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Abstract: Terrestrial consumption of the potent greenhouse gas methane (CH4) is a critical aspect
of the future climate, as CH4 concentrations in the atmosphere are projected to play an increasingly
important role in global climate forcing. Anaerobic oxidation of methane (AOM) has only recently
been considered a relevant control on methane fluxes from terrestrial systems. We performed
in vitro anoxic incubations of intact peat from Utqiaġvik (Barrow), Alaska using stable isotope
tracers. Our results showed an average potential AOM rate of 15.0 nmol cm3 h−1, surpassing the
average rate of gross CH4 production (6.0 nmol cm3 h−1). AOM and CH4 production rates were
positively correlated. While CH4 production was insensitive to additions of Fe(III), there was a
depth:Fe(III) interaction in the kinetic reaction rate constant for AOM, suggestive of stimulation by
Fe(III), particularly in shallow soils (<10 cm). We estimate AOM would consume 25–34% of CH4

produced under ambient conditions. Soil genetic surveys showed phylogenetic links between soil
microbes and known anaerobic methanotrophs in ANME groups 2 and 3. These results suggest a
prevalent role of AOM to net CH4 fluxes from Arctic peatland ecosystems, and a probable link with
Fe(III)-reduction.

Keywords: Arctic Coastal Plain; methane emissions; AOM; ANME; iron; isotope pool dilution;
drained thaw lake basin; metal-dependent AOM

1. Introduction

Anaerobic oxidation of methane (AOM) affects global climate, as it constrains the atmospheric
release of the powerful greenhouse gas methane (CH4). In marine systems, AOM linked to
sulfate-reduction consumes approximately 90% of methane before it can be released into the
atmosphere [1,2]. In terrestrial systems, there is increasing evidence that AOM plays a similar role in
controlling net CH4 fluxes from soils and freshwater systems [3–5]. The Arctic contains vast quantities
of soil organic carbon, much of which is increasingly vulnerable to mobilization as soils warm and
permafrost thaws [6]. Global climate change is disproportionately warming Arctic systems, enhancing
the likelihood of changes in net greenhouse gas fluxes to the atmosphere from warming soils [7].
Northern peatlands traditionally act as sinks of carbon dioxide (CO2) and sources of CH4 to the
atmosphere [8–10]. Estimates of the AOM pathway and its impact on net ecosystem CH4 balance
within intact northern soils are limited [3,11–15], highlighting the need for additional studies to
determine the role of AOM in CH4 cycling in northern peatlands.

A number of mechanisms have been identified for the AOM process. Marine AOM is most
commonly linked with sulfate-reduction, conducted by either a single sulfate-reducing bacterium
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or via the consortium of a sulfate-reducing bacterium and a methanotrophic archaeal partner [1].
For terrestrial systems, AOM is often not related to sulfate reduction, as electron acceptors other than
sulfate are more abundant and energetically favorable [16]. Recent work in terrestrial systems has
found evidence for AOM associated with non-sulfate terminal electron acceptors [3,11,17–21], including
a number of studies identifying a potential linkage to iron-reduction [17,20,22–25], which may be
highly relevant to the Fe-rich oligotrophic soils found on the Arctic Coastal Plain. While the drivers
of terrestrial AOM and their interactions with electron acceptors are still somewhat confounded,
alternative electron acceptors are known to inhibit methanogenesis [26–28] directly via microbial
competition [29], and/or indirectly through toxic intermediate products like NO2

− [30]. Regardless,
alternative electron acceptors could suppress net CH4 flux through AOM, even if they do not directly
inhibit methanogenesis.

Advances in the genetic characterization of the AOM pathway have given us a means for
identifying the presence and activity of AOM-associated organisms, including 16S rRNA and functional
genes such as pmoA, pMMO, and mmoX, which code for methanotrophic-specific enzymes [3,31,32].
In marine systems, archeal methanotrophs, also known as “ANME” for ANaerobic MEthanotroph,
have been differentiated into the phylogenetically-distinct groups ANME-1 (with subgroups a and b),
ANME-2 (with subgroups a, b, and c), and ANME-3 [1,33]. The ANME groups do not cover all known
members of the AOM community, particularly in terrestrial and some extreme environments [34,35],
but they have been shown to display some interesting functional characteristics. For example,
Mohanty et al. [36] found type I methanotrophs were stimulated by nitrogenous fertilizers, while type
II were inhibited. Further, Knoblauch et al. [37] saw a shift from type I to type II aerobic methanotrophs
in Siberian peat under warming conditions.

Despite recent advances in our understanding of the mechanisms and organisms associated with
terrestrial AOM, relatively few studies have measured AOM rates in Arctic systems. The drained thaw
lake basin landscapes on the North Slope of Alaska offer a unique location for the measurement of
terrestrial AOM. The landscape is populated with vegetated drained thermokarst lake basins (hereafter
referred to as “basins”), underlain by deep continuous permafrost that create a natural chronosequence
of soil development [38,39]. As basins age, the depth of the surface organic layer grows, reducing
contact with the iron (Fe)-rich mineral layer. The active layer constitutes the seasonally unfrozen surface
soils that contain material available to biological processes and contribute to ecosystem respiration
and CH4 flux. Measurements of ecosystem respiration within the basins show high Fe-reduction
rates, high native loads of iron, and low or non-measurable amounts of nitrate and sulfate electron
acceptors when active layer soils are thawed [40]. The basins are currently net sources of CH4 to
the atmosphere. This system is, however, projected to become wetter and warmer with climate
change [41,42], a condition likely to enhance CH4 production as new basins develop [39,43]. As
AOM is a substrate limited process, increased CH4 production may in turn enhance conditions for
AOM [13,31,44], yet no studies exist that investigate the role of AOM in high-Arctic CH4 production.

Current methods for in situ rate estimates of CH4 production and oxidation involve the
combination of stable isotopes and methanogenic inhibition chemicals [45,46]. Given evidence that
methanogenic inhibition chemicals do, in fact, impact AOM in both culture and environmental
samples [47–49], the best available method for determining AOM rates and relative importance to
net CH4 flux is in vitro incubation [12]. Laboratory incubations of intact soils ride the line between
realistic [50] and controllable.

To our understanding, there are no previously-published AOM rates within high Arctic peatland
systems [15]. Our research was motivated by field-based evidence of net CH4 flux suppression by Fe
and humic substances, with an unknown mechanism: inhibition of methanogenesis or stimulation of
AOM [51]. To determine the importance of AOM to net CH4 fluxes in high Arctic wetland systems
and the influence of inorganic electron acceptors on AOM rates, we performed in vitro incubations
of active layer peat soils. We amended soils with treatments of sulfate (SO4

2−) and ferric iron
(Fe(III)-nitrilotriacetic acid). Given the importance of Fe reduction to the anaerobic carbon cycle
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in these soils, we hypothesize that increased Fe(III) will stimulate AOM in this system, impacting
overall CH4 flux from the soils. We also present genetic data from basin soils to confirm the presence
of microorganisms related to known anaerobic methanotrophs.

2. Materials and Methods

2.1. Study System

Soils were collected from sites located within the Barrow Environmental Observatory research
reserve near Utqiaġvik, AK (71.2963 N, 156.5891 W) [39,52]. The Alaskan North Slope landscape is
dominated by drained thaw lake basins, which are the footprints of shallow thermokarst lakes that
have vegetated since draining [39]. The basins represent a successional chronosequence, commonly
categorized into four age classes based on time since draining: young (0–50 years), medium
(50–300 years), old (300–2500 years), and ancient (2500–5000 years) [38,39]. Basin succession has
been linked to soil productivity, with a strong relationship with organic matter content, bulk density,
Fe content, and soil respiration [38,40,52–54]. As basin age increases, organic matter accretion grows
the depth of the organic soil layer over time, increasing the distance between the surface and the
mineral soil layers. In young and medium age classes the shallow, less-developed soils have relatively
high rates of CH4 production and net flux to the atmosphere, with thinner organic layers, lower organic
matter content, and higher bulk density in the active layer [53,55,56]. There is also low availability of
sulfate and nitrate electron acceptors in the acidic and anoxic peat soils in the Arctic, where nutrients
are scarce and biological uptake is fast and competitive. Basic soil and porewater data from the cores
used in this study are presented in Table 1, as measured by methods outlined in Lipson et al. [40].
For more depth-specific information on Utqiaġvik soils, see Lipson et al. 2010 and 2013 [40,52].

Table 1. Average basin soil characteristics used in incubation.

Basin Age
Class

Bulk
Density

(g·cm−3)

Organic Matter
Content (g·g−1)

Fe3+

(µmol·cm−3)
pH

Dissolved
Organic Content

(mg·L−1)
CH4 (µM) CO2 (µM)

Medium 0.42 (0.05) 0.32 (0.04) 30.3 (5.7) 5.54 (0.1) 30.3 (6.1) 1.55 (0.3) 671 (138)
Young 0.44 (0.06) 0.29 (0.03) 14.0 (3.2) 5.89 (0.2) 42.0 (7.6) 2.36 (0.9) 1019 (378)

Basic soil (21.6 +/- 0.9 cm deep) and water chemistry (0–10 cm depth) for basins sampled for incubations. Values
are means and standard errors (n = 3 for each age class). Porewater and pH data represent averages for June 2011
when soils were collected.

2.2. Soil Sampling and Incubation Setup

We performed two discrete incubation experiments. For the first incubation experiment, we used
soils from three depths (5, 15, and 25 cm) along a single representative core from all of the four basin age
classes for a total of 12 samples with no replication to quickly determine which basin age class(es) and
depths (if any) had measurable or dynamic AOM activity rates. For the second incubation experiment,
we used the results from the first experiment to target basin age classes and depths with promising
AOM activity, and explored the interactions between gross AOM rates, gross rates of CH4 production,
and terminal electron acceptor treatments using three replicate cores from each of two basin age classes
and 12 depths per core for a total of 72 samples in triplicate. All soils used in both experiments were
from soil cores extracted in June 2011 with a 12 cm diameter SIPRE corer attached to a handheld
gas-powered drill. All soils were collected from waterlogged sites, as previous work showed soil CH4

3- to 5-fold higher in these locations (as opposed to hydrologically mesic soils in micro-topographically
raised areas) [53,56,57]. Extracted frozen cores were kept on wet ice in the field, and stored at −80 ◦C
within 2 h of collection. In the lab, 1 cm thick discs were cut out of each core at specific depths with a
band saw, weighed and transferred to 1-L glass Mason jars with metal ring lids modified to contain
gas impermeable butyl rubber septa (Geo-Microbial Technologies, Inc., Ochelata, OK, USA) and an
anaerobic indicator strip (Anaerotest 115112, Merck Millipore, Burlington, MA, USA). Jars containing
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the intact “pucks” of frozen soils were sealed, the headspace immediately vacuumed for 2 min, and
purged with UHP helium gas for 5 min. Jars were wrapped in foil and stored in dark incubators at 10
◦C for one week to allow for full soil thaw. Jar headspaces were purge-flushed with ultra-high purity
helium (99.999%) for 2 min every other day, to remove any O2 released or produced upon thaw.

To begin each incubation, an aqueous treatment solution was added to the jar via the septum,
the headspace volume was vacuum flushed with UHP helium for 5 min, and then allowed to equilibrate
to atmospheric pressure through tubing submerged in O2-free deionized water. After the jar reached
atmospheric pressure, a CH4 mixture was injected to create an initial jar headspace of 5% CH4 with a
5.03 atom percent (AP%) 13/12C isotopic composition. Jars were incubated at 10 ◦C (range: 8–11 ◦C) in
the dark. All anaerobic indicator test strips signaled anoxia within the incubation chambers throughout
the incubation. Time series samples at 24, 336, 480, 720, and 960 h (i.e., 1, 14, 20, 30, and 40 days) were
collected into 10-mL glass serum vials fitted with gas-tight 10-mm butyl rubber stoppers and stored in
dark refrigeration until analysis.

2.3. Basin AOM Activity

To determine ballpark AOM rates, we conducted a small pilot study using the mass and isotopic
signature of CO2 in the headspace to indicate AOM activity. The pilot study used a set of three soil
depths (5, 15, and 25 cm) extracted from a single soil core from each of the four basin age classes,
for a total of 12 incubations with no replication. No soil amendments were used in the pilot study.
Headspace gases were sampled at 24, 48, 120, 216, and 384 h. Headspace samples were analyzed for
CO2 concentration (ppmv) and δ13CO2 at the University of California-Davis Stable Isotope Facility
(Davis, CA, USA).

Before the pool dilution experiment, which was designed to quantify rates of AOM activity and
CH4 production, we used the pilot study to determine if AOM was occurring in the soil cores. In the
case of the pilot study, we only followed the production of 13CO2 over time, which must originate from
AOM consuming the 13CH4 spike. In other words, AOM must be active if a 13CO2 spike is measurable
in the headspace. Jar headspaces were established with 5% of 5.03 AP% CH4. For calculations, isotopic
fractionation associated with the anaerobic fermentation processes was assumed negligible, so the
δ13C signature of soil respired CO2 was essentially the isotopic signature of the substrate (which was
given a value of −24‰ based on recent work in Utqiaġvik, AK, USA) [58]. Non-methanotrophic
anaerobic soil respiration is expected to gradually decrease headspace 13CO2 while increasing overall
CO2 concentration. AOM, if present, consumes spiked 13CH4, increasing headspace 13CO2 and CO2

mass. Hydrogenotrophic methanogenesis could utilize some of the 13CO2 produced by AOM, however,
we ignored this possible feedback as our experiments were not long in duration, and by assuming null
methane production we underestimated the rate of 13CO2 reduction. Using mass balance equations
for total CO2 and assuming 13CO2 fractionation factors for AOM and anaerobic soil respiration,
we calculated the amount of CO2 produced by AOM using an isotope mixing model. AOM rates were
calculated as the change in mass of AOM-produced CO2 versus incubation time.

2.4. CH4 and AOM Rate Estimates

We estimated gross CH4 production and consumption (AOM) rates using an isotope pool dilution
method slightly modified from von Fischer and Hedin [45] and Smemo and Yavitt [13]. Using mass
balance equations and an isotope mixing model, this technique allows us to simultaneously calculate
gross methanogenesis and AOM rates.

The isotope pool dilution begins with an initial spike of 13C-enriched CH4 in the headspace of
an incubation jar. Subsequently, the amount of 13CH4 in the headspace decreases by two processes:
(1) diffusive flow of the labeled substrate into the soil [45], and (2) 13CH4 consumption by AOM.
The latter in turn releases 13CO2, representing the only significant source of 13C-enriched CO2 into the
headspace. Methanogenesis, on the other hand, produces and releases mostly 12CH4 and 12CO2 into
the headspace, while anaerobic soil respiration contributes predominantly 12CO2 into the headspace.
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Over time, the isotope ratios of headspace CH4 should decrease as AOM continues to draw down
13CH4 from the initial spike. Total mass of CH4 also changes over time depending on the balance
between CH4 production and consumption (i.e., headspace CH4 mass increases over time if P > C).
Labeled 13C was expressed as atom percent (AP%) in all calculations.

CH4 mass and isotope data were used to calculate an incubation-specific, first-order reaction rate
constant (k) for gross CH4 consumption. In these calculations, we assumed an isotopic signature of
newly produced CH4 of −60‰, or 1.05 AP% [13,45,59]. The isotope fractionation of AOM has estimates
ranging from −2 to −14‰ in terrestrial systems [13,60–62]. We used a conservative estimate for this
effect using a value of 0‰ in our calculations. Given our 0‰ assumption, we cannot overestimate the
effect of AOM. All mass values were standardized to a dry soil weight basis. Net CH4 fluxes were
calculated as the rate of CH4 mass change over time. Calculations of gross CH4 consumption and
net CH4 flux rates were taken over the entire incubation period. Gross CH4 production rates were
calculated by Net Flux = Production − Consumption, as the sum of gross consumption and net CH4

flux rates.
A small number of incubation jars showed positive net increase in CH4 AP%. The magnitude was

small and often within the range of instrument precision (~0.0357%). Those results were considered
unreliable and were excluded from rate analyses. This is because CH4 AP% can either decrease or
see little change during incubation, but not increase. A continuous decline in headspace 13CH4 is
expected in the presence of AOM. Without AOM, headspace 13CH4 is likely to decrease initially as
a small fraction of 13CH4 diffuses into soil pore space. When jars with increasing CH4 AP% were
used in the calculation, we arrived at zero CH4 production. These results were inconsistent with
total mass observation in which significant increases in CH4 production were measured at the end of
the incubation.

2.5. Treatments

To characterize potential AOM rates more broadly, we incubated a total of 72 soil samples taken
from a total of six cores of waterlogged depressions within young and medium age class basins,
three from each basin age class. The effect of depth on AOM rates in the pilot study was unclear,
thus for this experiment, twelve depths were sampled from each core ranging from 1 to 30 cm below
the surface, resulting in the following replication: two basin age classes x three basins per age class x
12 depths per core. To determine the effect of electron acceptors on both methanogenic and AOM rates,
treatments of DI water, iron (Fe(III)-nitrilotriacetic acid, or Fe(III)-NTA) and sulfate (K2SO4) were used
to alter the amount of available electron acceptors present in incubated soils. Fe-NTA has been used as
an electron acceptor in multiple studies of Fe reducers as it is used by common ones such as Geobacter,
Shewanella, and Rhodoferax [63,64]. We created common volume treatment solutions using the average
frozen weight of incubated soils and basin-specific soil water content. Treatments were designed to
deliver equal amounts of electron accepting capacity, resulting in final soil concentrations of 8 mM
Fe(III)-NTA and 1 mM K2SO4. Autoclaved treatment solutions were bubbled with UHP helium for
10 min, capped and stored in serum vials with UHP helium headspaces at 10 ◦C for less than 12 h
before administration. We excluded a nitrate treatment, despite evidence of a nitrate-dependent AOM
pathway in other systems [18,65]. This was done in deference to the low availability of nitrate found in
past research in Utqiaġvik soils, and the possible inhibitory effect nitrogen can have on methanogenesis
rates [13,30].

The three treatments were administered in a stratified block design, blocked by core, and stratified
into 4 depth classes: top (0–1, 2–3, 5–6 cm), top-middle (8–9, 9–10, 11–12 cm), bottom-middle (14–15,
17–18, 20–21 cm), and bottom (23–24, 26–27, 29–30 cm). Electron acceptor treatments were randomly
assigned within each depth class. Samples of headspace gas from each jar were drawn after 24, 336,
480, 720, and 960 h of incubation. Mass and δ13C of CH4 gas in the headspace were measured at the
Stable Isotope Facility of the University of California-Davis using a ThermoScientific PreCon-GasBench
system interfaced to a ThermoScientific Delta V Plus isotope ratio mass spectrometer (ThermoScientific,
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Bremen, DE, 0.0357% or 0.2‰ instrument precision). Headspace CO2 mass and isotopic signatures
are not needed for rate estimations using the pool dilution method, and were not measured in the
full experiment.

2.6. Molecular Analysis

We used two datasets (16S rRNA gene sequences and random shotgun metagenomes) to identify
gene sequences from Utqiaġvik soils that are closely related to microbes capable of AOM. 16S rRNA
sequences were obtained from the Earth Microbiome Project (EMP) [66]. This study used soil samples
of varying depths from the rims and centers of low-centered polygons of old and ancient basins,
sampling a total of 12 locations (six basins x high vs. low) times three depths, minus one sample
that was lost, for a total of 35 libraries [67]. Sample processing, sequencing, and core amplicon data
analyses were performed by the EMP (www.earthmicrobiome.org) and all amplicon and metadata
have been made public through the data portal (www.microbio.me/emp). Sequences closely related
to ANME groups 1, 2, and 3 [68] were identified by local BLAST of the data set, aligned with known
representatives from these groups using the SINA alignment tool (www.arb-silva.de/aligner/) [69],
and a maximum likelihood phylogenetic tree was generated using the Fast DNAml application within
BioEdit [70].

The metagenomic analysis used the libraries described by Lipson et al. [71]. These represent
soils of varying depths from a single medium-aged basin. MG-RAST was used to search for mcrA
genes, and the relationships of these sequences to mcrA genes from known ANME clades [72–74] was
explored using a protein maximum likelihood tree (PROml) with amino acid sequences aligned using
CLUSTALW in Bioedit [70].

2.7. Statistical Analyses

Most data were unbalanced due to unequal sample sizes after data screening and were therefore
evaluated using the Type III sum of squares from multi-way ANOVA and ANCOVAs, with post-hoc
determinations by one-way ANOVA and Tukey honest significant difference tests (both of which are
less sensitive to unequal sample size). Soil depths were analyzed as a continuous variable, while depth
class was treated as a categorical variable. We used correlation analysis to compare quantities and
rates of methane produced and consumed. When necessary, data were transformed to conform to test
assumptions of normality and homogeneity of variance. All statistics were performed with R version
3.1.1 [75].

3. Results

3.1. AOM-Associated Microbes and Genes

Phylogenetic analysis of 16s rRNA showed the clustering of Utqiaġvik basin soil sequences with
known methane-cycling archaea, including ANME groups 2 and 3 (Figure 1). A total of 3306 (out of
2027920) sequences were similar to nitrate-dependent methanotrophs belonging to the phyla NC10.
Soils sequenced in this series were exclusively from old and ancient age class basins, and so they
are not directly related to the soils incubated for AOM and methanogenesis rates. However, recent
studies using 16s rRNA gene sequences in this landscape have shown the ubiquity of methanogen
communities and a convergence in microbial composition within the active layer, regardless of basin
age class [76]. Therefore, differences in microbial communities between age classes in this ecosystem
appear to be more subtle than changes associated with soil depth and microtopography [40,71,77].

www.earthmicrobiome.org
www.microbio.me/emp
www.arb-silva.de/aligner/
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namely the Methanosarcina, Methanobacterium palustre, and Methanococcus clades (Figure 2), 
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Figure 1. Phylogenetic tree of 16S rRNA sequences from the Earth Microbiome Project of old and
ancient basins, illustrating the relatedness of organisms found in Utqiaġvik soils with other known
methane-cycling isolates in ANME groups 2 and 3.

Utqiaġvik soil isolates related to methanogens capable of Fe(III)-reduction were detected [63],
namely the Methanosarcina, Methanobacterium palustre, and Methanococcus clades (Figure 2),
grouping closely amongst ANME groups 2 and 3, with greater separation from the ANME group 1.
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Figure 2. Phylogenetic tree of mcrA genes from the metagenomes of a single medium-aged basin.
Utqiaġvik sequences cluster near mcrA genes known to be associated with the “reverse methanogenesis”
pathway of CH4 consumption.

3.2. Pilot Study

All data in the pilot study showed linear trends of increasing CO2 mass and δ13CO2 over time,
indicating AOM activities within incubated soil cores from all age classes. The relative importance of
AOM measured during the pilot study was greatest in young and medium age basin soils, but the two
age classes had an inconsistent relationship with soil depth (Figure 3). Basin age class and soil depth
were most strongly related to total CO2 flux rates (p = 0.018 and 0.006, respectively). There was also an
interaction of soil depth x basin age class with AOM rates (interaction p = 0.078), with lower AOM
rates found in the deeper layers of old and ancient basins (Figure 3).
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Figure 3. Percentage of total CO2 attributed to AOM by basin age class and soil depth in the pilot
experiment. Proportions represent total amount of CO2 from AOM relative to total amount of CO2

evolved over the course of the incubation (all 384 h). There is one incubation represented per age class
and depth interaction (n = 12).

Four of the twelve pilot jars were significantly different than the others in terms of either AOM
rates and/or the ratio of AOM CO2 to total CO2 production. The highest AOM rates were measured in
soils from the old basin at 5 cm, the medium basin at 5 cm, and the young basin at 25 cm. The three
highest values for the percentage of total CO2 coming from AOM were from the medium basin at
15 cm, the medium basin at 5 cm, and the young basin at 25 cm. Total CO2 flux rates were also lower
in the young and medium basins (independent of depth). The most dynamic (and often the highest)
AOM rates were in soils from young and medium basins, thus, we sampled from only young and
medium basins for the full experiment.

3.3. Methane Production and Consumption Rates

The primary objectives in the full experiment were to determine if the AOM pathway was an
important aspect of soil carbon cycling in this system, and to determine possible drivers of differences
in gross CH4 production and consumption rates (Figure 4). We found a moderate correlation between
the two gross rates, with an overall R2 = 0.51 (p < 0.001) upon removal of a single outlier (consumption
rate <1 nmol CH4-C cm−3 h−1). Consumption rates were higher than production rates (overall linear
regression slope = 0.34, and y-intercept = 2.55), demonstrating that AOM can eclipse methanogenesis
in closed laboratory incubations. This effect was similar between young and medium age classes,
which had indistinguishable linear relationships between production and consumption rates (ANOVA
p = 0.4911).
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3.4. Basin, Depth and Treatment Effects

There were no statistically significant differences among basins and basin age classes in any of the
CH4 flux metrics (net flux, gross consumption, and gross production). In the pilot study, we did not
find a clear relationship between depth and AOM rates. Similarly in the full experiment, AOM rates
did not show a relationship with soil depth, but gross CH4 production rates significantly decreased by
a factor of 3 with increasing depth (Figure 5).

When soil depth was binned into four sequential depth classes as a blocking factor during random
treatment assignment, deeper soil layers were related to lower gross production rates (p = 0.015),
but were not significantly linked with gross consumption rates. There was also not a significant
change in net CH4 fluxes by depth class, regardless of a visual pattern (Figure 6). Despite a lack of
overall significance in depth class on net CH4 fluxes, there was a significant difference between the
Fe(III)-NTA and sulfate treatments within the 7–14 cm depth class, with higher AOM rates and CH4

production rates found in the Fe-treated soils. The production to consumption ratio (P:C, Table 2)
indicated there is a proportional increase in production and consumption as a result of Fe-treatment in
this depth class. Figure 6 exhibits the prevalence of net CH4 oxidation in these soils (or the potential
thereof), which were further enhanced by the treatment effect. We discovered no difference in net
fluxes by depth or treatment between the sulfate and control treatments, but significant effects of depth,
treatment, and the depth x treatment interaction between the control and Fe(III)-treated net fluxes
(p = 0.03, 0.02, and 0.02, respectively). These patterns held true when using depth class (Figure 6).
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With the exception of gross production, CH4 flux rates were not significantly explained by depth,
depth class, or electron acceptor treatment (Table 2, ANOVA). Blocking by depth class, we found
CH4 flux rates and k were not significantly altered by electron acceptor treatments, with the lack of
treatment effect due to the relative insensitivity found in the bottom half of depth treatments. The ratio
of gross production to gross consumption (P:C) did not significantly vary by depth or treatment.

Average gross production rates within sulfate-treated soils were distinguishable by depth classes
(p = 0.003), with an overall decrease in rates with increasing depth. Within the sulfate-treated soils,
the effect of depth class on gross production was significant (ANOVA p = 0.01). The sulfate:depth
effect is absent in the P:C ratio, with an exception in the 0–6 cm depth, which had a marginally higher
P:C than all other sulfate depth classes (ANOVA p = 0.09).

Table 2. Methane cycling rates by depth class and acceptor addition treatment.

Gross Production
(nmol C-CH4/cm3

dry soil/hour) *

Gross Consumption
(nmol C-CH4/cm3 dry

soil/hour)

Production to
Consumption

Ratio (P:C)
k (day−1)

0–6 cm a
Control 1.77 5.85 0.51 0.0019

Fe(III)-NTA 1.78 31.0 0.10 0.0168
Sulfate 16.6 32.1 1.6 † 0.0083

7–14 cm ab
Control 7.68 14.8 0.61 0.0039

Fe(III)-NTA 8.92 28.3 0.22 0.0072
Sulfate 2.05 7.28 0.27 0.0024

15–21 cm ab
Control 3.86 8.91 0.42 0.0038

Fe(III)-NTA 3.67 10.5 0.51 0.0040
Sulfate 9.05 16.5 0.47 0.0068

22–30 cm b
Control 3.63 7.60 0.46 0.0035

Fe(III)-NTA 4.01 7.04 0.42 0.0028
Sulfate 1.68 6.68 0.29 0.0023

*ANOVA for depth class vs. gross production p-value: 0.015. Tukey test for gross production by depth class denoted
by small letters in the depth class header rows of 1st data column. † Single outlier removed from within this category
(>3 s.d. from mean).

In the full ANOVA, the effects of depth and electron acceptor treatment on the first-order rate
constant for AOM (k), were not significant. However, there was a depth effect nested within the iron
treatment group, where increasing depth was significantly correlated with decreasing k, and thus,
lower potential AOM rates (Figure 7). To parse out the effects of the Fe-treatment and soil depth on k,
we directly compared the Fe and control treatments (leaving the sulfate-treated soils out of the analysis,
as they were not distinguishable from the control group k estimates at any depth, but did contribute
a high variance obfuscating the model). Including all depth classes, we found a marginal effect of
the Fe treatment (p = 0.078), and a significant interaction effect between treatment x depth (p = 0.024).
The treatment x depth interaction was driven by the higher rate constant in Fe-treated shallow soils.
Within Fe-treated soils, there was a significant depth effect (p = 0.048).
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4. Discussion

The AOM pathway is gaining momentum in its recognition as a process of potential importance
within terrestrial systems. Peatlands in the high Arctic are of particular interest to understanding net
terrestrial CH4 fluxes because they act as massive soil carbon storage sites within both the active and
permafrost soil layers [6]. This study demonstrated both the presence of AOM-associated microbes
and that anaerobic CH4 consumption has the potential to influence CH4 cycling in the basin wetland
landscapes of the Alaskan North Slope. Using in vitro soil incubations of intact soils, we quantified
AOM rates by two methods: measuring the appearance of 13CO2 after incubating soils with a 13CH4

headspace spike; and a stable isotope pool dilution technique to simultaneously estimate the rates of
methanogenesis and AOM.

4.1. Presence of Relevant Microbial Communities

Phylogenetic analysis of Utqiaġvik soils showed the presence of known methanotrophs using 16S
rRNA and mcrA genes associated with the “reverse methanogenesis” pathway, which most closely
aligned with anaerobic methanotrophs known as ANME groups 2 and 3. The presence of these
organisms in our system serves to confirm that consumption rates measured in the soil incubations
were biologically-mediated, and provide some information about the likely functionality of the ANME
in these soils.

In addition to the evidence that our soils contain ANME organisms, we also have evidence for the
presence and functioning of organisms known to facilitate extracellular electron transfers. Extracellular
electron transfer is a capability associated with both ANME-2 [78] and Geobacter [79] microorganisms
that can reduce solid electron acceptors like metal oxides. From previous work we know Geobacter
is a major contributor to ecosystem respiration from these soils [71,77]. Extracellular electron
transfer is a recognized mechanism for metal- and organics-dependent AOM [80], tied functionally
to ANME group 2 organisms [17,20,79]. This work found organisms closely related to other known
methane-cycling isolates in ANME groups 2 and 3 (Figures 1 and 2). The presence of both Geobacter and
ANME-2 organisms, in conjunction with evidence of significant levels of methanotrophy during anoxic
incubations, supports metal-dependent AOM driven by extracellular electron transfer [20,78,81].
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4.2. AOM Activity Rates and Importance to Net CH4 Flux

Given the potential rates we measured, AOM is a significant sink of methane in the Utqiaġvik
soils we tested—in most of our closed system incubations, AOM consumed the equivalent mass of
biogenic methane during the experiment, leading to our estimates that AOM consumes between 25%
and 34% of CH4 produced, commensurate with other estimates of AOM effect on net flux rates from
freshwater wetlands [82–84].

We observed peak rates of AOM at the outset of the incubation periods, likely an artifact from the
5% CH4 spike. We designed the incubations with a large, initial dose of CH4 (5%) in the headspace
in order to address concerns over substrate limitation of the AOM pathway. This decision appears
to have indeed promoted AOM activities and initially depressed CH4 production [13], as suggested
by an overall intercept of 2.55 nmol CH4 cm−1 h−1 in the comparison between consumption and
production rates (Figure 4). We posit that the positive intercept represents the artifact effect of the 5%
CH4 spike, but as incubations continued methanogenesis quickly caught up, producing more CO2

substrates. When we combine all young and medium basin data, the regression line represents the ratio
of consumption to production as the incubation approaches a quasi-steady state. Using the slope for
all incubations (regardless of basin, depth, and treatment), we estimate potential AOM consumption
to be approximately 34% of CH4 production in a highly CH4 concentrated environment.

The potential influence of high CH4 concentrations in the headspace becomes less important with
increasing soil depth, where high levels of CH4 are likely commonplace. Within deep anoxic soils,
biogenic gas can reach very high concentrations, with published values reaching up to 10% CH4 [85].
Potential AOM rates were measured under 5% CH4, but ambient CH4 concentrations in the soil profile
may only reach around 5 ppt (0,5%) (Lipson, unpublished data). Assuming the AOM rate constant
and CH4 production rates found in this study hold for natural conditions, we would expect an AOM
rate about 10% lower than measured in the experiment. Therefore, 1.5 nmol cm3 h−1 CH4 consumed
by AOM vs 6.0 nmole cm3 h−1 produced, or 25% of the total.

The results we present here are based entirely on biological processes, as abiotic uptake of CH4

is not accounted for in our isotope-based rate calculations. Taking abiotic CH4 sorption into account
could influence the quantification of the rates presented here [86], and should be a consideration in the
planning of future studies of soil CH4 cycling dynamics.

4.3. Drivers and Stressors

Since these landscapes act as net sources of CH4 to the atmosphere, we know that production
outpaces consumption rates in intact soil systems under current conditions, but how might climate
change impact these pathways, and thereby influence overall carbon gas fluxes? The North Slope
landscape is likely to become warmer and wetter with climate change [41,42], coincident with thicker
active layers as permafrost thaw extends deeper into the transition zone and beyond. With the
increased thaw depths leading to thicker active layers, there will be more carbon available for biological
processing and losses as net carbon flux to the atmosphere as the greenhouse gases CO2 and CH4 [7].
The role of northern peatland soils to ecosystem CH4 flux is dependent on the complex interaction
between microbial populations producing and consuming CH4. We found evidence that Fe enrichment
in shallow soils positively influences the rates of AOM, thereby acting as a check on net CH4 flux to
the atmosphere.

With warming and increased permafrost thaw depths, the interaction between the organic and
mineral soil layers will increase, particularly in the young basin age classes that have the thinnest
organic layers and relatively high system productivity. Our results also showed that CH4 flux rates,
driven by changes in production rates, varied with depth. The relationship with depth was weak,
and could be driven by Fe availability rather than other factors associated with depth, as a discernible
pattern was only seen in soils treated with Fe(III). Vaughn et al. [87] found a disconnect between
CH4 concentrations in the soil porewater and net flux from the soil surface, explained as a difference
in production rates by depth, a difference in transportation rates, and/or different oxidation rates
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in shallow soils. We have evidence supporting a difference in production rates by depth (Table 2),
with shallow soils exhibiting the lowest gross production rates. The data we presented here have
relatively weak depth effects for most variables, which could be an artifact of the type of soil incubations
we performed creating conditions that represent an estimation of reality more likely for some soil
layers than for others [50]. Weak depth effects shown in variables like gross production rate (Figure 5,
Table 2) are indicative of the complex suite of abiotic and biotic conditions and processes occurring in
the soil system.

Our work supports a depth x Fe interaction effect on AOM rates, which could be explained as:
(1) CH4 production suppression in shallow soils by the presence of oxygen, and in deeper soils by
substrate limitation; (2) decreased production due to high concentrations of Fe in the deeper soil
layers; and/or (3) increased Fe-AOM in the deeper layers where concentrations of both CH4 and Fe
are highest. The presence of Fe and other mineral species in the deeper soil layers could contribute
to substrate-related depressions in production, as mineral-organic associations protect soil organic
carbon from decomposition [88]. There is also evidence that organic- and mineral-CH4 associations in
deeper soil layers have a complex relationship with temperature, where warmer anoxic soils could
result in higher rates of non-methanogenesis redox [83], particularly salient to net fluxes from warming
permafrost peat soils. Contrastingly, Zhuang et al. [81] document an intriguing relationship between
CH4 production and longer term Fe cycling, finding that additions of ferric iron initially depressed
methanogenesis rates (as expected), but the production of secondary mineral compounds like magnetite
later facilitated increased CH4 production via interspecies electron transfer between Geobacter and
Methanosarcina. Thus, Fe cycling in deeper soils of the landscape could be both suppressing and
promoting CH4 production depending on the mineral state and localized temperatures experienced at
any given time within the soil system. Future work to determine drivers of net fluxes from both soil
layer types and the landscape should focus on the interactions between mineral-organic dynamics and
CH4 production and AOM.

The anoxic basins representative of the North Slope landscape near Utqiaġvik are characterized
by Fe-driven soil respiration [40,52,77]. We hypothesize that high native Fe concentrations and
the importance of Fe-reduction respiration in these wetland soils favor AOM energetically linked
with Fe-reduction, as has been seen in some high-Fe freshwater systems [22,24,82]. The relative
insensitivity of overall AOM rates to additions of Fe(III) may be most simply explained by the
abundance of pre-existing electron acceptors in these soils. However, Fe concentrations increase with
depth in these soils [40,52], and so the stimulation of AOM by Fe addition in the shallow layer may
be evidence that Fe(III) is indeed an important electron acceptor for AOM, as recently found in other
environments [17,20,25]. In light of these data, the inhibitory effects of Fe(III) on landscape CH4 fluxes
found by Miller et al. [51] might have been driven by Fe-dependent AOM.

Net CH4 release is a balance of the opposing forces of production and consumption, and so the
environmental controls and drivers are likely to be complex. For example, Tan et al. [83] found a
temperature-dependent inhibitory effect of humic substances on methane production in peat soils,
while Valenzuela et al. [80] proved that humic substances can act as an electron acceptor for AOM in
wetland soils. We know that warming will promote permafrost thaw, thus increasing the availability
of complex soil carbon species (e.g., humic substances) and minerals for metabolic use [88–90]. It is
unknown how the full suite of changing dynamics of the active layer will interact with CH4 cycling, as it
seems likely that increased humic substance concentrations could inhibit methanogenesis, while also
promoting AOM activities. Perhaps more importantly to overall net flux dynamics, the duration of any
effects we expect is unknown—if a suppression of methane production eventually restricted AOM via
substrate limitation, what could we expect the net balance of production and consumption pathways
to be?

This landscape has an abundance of alternative electron acceptors, particularly Fe and humic
substances [40,51,77]. Increased thaw could therefore release more Fe (and humic substances) currently
trapped in the frozen mineral layer, and warming-induced cryoturbation could redistribute minerals
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into the upper active layer [91]. Based on what is already known about this system and the data
presented here, Fe is likely the dominant electron acceptor for AOM. As soils thaw and deep
mineral layers contribute to biogeochemical cycling in the active layer, increased Fe availability
could theoretically dampen the release of CH4 through competitive inhibition of production and/or
stimulation of Fe-dependent AOM. Alternatively, changes to the physical and metabolic dynamics of
the active layer could potentially disturb any microbial consortia responsible for AOM, decoupling
CH4 oxidation from these anaerobic processes [78], impacting net CH4 fluxes.

4.4. Implications for CH4 Emissions in the Arctic Coastal Plain

The recent shifts in some northern systems from their traditional role as CO2 sinks to CO2

sources [7,10] are attributed to alterations in climate and changes in species distribution. If those same
changes in local climate are conducive to CH4 production (e.g., wetter, warmer soils), it stands to reason
that AOM rates will “follow the CH4” and likewise accelerate activity. If so, and the methanogenesis to
AOM (P:C) ratio we observed remains steady, we would expect a larger quantity of AOM-derived CO2

released to the atmosphere, positively contributing to the enhanced CO2 source effect, but diminishing
the net release of the more potent greenhouse gas CH4.

As Arctic warming spurs thermokarst changes and new basin development, young basins may
become more prevalent across the future North Slope [39], previously shown to have the highest
levels of ecosystem respiration [56]. Young basins have thinner organic layers, with more overlap
between the active layer sediments and the electron acceptor-rich mineral layer, and have been shown
to have strong linkages between net CH4 fluxes and Fe dynamics [51]. In our pilot study, we observed
the highest AOM rates from young and medium basin soils, and low AOM rates in deep layers of
old and ancient basin soils, but replicated studies of these patterns are needed. Deep layers of older
basin features in particular contain both high Fe concentrations and high soil organic carbon [90],
likely somewhat protected from biomobilization by mineral-organic associations [88]. The emergence
of young basins with high Fe contents in the upper soils would increase the precise landscape features
and drivers we found associated with high levels of AOM, suggesting a potential control on net CH4

fluxes from the landscape as a whole.

5. Conclusions

The major contributions of the work we presented here are: (1) finding evidence of AOM-capable
microbes in the soils of the Arctic Coastal Plain drained thaw lake basin ecosystem; (2) measuring the
first estimates of AOM rates from Alaskan North Slope soils, confirming the relative importance of this
pathway to overall CH4 fluxes; and (3) making the connection between Fe and AOM in this system.

We used stable isotope tracers to quantify AOM rates, verifying the potential of Arctic peat soils to
perform AOM (a previously unknown result), and corroborated this with genomic data, revealing the
phylogenetic relatedness of Utqiaġvik soil organisms and known anaerobic methanotrophs of ANME
groups 2 and 3. We found that 25–34% of methane produced was converted to CO2 by AOM, affecting
net flux dynamics in this landscape, and that AOM activity was related to Fe. This work provides
evidence that AOM has the potential to be a control on net CH4 fluxes from northern peatland soils,
particularly as the Arctic warms and landscape features change to include more Fe-rich shallow soils.
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