentrations of 0.5 or 1.0 mM Br −, prepared from NaBr, Sigma Aldrich, Schaffhausen, Switzerland), followed 
by determining Br − breakthrough in the column outflow. Concentrations of Br − in the collected outflow fractions 
(25 fractions per column, equivalent to a total of ∼2.5 pore volumes (PV; note that PV correspond to the cumu-
lative solution volume delivered to the column, normalized to the ipv), collected during the first 125 min of each 
experiment) were quantified by ion chromatography for experiments conducted at ETH (Text S5 in Supporting 
Information S1), and electrical conductivity for CBEs conducted at our field laboratory. In the latter case, conduc-
tivity was used as a proxy for Br − concentration given that ion chromatography was unavailable. We note that 
electrical conductivity in the column outflows increased not only because of Br − breakthrough, but also because 
of an increase in aqueous H + concentrations (i.e., decrease in pH), which presumably resulted from the displace-
ment of H + from POM by Na + from the tracer salt. We corrected for the H + contribution to conductivity after 
verifying the correction methodology, as detailed in Text S6 in Supporting Information S1. At the end of selected 
CBEs, we determined a second Br − breakthrough (after flushing Br − from peat-soil packs with anoxic, Br −-free 
solution) to confirm that column packing (and thus ipv and porosity) remained stable over the course of CBEs.

2.2.4. Quantification and Verification of Abiotic DO Reduction

To determine DO reduction by reduced POM in peat-soil packs (total of six columns from LM, and three columns 
each from BM and SM), we delivered test solutions containing DO (i.e., ∼90%–100% air-saturated) and formal-
dehyde (1% w/w, Fisher Chemical, Reinach, Switzerland) in addition to Br − to the large columns. Variations 
in solution composition for selected CBEs are described below. Formaldehyde served as microbial inhibitor 
(Tuominen et al., 1994) to ensure that abiotic electron transfer from reduced POM to DO dominated over DO 
consumption through aerobic microbial respiration.

For CBEs in our field laboratory, test solutions delivered to the columns were prepared from water collected from 
an open-water pool in LM. Before delivery, these pool waters were consecutively filtered through 90, 60, and 
15 μm filters (Swagelok, Arbor Fluidtec, Wohlen, Switzerland). Test solutions for CBEs at the ETH laboratory 
were prepared from deionized water (Milli-Q IQ 7000, Merck, Darmstadt, Germany). During CBEs, a minimum 
of 32 PV of test solution was pumped through each column. The cumulative amount of DO reduced during CBEs 

Figure 1. Experimental design for column-breakthrough experiments. Oxic or N2-sparged (anoxic) test solutions were delivered using diaphragm pumps, with 
bubble-traps installed before the peat-soil-filled columns. Dissolved oxygen (DO) concentrations and temperatures in the inflow as well as each of the three columns' 
outflows were continuously measured using four O2 flow-through cells with optode technology connected by fiber optics to a DO measurement system. Except for the 
DO measurement system, all equipment was housed inside a refrigerator maintained at 10–13°C.
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was quantified as the difference in column inflow and outflow DO concentrations integrated over the pumped 
test-solution volumes, accounting for the dead volumes before and after the peat-soil packs. In some CBEs (peat-
soil packs from BM), following 24 hr of continuous delivery of test solution, we temporarily halted flow for 6 hr, 
followed by returning to the initial flow rate. This experimental variation served to increase DO residence time in 
the columns and thereby test for slow DO reduction by reduced POM.

We performed two additional variants of CBEs (in small columns) to corroborate that observed DO consumption 
in peat-soil packs was indeed abiotic. In the first variant, which was conducted at the ETH laboratory, we delivered 
anoxic formaldehyde solution (1% w/w) for 24 hr to the peat-soil packs (total of two from LM) prior to conducting 
CBEs with oxic test solutions. In this variant, we maintained a constant volumetric flow rate of 2.4 mL/min over the 
course of the entire experiment. In the second variant, which we conducted at our field laboratory (total of three peat-
soil packs from LM, three from BM, and three from SM), we alternated delivery of DO-containing test solutions 
(oxic, see above) and anoxic test solutions. These anoxic test solutions were separately prepared from LM pool water 
by vigorous N2 sparging. These anoxic solutions were amended with Br −, but not with formaldehyde (as it would 
have been removed from the solutions during N2 sparging). Once the first DO breakthrough was close to completion, 
we switched to pumping anoxic test solution through the columns until DO concentrations reached a minimum. This 
sequence was repeated once while maintaining a constant flow rate (2.4 mL/min) throughout these CBEs.

After termination of each CBE, the peat soil was removed from the column, flushed with deionized water, and 
dried at 50°C for 10 days for gravimetric determination of POM dry weight. The latter was used to normalize the 
amounts of DO reduced and hence to calculate POM-mass normalized electron transfer capacities from reduced 
POM to DO that can be compared across the different CBEs run with different POM masses.

2.2.5. Modeling Tracer and DO Breakthrough Curves

For each CBE we modeled Br − and DO breakthrough in the column outflow using the Aquasim 2.0 software 
package (Reichert,  1994,  1998). Assuming one-dimensional steady-state water flow and advective-dispersive 
solute transport with reaction, the governing equation is:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝐷𝐷

𝜕𝜕2C

𝜕𝜕𝜕𝜕2
−

𝑄𝑄

𝐴𝐴 ⋅ 𝜃𝜃eff

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
− 𝑟𝑟 (1)

where C (μmol L −1) is aqueous solute concentration of either Br − or DO, t (hr) is time, D (cm 2/hr) is the hydro-
dynamic dispersion coefficient, x (cm) is distance along the column length, Q (cm 3/hr) is volumetric flow rate, A 
(cm 2) is column cross-sectional area of the column interior, θeff (–) is the effective porosity of the peat-soil pack, 
and r (μmol (L h)) is a reaction term (see below) accounting for DO reduction by reduced POM.

We first fitted Equation 1 to Br − breakthrough data with r set to zero to obtain best-fit values for D and θeff for 
each peat-soil pack. These values were subsequently used for modeling DO transport and reaction in respective 
CBEs. Two reaction models for DO reaction were employed, featuring either single (n = 1) or dual (fast and slow, 
n = 2) first-order-type kinetics:

𝑟𝑟 =
𝜕𝜕𝜕𝜕O2

𝜕𝜕𝜕𝜕
=

𝑛𝑛
∑

𝑖𝑖=1

𝑘𝑘𝑖𝑖𝜕𝜕O2

(

1 −
𝑅𝑅𝑅𝑅𝑖𝑖

𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖

)

 (2)

where 𝐴𝐴 𝐴𝐴O2
 (μmol/L) is the DO concentration, ki (1/hr) is the rate constant of DO reduction by reduced POM 

moieties with kinetic i, RMi (μmol/g) is the cumulative calculated number of POM moieties of kinetic i that have 
already reacted with DO and thus went from a reduced to an oxidized state, and RMmax,i (μmol/g) is the maximum 
number of reduced POM moieties of kinetic i that can react with DO. By substituting Equation 2 in Equation 1 
and fitting the latter to DO breakthrough data, we obtained best-fit values for ki and RMmax,i. All best fits were 
obtained by minimizing χ 2 values between modeled and measured data using the secant algorithm built into 
Aquasim (Ralston & Jennrich, 1978).

2.3. Push-Pull Tests

2.3.1. Experimental PPT Design and Procedures

To determine the kinetics and extents of DO reaction with reduced POM directly in the field, we conducted PPTs 
in the LM peat soil at six locations (LM1–6). At these locations we inserted custom-built drive-point samplers 
into the peat soil to a depth of 30 cm. Each sampler consisted of a hollow stainless-steel tube (50 cm length, 
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3 mm  i.d.) fitted with a perforated head with stainless steel screen (90 μm pore size) to facilitate manual fluid 
injection/extraction during PPTs using an air-tight plastic syringe attached to the sampler top.

Over a period of 12 consecutive days, we conducted 33 PPTs in each of LM1–3 and 34 PPTs in each of LM4–6. 
Each PPT included the following steps: (a) withdrawal of 350–450 mL pore water from the peat soil through the 
sampler into an open 2 L glass bottle, (b) oxygenating the collected pore water to obtain the DO-containing test 
solution (achieved by capping the 2 L bottle and thorough shaking), (c) injection of 300 mL of DO-containing 
test solution through the sampler into the peat soil, followed by (d) a rest period (no withdrawal) ranging from 
1.5 to 23 hr to allow for prolonged reaction of DO with POM, and finally (e) extraction of 450 mL of solution 
(15 parcels of 30 mL each) that contained a mix of the injected test solution with background pore water from the 
same location in the peat soil. Extracting a volume 50% larger than the injected volume served to retrieve most of 
the injected solution and, thereby, minimize the amount of potentially unreacted DO left behind in the subsurface 
after each PPT. In selected PPTs with rest periods of 1.5 and 15.3 hr, we added Br − (2 mM Br − final concentra-
tion, prepared from NaBr) as inert tracer to test solutions to quantify their recovery in extracted solutions. In PPTs 
with rest periods >5 hr we added formaldehyde (1% by vol.) to test solutions as a microbial inhibitor (Tuominen 
et al., 1994) to ensure that there was no DO consumption by aerobic microbial respiration. Details for all PPTs 
are provided in Text S7 in Supporting Information S1.

To measure DO concentrations and temperatures of injected and retrieved solutions during PPTs, an O2 
flow-through cell was installed at the top of each sampler, connected by fiber optics to an Oxy1-ST analyzer 
(see above for details on products) coupled to a laptop computer. Water samples for Br − analysis were collected 
from the injected test solution as well as from each extraction parcel, stored in plastic vials and transported to 
ETH, where they were analyzed by ion chromatography (Text S5 in Supporting Information S1). Details on the 
mathematical PPT analysis are provided in Text S8 in Supporting Information S1.

2.4. Estimation of Electron Donating Capacity of Reduced POM

We quantified the number of electrons transferred from reduced POM to DO based on measured abiotic DO 
reduction during CBEs and PPTs and assuming that each mol of DO (i.e., O2) consumed was reduced by 4 mol e − 
from reduced POM (i.e., complete reduction of O2 to H2O). We normalized this number of transferred electrons 
to peat-soil dry mass. The electron donating capacity of a unit mass of reduced POM (EDC, in μmol e −/g) was 
then calculated as:

EDC =
4 × 𝑛𝑛O2

𝑚𝑚POM

 (3)

where 𝐴𝐴 𝐴𝐴O2
 (μmol) is the amount of DO reduced, and mPOM (g) is either the dry mass of peat-soil packs used in 

CBEs (Text S4 in Supporting Information S1) or the estimated dry mass of peat soil that was exposed to test 
solutions during PPTs (Text S9 in Supporting Information S1).

For CBEs, we operationally defined EDC as the amount of DO reduced over a total of 32 PV. Beyond 32 PV, 
reaction of DO with POM was very slow and not readily experimentally accessible. For PPTs, we converted the 
total amount of DO reduced to EDC by considering the measured peat soil porosities at both site clusters LM1-3 
and LM4-6 to calculate the dry mass of POM in contact with the injected solutions (Text S9 in Supporting 
Information S1).

3. Results and Discussion
3.1. Column-Breakthrough Experiments (CBEs)

3.1.1. Reproducibility and Stability of Column Packing

The column packing was reproducible across CBEs, as shown by consistent effective porosities (i.e., ratio of 
PV to column void volume) between experiments (Table 1). Furthermore, the column packings were stable over 
the course of CBEs, as demonstrated in selected experiments by good agreement between a second tracer BTC 
collected at the end of the experiment and the tracer BTC collected at the onset of the experiment (Figure 2a). 
The effective porosity showed only a minor increase of 3.4 ± 0.8% (average ± standard deviation of six repli-
cates (n = 6)) from the first to the second tracer BTCs, implying negligible compaction of peat-soil packing 

 21698961, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007640 by B
ibliothèque D

e L
'E

pfl - D
ocum

entation É
lectronique, W

iley O
nline L

ibrary on [26/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Biogeosciences

OBRADOVIĆ ET AL.

10.1029/2023JG007640

7 of 17

inside the columns during the experiments. Packing the columns with peat 
soil from the three ombrotrophic bogs resulted in comparable effective poros-
ities (Table 1). At the same time, for both small and large columns, dry peat 
masses in the columns showed higher variations between the three peat soils. 
We therefore normalized all DO reduction data (see below) to the dry mass 
of peat soil in the respective column. Furthermore, we normalized the total 
delivered solution volume to the PV of a given column. These normalizations 
allowed for comparison of BTCs between individual column experiments.

3.1.2. Abiotic Oxygen Consumption

Figure 2b shows the DO breakthrough from a representative CBE. The DO 
inflow concentrations were constant over the course of the experiment at 
around 280 μmol O2/L (corresponding to 87% air saturation at an average 
temperature of 12.4°C and pressure of 984 mbar). The inflow DO concen-
tration showed slight oscillations that resulted from small measurement arti-
facts due to small temperature fluctuations in the refrigerator that affected 
the sensor response (12.4 ± 0.6°C during 36 PV). The non-zero DO outflow 
concentrations at the onset of the experiment likely reflected oxygen that had 

diffused into the tubing connecting the column outlet with the DO flowthrough sensor. These DO concentrations 
readily decreased to a minimum within less than one PV of delivering DO saturated solutions to the column 
inlets, confirming that pore water inside the column was indeed anoxic in the beginning of the experiment. 
Beyond one PV, the outflow DO concentrations started to increase, indicating the onset of DO breakthrough.

The DO BTC was shifted to much higher PV as compared with that of the tracer bromide (comparison of 
Figures 2b and 2a). Also, as compared with the close-to-symmetric and sigmoidal tracer BTC, the DO BTC had 
a different shape: DO outflow concentrations increased in a sigmoidal manner only up to approximately 8 PV, 
after which DO outflow concentrations increased more gradually and only asymptotically approached the inflow 
DO concentration at high PV (Figure 2b). This finding implies that DO reacted in the peat-soil pack with varying 
kinetics: faster reaction kinetics governed the initial phase of the breakthrough, followed by a second phase until 
the end of the experiment with slower reaction kinetics. The distribution in reaction kinetics was also apparent 
from the cumulative amounts of DO reduced plotted versus delivered PV (Figure 2c): the amounts of reduced 
DO increased almost linearly with PV in the beginning of the experiment but then continuously decreased as the 
experiment progressed.

We conducted two types of control experiments to verify that decreases in DO concentrations in the columns were 
not caused by aerobic microbial respiration but instead by abiotic electron transfer from reduced POM to DO. The 
first type served to exclude the possibility that there was a time delay in the inhibition of aerobically respiring 
microorganisms by the microbial inhibitor formaldehyde present in the inflow solutions. Such delayed inhibition 
could, in principle, have caused the slow continuous DO consumption in CBEs. In LM peat-soil packs, we first 
delivered an anoxic formaldehyde solution for 35 PV (approx. 24 hr) to precondition the peat-soil pack to the 
inhibitor and to allow for sufficient time to inhibit microbial activity prior to introducing DO. As expected, DO 
concentrations in both the inflow and outflow were very low over this period (i.e., approximately 6 and 5 μmol/L 
in the in- and outflow, respectively) (Figure 3a). We subsequently delivered oxic test solutions. As observed 
previously in columns without formaldehyde pre-conditioning (Figures 2a and 2b), DO breakthrough was delayed 
relative to bromide (Br − not shown in Figure 3a). Furthermore, even with formaldehyde pre-conditioning of the 
columns, DO concentrations in the column outflow only asymptotically approached DO inflow concentrations. 
The slightly faster initial increase in DO outflow concentrations as compared with experiments in which we 
did not precondition the columns with formaldehyde (Figure 2b) may reflect partial oxidation of fast-reacting 
reduced POM during the anoxic preconditioning: the solutions contained very low but measurable DO concentra-
tions (see above). More importantly, however, the DO breakthrough curve was still retarded relative to the tracer 
and showed slow and prolonged DO reduction despite extensive formaldehyde preconditioning, excluding the 
possibility that these BTC features were caused by delayed microbial inhibition.

The second type of control experiment was performed with peat-soil packs from all three peats, LM, BM, and SM. 
We performed a first DO breakthrough as described above, but subsequently extended the experiment by deliver-
ing anoxic, oxic, and anoxic solutions in an alternating manner to the columns, with all oxic solutions containing 

Bog
Column 

type
Number of individual 

columns (n) mPOM (g) ipv (mL)
θeff 
(%)

LM Large 6 17.4 ± 2.0 130 ± 5 81 ± 3

BM Large 3 10.1 ± 1.5 140 ± 10 89 ± 6

SM Large 3 12.9 ± 1.3 126 ± 5 78 ± 3

LM Small 3 8.1 ± 0.8 76 ± 1 88 ± 1

BM Small 3 7.5 ± 0.5 75 ± 3 87 ± 1

SM Small 3 8.1 ± 0.4 73 ± 5 85 ± 1

Note. Large and small columns had void volumes of 160 and 86  mL, 
respectively.

Table 1 
Average Peat Dry Masses (mPOM), Internal Pore Volumes (ipv), and Effective 
Porosities (θeff) of Columns Packed With Peat Soil From Lungsmossen (LM), 
Björsmossen (BM), and Storhultsmossen (SM)

 21698961, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007640 by B
ibliothèque D

e L
'E

pfl - D
ocum

entation É
lectronique, W

iley O
nline L

ibrary on [26/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Biogeosciences

OBRADOVIĆ ET AL.

10.1029/2023JG007640

8 of 17

formaldehyde (Figure 3b, shown for a representative experiment with LM 
peat-soil). The first DO breakthrough curves had similar shapes as the exem-
plary DO BTC shown in Figure 2b. Subsequent delivery of anoxic solutions 
to the column resulted in rapid decreases in DO concentrations in the column 
outflows, as expected. Importantly, when re-delivering DO-containing solu-
tions, the second DO breakthrough occurred much more rapidly (i.e., within 
only a few PV) than in the first DO breakthrough. For instance, the amount 
of DO reduced in the column during the first 6 PV (i.e., approx. 3 hr) of 
delivering DO solutions was fivefold smaller in the second than first DO 
breakthrough. Decreased DO reduction in the second breakthrough strongly 
supports that the delay in the first DO breakthrough resulted from reaction of 
DO with reduced moieties in POM: oxidation of these moieties in the first DO 
breakthrough resulted in fewer moieties left to react during the second DO 
breakthrough. Consistently, Figure 3b shows that DO outflow concentrations 
in the second DO breakthrough rapidly increased to approximately the same 
values that were measured at the end of the first DO breakthrough when we 
switched from delivering oxic to anoxic solutions. This finding supports that 
DO reduction at the onset of the second DO breakthrough involved reaction 
with the same POM moieties that were left to react at the end of the first DO 
breakthrough. The final delivery of anoxic solutions again rapidly lowered 
DO in the column outflow, as expected. The results from this second type of 
control experiment rule out that DO in the columns was consumed by aerobic 
respiration, which would have continued (and possibly would have increased 
if aerobic microorganisms had replicated) during repeated delivery of DO.

Reduction of DO must have resulted from reaction with POM and not 
DOM for two reasons. First, while the packed peat columns likely contained 
reduced DOM at the onset of the experiments, this DOM was flushed out of 
the columns within a few PV of solution delivery and thus cannot explain the 
experimentally observed prolonged DO reduction over many PV. Also, the 
oxic solutions delivered to the columns contained oxidized DOM that cannot 
have reduced DO in the columns. Second, the total number of electrons trans-
ferred to DO (see below) by far exceeds the number of electrons that could be 
transferred to DO by DOM given the comparatively low DOM concentration 
in the column porewater and based on its previously reported redox capacities 
(even if DOM was present in a reduced state) (Walpen et al., 2018a).

3.1.3. DO Reduction by Peat Soil From Different Peatlands

We conducted a series of CBEs with peat-soil packs from LM, SM, and BM. 
While DO BTCs in SM and BM featured similar shapes to the ones of LM 
discussed above, the delay in DO breakthrough—and thus the amount of DO 
reduced—increased in the order of SM < LM < BM. This trend is particularly 
apparent from cumulative DO reduction up to 32 PV averaged over all CBEs 
of a given peatland (n = 3 for SM and BM, n = 6 for LM) (Figure 4): the total 
amount of DO reduced in BM and LM was approximately three- and twofold 
higher than in SM (see Text S4 and S10 in Supporting Informa tion S1). The 
curves also highlight that amounts of DO reduced by peat soil from a given 
peatland are variable, with standard deviations being depicted as shaded 
areas: at 32 PV, the relative standard deviations in DO reduced were 17% for 
LM, 23% for BM, and 21% for SM. The differences in DO reduced between 
peat soils as well as the variations in DO reduced between soils from one 
bog most likely reflected differences in the source of POM as well as in its 
decomposition degree (Text S3 in Supporting Information S1). However, the 
variations in amounts of DO reduced among soil material from one peatland 
were smaller than variations between peat soils from different peatlands.

Figure 2. Exemplary breakthrough curves (BTCs) from a 
column-breakthrough experiment with a Lungsmossen (LM) peat-soil 
pack: (a) Tracer bromide BTCs expressed as normalized conductivity 
versus solution volume delivered to the column, expressed in pore volume 
equivalents, either at the onset or the end (i.e., at 24 hr) of the experiment. 
Bromide concentrations were measured in 25 discrete column-outflow 
volumes collected (symbols; lines serve to guide the eye); (b) The column 
inflow dissolved oxygen (DO) concentration profile (dark blue) and the 
column outflow DO concentration profile (light blue), both continuously 
measured; (c) The cumulative amount of DO reduced over the course of the 
breakthrough experiment shown in panel (b) The pore volumes correspond 
to the cumulative solution volume delivered to the column and normalized to 
the column-specific internal pore volume. The latter was determined for each 
packed column from a tracer breakthrough experiment.
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Figure 4 shows approximately linear increases in cumulative DO reduced over the initial few PV, followed by 
flattening of the curves (i.e., a continuous decrease in the amount of DO reduced per PV): of the total DO reduced 
over 32 PV approximately 50% reacted over the initial 8 PV for LM and BM and over 4 PV for SM. Therefore, 
the reaction of DO with POM for all peat soils showed varying kinetics.

Slow reaction kinetics between a fraction of reduced moieties in POM and DO were supported by selected CBEs 
in which we interrupted the flow of water in the columns after about 24 hr of delivery (approx. 32 PV, at which 
point the DO reduction was in the slow kinetic regime) for 6 hr (a time that corresponded to approximately 8 
PV, if we had continued to deliver the solution at the used flow rates). The flow interruption increased the resi-
dence time of DO in the columns and therefore allowed for DO reduction also by slowly reacting, reduced POM 
moieties. Such slow reactions indeed occurred during the stopped flow, as was apparent from substantial drops in 
the DO outflow concentrations immediately after restarting the flow of water through the columns (Text S11 in 
Supporting Information S1). Following  this initial drop, the DO outflow concentrations increased rapidly back to 
the concentrations measured prior to the flow interruption. The amount of DO reduced during the flow interrup-
tion was in good agreement with the amount of DO reduced during the same number of PV immediately prior to 
the flow interruption (calculated as DO consumption in the last PV prior to the flow interruption multiplied by 8).

3.1.4. Kinetic Modeling of DO Reduction

We modeled the DO BTCs using Equations 1 and 2, with either single or dual first-order type kinetics for the 
reduction of DO by reduced POM. For modeling, we set the DO concentration in the column outflow during 
the first PV (approx. 45 min) to zero. This correction was justified given that DO concentrations measured in 

Figure 3. Exemplary results from two types of control experiments conducted to substantiate reduction of dissolved oxygen 
(DO) by peat particulate organic matter, each performed with peat-soil packs from Lungsmossen (LM). (a) Column in- and 
outflow DO concentrations during the initial delivery of anoxic, formaldehyde-containing solution to the column (first 35 
pore volumes) and subsequent delivery of oxic solution; (b) Changes in column in- and outflow DO concentrations during an 
oxic-anoxic-oxic-anoxic cycling experiment. The pore volumes correspond to the cumulative solution volume delivered to the 
column and normalized to the column-specific internal pore volume. The latter was determined for each packed column from 
a tracer breakthrough experiment.
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the  first PV were very small and likely resulted from oxygen that had diffused into solution through the tubes that 
connected the column outlets to the oxygen sensors, as discussed above. Exemplary results of model fits to DO 
BTCs in LM peat-soil packs are shown in Figure 5. Fits with single-reaction kinetics failed to adequately describe 
any of the DO BTCs, as evidenced from significant deviations between modeled and experimental DO concen-
trations in the column outflow (Figure 5). For example, the single-reaction-kinetics model predicted complete 
DO breakthrough (i.e., outflow = inflow DO concentration) after approximately 24 hr (approx. 32 PV), while 
experimental DO outflow concentrations had not reached inflow DO concentrations at this point (Figure 5). 
Consequently, the single-kinetic model predicted maximum numbers of reduced POM moieties reacting with 
DO (RMmax,1 for single-reaction kinetics, Table 2) that were smaller than the actual equivalents of DO reduced in 
CBEs over 32 PV (Figure 4, Text S10 in Supporting Information S1).

Using the model with dual-reaction kinetics resulted in much better fits of the experimental BTCs, as again 
shown exemplarily in Figure 5 for one BTC. The good fit implies that the pool of DO reactive POM moieties 
had (at least) two subsets: one with fast and one with slow reaction kinetics. For all three peat soils, the fitted 
maximum number of slowly reacting POM moieties, RMmax,2, was approximately two-fold higher than the maxi-

mum number of fast-reacting moieties, RMmax,1 (i.e., the relative contribu-
tions of the slow to the total reacting sites were 69 ± 3% (n = 6) for LM, 
64 ± 1% (n = 3) for BM and 68 ± 2% (n = 3)). This finding highlights the 
importance of reduced POM moieties that reacted only slowly with DO. The 
fitted reaction rate constants of the slowly reacting moieties, k2, were approx-
imately five-fold smaller for LM and SM, and seven-fold smaller for BM than 
the corresponding reaction rate constants for the fast moieties, k1 (Table 2). 
The resulting reaction half-lives, t1/2, vary between 0.15 and 0.36 hr for the 
fast-reacting moieties and between 0.88 and 1.91  hr for the slow-reacting 
moieties in POM. Reduced POM in peatland soils therefore reacts with DO 
over extended time scales that span from minutes up to a few hours to days.

While the chemical nature of reduced POM moieties remains unidentified, 
it is reasonable to assume hydroquinones as candidates, given that these 
moieties were previously shown to dominate the redox properties of DOM 
(Aeschbacher et al., 2011, 2012; Klüpfel et al., 2014). While hydroquinones 
are oxidized to corresponding quinones by DO, this reaction is kinetically 
slow at low pH, particularly for quinone/hydroquinone couples with elevated 
standard reduction potentials (Aeschbacher et  al.,  2011,  2012). The slow 
reaction kinetics in the acidic peat soils (the pH of pore waters in LM, BM, 
and SM were in the range of 3.88–4.23) thus substantiate the involvement of 

Figure 4. The averaged cumulative amounts of dissolved oxygen reduced in column-breakthrough experiments with peat 
soils from Lungsmossen (LM; n = 6), Björsmossen (BM; n = 3), and Storhultsmossen (SM; n = 3), where n is the number 
of columns packed with peat soil from the respective ombrotrophic bog. The amounts were normalized to dry mass of peat 
material in each peat-soil pack. The lines and shaded areas represent the averages and standard deviations, respectively. The 
pore volumes correspond to the cumulative solution volume delivered to the column and normalized to the column-specific 
internal pore volume. The latter was determined for each packed column from a tracer breakthrough experiment.

Figure 5. Dissolved oxygen (DO) breakthrough curve for a column packed 
with peat soil from Lungsmossen. The experimental data, replotted from 
Figure 2b, is fitted by the advection-dispersion transport model using either 
a single- or dual-kinetics terms for the reaction between DO and reduced 
moieties in peat particulate organic matter.
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hydroquinones. By contrast, re-oxidation of POM by DO is  inconsistent with the suggestion that double bonds 
in non-reduced POM are major electron-accepting moieties (Wilson et al. (2017). Such hydrogenation of double 
bonds to form saturated carbon-carbon bonds cannot be reversed by DO exposure. Hydrogenation of double 
bonds thus cannot explain the observed DO reduction data nor how POM could act as sustained TEA over many 
redox cycles in peat soils.

3.2. Push-Pull Tests

We determined the kinetics and capacities of electron transfer from reduced POM to DO also in situ in the field 
using PPTs. These tests served to demonstrate that results from laboratory CBEs can be transferred to the field. 
We chose LM for these PPTs because its peat soil yielded intermediate values for RMmax,i in CBEs among the 
three tested peatlands. Figure 6 shows exemplary results from the first three PPTs conducted at location LM1. 
These PPTs had rest periods of the injected solutions in the subsurface of ∼1.5 hr prior to re-extraction. Panel 
A shows the concentrations of Br − and DO in the 15 individual solution parcels extracted from LM1, Cextracted, 
expressed relative to the Br − and DO concentrations in the injected solutions, Cinjected. Relative Br − concentra-
tions in the first extracted parcels (corresponding to injected solutions that remained closest to the injection well) 
were close to unity, as expected for an inert, non-reactive tracer with little dilution by peat pore water because 
of the proximity to the well (Figure 6a). The decrease in relative Br − concentrations with increasing extraction 
parcel number reflected increased mixing of the injection solution (and thus Br −) with the background peat pore 
water. A mass balance over all 15 extracted parcels showed that the cumulative amount of Br − recovered during 
a PPT was equal to approximately 88% of the injected amount (Figure 6b; note that the total extracted volume 
was 1.5-fold larger than the injected solution volume to ensure high recoveries). As compared with Br −, relative 
concentrations of DO were significantly lower in all retrieved solution parcels of the first PPT. The correspond-
ing cumulative recovery of injected DO over all extraction parcels of the first PPT was only 28%. This finding 
implies that DO concentrations in the injected solution decreased not only due to mixing with subsurface peat 
pore water, as captured by Br −, but also through reaction. Based on the CBE results, we consider this reaction to 
be the electron transfer from reduced POM to DO.

The relative DO concentrations and the cumulative DO recoveries increased from the first to second and third PPT 
(and in the subsequent PPTs; not shown in Figure 6b). The corresponding amounts of cumulative DO reacted in 
the three consecutive PPTs decreased from 54 to 29 and to 27 μmol DO, respectively (Figure 6c). This finding 
demonstrates continuous oxidation of reduced POM moieties with repeatedly injected DO and that this reaction 
consecutively lowered the number of reduced moieties that transferred electrons to DO injected in consecutive PPTs.

In each of the six wells LM1–LM6, we carried out 33 to 34 consecutive PPTs with rest periods in the subsurface 
varying from ∼1.5 to 23 hr (most tests had rest periods of either 1.5 hr or 18 hr). Besides co-injecting bromide 

Location

Single reaction kinetics Dual reaction kinetics

k1 (1/hr)  
t1/2 (hr)

RMmax, 1  
(μmol/g POM)

k1 (1/hr)  
t1/2 (hr)

RMmax, 1  
(μmol/g POM)

k2 (1/hr)  
t1/2 (hr)

RMmax, 2 
(μmol/g POM)

LM (n = 6) 2.4 ± 0.3 20 ± 4 4.0 ± 0.6 8 ± 1 0.8 ± 0.2 17 ± 3

0.29 ± 0.04 0.18 ± 0.02 0.88 ± 0.19

BM (n = 3) 2.5 ± 0.4 31 ± 8 4.7 ± 1.0 14 ± 3 0.7 ± 0.2 24 ± 5

0.28 ± 0.05 0.15 ± 0.03 1.00 ± 0.20

SM (n = 3) 1.4 ± 0.5 8 ± 1 2.1 ± 0.9 3 ± 1 0.4 ± 0.1 7 ± 1

0.52 ± 0.16 0.36 ± 0.16 1.91 ± 0.53

Note. The fitted parameters are the maximum number of reduced moieties in peat particulate organic matter (POM) of kinetic 
i that react with DO (RMmax,i), reaction rate constants (ki) (with calculated corresponding half-lives (t1/2)) assuming either 
single- (i = 1) or dual- (i = 1,2) reaction kinetics for DO with reduced POM moieties in the peat soil. n is the number of 
experimental DO BTCs that were fitted.

Table 2 
Results of Model Fits to Dissolved Oxygen (DO) Breakthrough Curves (BTCs) for Columns Filled With Peat Soil From 
Lungsmossen (LM), Björsmossen (BM), and Storhultsmossen (SM)
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in the first PPT, we co-injected bromide in two additional tests over the course of the total 33 to 34 tests. These 
three tracer tests showed similar relative Br − concentration profiles and Br − recoveries for a given well (Text S12 
in Supporting Information S1), demonstrating that peat physical/hydrological parameters around the wells were 
stable over the PPT campaign.

The cumulative amount of DO reduced at a given location steadily increased with each conducted PPT and hence 
with increasing cumulative amounts of injected DO (Figure 7a). Yet, the slope of the cumulative DO reduc-
tion decreased with increasing injected DO amounts, reflecting depletion of reduced POM moieties that trans-

Figure 6. Results from exemplary push-pull tests (PPTs) in Lungmossen at location LM1. (a) Relative concentrations 
(Cextracetd/Cinjected) of the tracer bromide (cyan circles) and dissolved oxygen (DO) in extracted solution parcels 1–15 for the 
first three consecutive PPTs (i.e., first, second, third), each with a ∼1.5 hr rest period of injected solutions in the subsurface. 
Bromide was co-injected with DO in the first PPT. (b) Cumulative recoveries over all 15 extracted solution parcels of the 
tracer bromide (cyan circles) and DO for each of the first three consecutive PPTs relative to the injected amounts of tracer and 
DO, respectively; and (c) Cumulative amounts of DO reduced in PPTs 1 to 3 over the cumulative solution volume extracted 
from LM1 for each test.
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ferred electrons to DO and, presumably, a shift to reduced POM moieties 
with slower reaction kinetics with DO. In all wells, the cumulative amounts 
of consumed DO did not plateau over the 33 PPTs, demonstrating slow and 
continuous DO reduction. The cumulative DO reduced varied between loca-
tions (Figure 7a), with larger differences between the two site clusters (i.e., 
14 ± 1 μmol O2/g dry peat for cluster LM1–3 and 17 ± 4 μmol O2/g dry peat 
for cluster LM4–6 (average ± standard deviation); Text S13 in Supporting 
Information S1). These differences likely reflected higher extents of peat-soil 
decomposition at the latter cluster (Text S3 in Supporting Information S1), 
which was supported by visual inspection of peat-soil cores retrieved from 
the peat after terminating the PPTs (Text S2 in Supporting Information S1).

3.3. Comparison of DO Reduction by POM in PPTs and CBEs

The calculated EDCs for LM peat soil determined in PPTs were in good 
agreement with the corresponding EDC values determined from CBE exper-
iments discussed above (Figure 7b). The slightly lower EDC in PPTs than 
CBEs may reflect that DO consumption had not plateaued in the PPTs and, 
hence, that the peat soil still contained DO-reactive reduced POM moieties 
when we terminated the PPTs.

Figure 7b also includes the CBE-determined EDC values from BM and SM 
peat soil. We have previously determined the EDCs of peat POM from the 
same three bogs by quantifying the increase in electron-accepting capacity 
of the POM that resulted from exposing the in situ reduced POM to DO for 
8 d (Joshi et al., 2021). The so-determined EDCs were ∼90 μmol e −/g dry 
POM for BM and LM (Figure 7b) and thus in good agreement with the EDCs 
estimated herein for these peat soils. In the previous work (Joshi et al., 2021), 
DO exposure of SM POM only marginally changed its electron accepting 
capacity, suggesting that SM was not highly reduced. Consistently, SM peat 
soils also showed the lowest EDC values in the CBEs conducted herein. We 
conclude from experiments conducted herein that POM was present in a 
reduced state in situ in all three tested peatlands, and that the peat POM had 
EDCs to DO in the range of 40–130 μmol e −/g dry peat (including results 
from CBE and PPTs).

4. Conclusions
The complementary laboratory CBEs and field PPTs demonstrated that 
POM is present in reduced states in situ in all three tested bogs and that 
the reduced POM donates electrons to DO. Furthermore, for LM, CBEs and 
PPTs resulted in comparable numbers of electrons donated to DO per dry 

mass of peat soil, supporting the transferability of results from laboratory studies on reaction of POM with DO 
to the field. All experiments showed that DO reduction had a fast and a slow kinetic component, with reaction 
time scales in the range of minutes to hours and presumably up to few days. We observed variations in DO 
reduction by POM within a given peatland as well as by POM from different peatlands. We tentatively ascribe 
these differences to different extents of POM decomposition, with EDC values increasing with increasing POM 
decomposition degrees. The EDC values determined herein range from ∼40 to 130 μmol e −/g dry POM and are 
in good agreement with values previously reported for the same peat soils in laboratory POM reduction assays 
(Joshi et al., 2021). Furthermore, the EDC values are consistent with reported numbers of electrons transferred 
to POM through anaerobic microbial respiration: Keller and Takagi (2013) reported the transfer of 25 μmol e −/g 
dry POM in laboratory incubation experiments performed for 30 d in the dark and without added substrates. In 
a different experimental setup, Gabriel et al. (2017) incubated peat-soil-filled and water-saturated microcosms 
and reported a transfer of ∼90 μmol e −/g dry POM after 42 d of incubation (no added substrates). Recently, Guth 
et al. (2022) incubated peat soil for 56 days in the dark and observed a decrease in electron-accepting capacity of 
∼120 μmol e −/g dry POM.

Figure 7. Results from push-pull tests (PPTs) and column breakthrough 
experiments (CBE) in Lungsmossen (LM) peat soil. The PPTs were conducted 
at two location clusters LM1–3 and LM4–6. (a) Cumulative amount of 
dissolved oxygen (DO) reduced plotted vs. the cumulative amount of DO 
injected at locations LM1 to LM6. The data points in one series corresponds 
to the individual consecutive 33 PPTs. (b) Electron donating capacities 
from peat particulate organic matter to DO calculated from decreases in DO 
concentrations in the PPTs in LM and, for comparison, in CBEs and in batch 
reoxidation experiments, reproduced from Joshi et al. (2021). The symbols and 
error bars correspond to averages and standard deviations, respectively (n = 3 
in all cases except for n = 6 for CBEs in LM soil columns).
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While we did not aim to identify the chemical nature of the electron-accepting and -donating organic moieties 
in the POM, it is likely that quinone/hydroquinone couples play an important role, akin to their importance as 
redox-active moieties in DOM (Aeschbacher et  al.,  2011,  2012). The EDCs of 40–130  μmol e −/g dry POM 
would correspond to 20–65 μmol hydroquinone groups/g dry POM, given that each hydroquinone is oxidized to 
the quinone by donating two electrons. With an average carbon content of 47.3% by weight in POM of our three 
ombrotrophic bogs (Text S3 in Supporting Information S1), and given  that each hydroquinone moiety accepts 
two electrons and contains six carbon atoms, we can estimate between 250 and 825 μmol quinone-type aromatic 
carbon per g C or an aromaticity contribution of hydroquinone moieties of approximately 0.3%–1.0% of all POM 
carbon. This number is plausible given the values of ∼10% aromatic content reported by Tfaily et al. (2014), 
∼10%–15% reported by Moody et al. (2018) and 8%–10% that we observed for POM from bogs in the Värmland 
county region (data not shown). These calculations in combination with electron transfer reversibility determined 
herein support that quinone moieties, not aliphatic double bonds (see above), are involved in POM acting as TEA.

The finding of reduced POM under anoxic conditions in situ and its re-oxidation by DO substantiates not only that 
POM acts as TEA in anerobic microbial respiration under anoxic conditions, but also that the capacity of POM 
to accept electrons can be restored through oxidation by DO entering the peat soil during recurring oxygenation 
events, for example, through water-table drawdowns, strong water-infiltration events, and through the release of 
photosynthetically formed O2 through roots or rhizoids (Björn et al., 2022). This re-oxidation is a pre-requisite for 
POM to act as a regenerable, long-term TEA near the oxic-anoxic interface in peatlands.

Assuming that the herein reported EDCs of POM resulted from its reduction as TEA in anaerobic respiration, 
we can estimate the extent to which anaerobic respiration to POM may lower methane concentrations (or mass) 
per unit area in peatlands, either through competitive suppression of methanogenesis or by AOM. For a unit area 
of 1 km 2 we assumed an average yearly water-table fluctuation of 25 cm (Fraser et al., 2001; Treat et al., 2007). 
Using our measured peat dry-bulk densities of 56–86 g/L (Text S9 in Supporting Information S1), we computed 
a peat dry mass of 130–200 Tg per km 2 of peatland that could act as TEA in anaerobic respiration. This peat mass 
would allow for an electron transfer of 7.3 ± 0.7 × 10 5 to 1.3 ± 0.3 × 10 6 mol e − km −2 yr −1. For the oxidation of 
1 mol CH4 to CO2 in AOM, 8 mol e − need to be transferred. Likewise, to suppress the production of 1 mol CH4 
by allowing for anaerobic respiration instead of methanogenesis requires the transfer of 8 mol e − to POM when 
respiring a substrate with an assumed nominal oxidation state of carbon of zero. This means that re-oxidation 
of reduced POM in the peat-soil layer affected by water-table fluctuations may lower the amount of CH4 in the 
studied peatlands by 9.1 ± 0.9 × 10 4 to 1.6 ± 0.4 × 10 5 mol CH4 km −2 yr −1. This potential decrease in the CH4 
amount is significant when compared with the reported emissions of 1–18 × 10 5 mol CH4 km −2 yr −1 for northern 
peatlands (Blodau, 2002), and estimated emissions of 43 × 10 5 mol CH4 km −2 yr −1 for peatlands globally (Guth 
et al., 2022).

Data Availability Statement
The datasets required to analyze the results and replicate the research from this manuscript are provided as 
supplementary information and separate .csv files. These will be published at the ETH Research Collection 
webpage (https://doi.org/10.3929/ethz-b-000635112; Obradović et al., 2023). For the use of Aquasim 2.0 soft-
ware (Reichert, 1994, 1998), the open-access package  is available via the link https://www.eawag.ch/en/depart-
ment/siam/software/, under the tab “AQUASIM”. Data analyses and plotting were performed in open-access 
software RStudio (Posit team, 2022; Signorell et al., 2017; Wickham, 2016; Wickham & Bryan, 2023; Wickham 
et al., 2019, 2023; Wilke, 2020).
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