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Abstract Anaerobic oxidation of methane (AOM), a central process in the carbon cycle of anoxic
environments, moderates the release of methane from soils and sediments to water bodies and, ultimately,
the atmosphere. The regulation of AOM in the environment remains poorly constrained. Here we quantified
AOM and sulfate reduction (SR) rates in diverse deep seafloor samples at in situ pressure and methane
concentration and discovered that, in some cases, AOM exceeded SR rates by more than four times when
methane concentrations were above 5 mM. Methane concentration also affected other carbon‐cycling
processes (e.g., carbon assimilation) in addition to SR. These results illustrate that substantial amounts of
methane may be oxidized independent of SR under in situ conditions, reshaping our view of the capacity and
mechanism of AOM in methane‐rich environments, including the deep biosphere, where sulfate availability
is considered to limit AOM.

Plain Language Summary At the high pressures that typify deep ocean sediment environments
(approximately 10‐bar hydrostatic pressure for every 100 m in water depth), greater amounts of methane,
and other gases, are dissolved in seawater and in sedimentary pore water compared to concentrations
observed at sea level. Microbially mediated reactions that are influenced by methane concentration are
thus quite sensitive to the methane concentration utilized in an experimental design. When deep sea
sediments were subjected to more realistic methane concentration during high‐pressure incubations, rates of
microbial processes that cycle carbon, particularly methane oxidation, increased. These patterns were not
discovered previously because incubations at pressure were not performed routinely. The data reshape our
understanding of methane dynamics in marine sediments.

1. Introduction

Methane production in marine sediments and its subsequent migration upward through fault networks gen-
erate a variety of seafloor habitats characterized by high methane flux, including gas‐rich sediments, gas
hydrate mounds, and/or gas‐charged brine flows (Joye et al., 2010). Biological consumption of methane in
deep‐sea habitats makes them a globally significant methane sink (Hinrichs & Boetius, 2002, Bowles,
Samarkin, Bowles, et al., 2011). Robust data describing the magnitude and regulation of methane sinks at
the seabed are essential for developing realistic models of the global methane cycle, as well as the general car-
bon cycle for seafloor and deep biosphere environments. Ideally microbial activity must be quantified under
appropriate in situ or quasi in situ conditions (Bowles, Samarkin, & Joye, 2011).

In deep‐sea samples, rates of microbial processes are usually evaluated in rate assays performed at atmo-
spheric pressure (~1 bar; Treude et al., 2003, Joye et al., 2004), a deviation from in situ conditions that can
result in substantial artifacts (de Angelis et al., 1991; Kallmeyer & Boetius, 2004). Themethane concentration
at saturation at 1 bar (~1.3 mM) is significantly lower than the potential concentration at 500 m (>50 mM;
Duan &Mao, 2006). However, surprisingly few studies have evaluated the impact of methane concentration
on the suite of potentially sensitive microbial processes that cycle this key atmospheric trace gas (Bowles,
Samarkin, & Joye, 2011; Nauhaus et al., 2002, Nauhaus et al., 2007).

In marine sediments, the anaerobic oxidation of methane (AOM) is often quantitatively linked to sulfate
reduction (SR) through syntrophic cooperation of archaeal and bacterial partners (Boetuis et al., 2000;
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Hinrichs et al., 1999; Orphan et al., 2001). However, archaeal mediation of both AOM and SR has been
reported (Milucka et al., 2012), and in anoxic marine sediments, sulfate is not the only oxidant for methane.
Direct interspecies electron transfer between methane‐oxidizing and sulfate‐reducing bacteria via intracellu-
lar nanowires is an important conduit for electron flow (McGlynn et al., 2015; Wegener et al., 2015).
Similarly, anoxic marine sediments are laden with conductive minerals, such as magnetite and pyrite, that
could facilitate electron transfer (Kato et al., 2012). Studies of AOM in marine (Beal et al., 2009) and fresh-
water (Ettwig et al., 2010; Haroon et al., 2013; Segarra et al., 2013) sediments revealed coupling between
AOM and iron oxide (Beal et al., 2009; Segarra et al., 2013), manganese oxide (Beal et al., 2009), nitrite
(Ettwig et al., 2010), and nitrate (Haroon et al., 2013) reduction. In anoxic brackish waters, Saxton et al.
(2016) proposed coupling of humic acid reduction and AOM. Hence, there are a wide variety of potential
mechanisms to support sulfate‐independent AOM in marine sediments. In this work, we systematically
and directly evaluated the effects of methane concentration on AOM, SR, and other carbon‐cycling processes
in deep‐sea sediments, for example, assimilation of methane into biomass.

2. Materials and Methods
2.1. Study Sites, Sample Collection, and Pressure Tubes

The samples described here were collected on separate cruises using remotely operated vehicles or a manned
deep submergence vehicle in the fall of 2006, spring of 2009, fall of 2009, and spring of 2012. Sediment sam-
ples were stored at in situ temperature until experiments were conducted. Sediment samples were collected
from cold seeps in the Gulf of Mexico (GoM; 2006, 2012) and Monterey Bay (MB; spring 2009) and a hydro-
thermal site in Guaymas Basin (GB; fall 2009; see supporting information Figures S1–S4 and Table S1). Cores
were obtained from sediments overlain by Beggiatoa bacterial mats, which typically mark areas of active fluid
seepage and high methane concentration (Joye et al., 2004). Sediment cores were maintained intact in poly-
carbonate core liners with core caps loosely emplaced on the top and the overlying water bubbled with
hydrated air to ensure it did not go anoxic. Sampling details are provided in the supporting information.
Sediments from GoM and GB were extremely gassy and contained visible oil. MB sediment was gassy but
contained no visible oil.

Experiments were carried out under strictly anoxic conditions. The upper 9 cm of sediment was transferred
to an argon‐purged glass bottle that was sealed with a butyl rubber stopper. The bottle headspace was purged
again with argon, and sediment was homogenized by gently inverting the contents multiple times. After
homogenization, the sediment was sampled and transferred to modified Hungate tubes under argon.

The bottom of each Hungate tube was cut off, and tubes were purged with Argon. Sediment was added to the
tube, and a retractable butyl rubber stopper (hereafter termed plunger) was inserted into the tube's open bot-
tom. The stopper was mobile in the tube, thus permitting compression/expansion during subsequent
pressurization/depressurization. After the stopper was added, the sediment was pushed up so that it was
flush with the screw end of the tube. Each sample tube was sealed with no headspace using a butyl rubber
septa and screw cap. Samples from each site were incubated at in situ pressure and temperature and over
a range of methane concentration (1 to 50 mM). For more details, see Bowles, Samarkin, and Joye (2011).

2.2. Methane and Radiotracer Amendment

After samples were transferred to the modified Hungate tubes, samples were amended with methane. Using
the ideal gas law, the salinity of the pore water and the temperature of the incubation, the volume of 100%
ultrahigh‐purity methane required to achieve the desired dissolved methane concentration was calculated.
The necessary aliquot of pure methane was added to the vial using a glass syringe and needle while the
retractable plunger was gently pulled to quantitatively transfer the gas in the syringe into the modified
Hungate tube, creating a methane headspace. Parallel sediment samples for methane concentration determi-
nation were collected prior to the amendment to account for methane present in the sample prior tomethane
addition. Final concentrations for each treatment accounted for initial and added methane
concentration (see Bowles, Samarkin, & Joye, 2011, and the supporting information for details of 14CH4

and 35SO4
= radiotracer incubations).
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2.3. Carbon Assimilation Experiments

We estimated assimilation of carbon from bicarbonate and methane into biomass by tracking formation of
particulate organic carbon (POC) from radioactive bicarbonate and methane in subsamples from the metha-
nogenesis (MOG) and AOM incubations, respectively. After radioactive methane was purged from the MOG
sample, samples were transferred into 50‐ml centrifuge tubes and acidified (pH ~1) by adding 5 ml of 50% (v/
v) phosphoric acid. The sample was shaken vigorously and purged with compressed air for 1 hr to remove the
14CO2 evolved from the tracer, H14CO3

−. Following purging, the sample was homogenized and a subsample
(200 μl) was removed from the centrifuge tube. The subsample was transferred to a 20‐ml scintillation vial,
scintillation cocktail was added, and the sample counted. The disintegrations per minute (DPM) of tracer
activity measured in this aliquot represented labeled bicarbonate‐derived POC (e.g., bPO14C) formed during
the experiment. The bPOC formation rate was calculated from equation (4):

bPOC ¼ DIC½ �× bPO14Clive sample−bPO
14Ccontrol=H

14CO3
−

� �
×1=t (1)

where bPOC is the bPOC formation rate (nmol·cm−3·day−1), [DIC] is the concentration of dissolved inor-
ganic carbon (nmol/cm3 wet sediment), bPO14Clive sample is the activity (DPM) measured in the live sample,
bPO14Ccontrol is the activity (DPM) measured in the killed control, H14CO3

− is the activity (DPM) of bicarbo-
nate initially injected, and t is the incubation time (day). Isotopic discrimination (α) for the process of POC
formation from bicarbonate is not known.

The rate of POC formation from methane, hereafter mPOC, was determined similarly. After AOM samples
were transferred to 50‐ml centrifuge tubes, they were shaken, and a 1‐ml aliquot was removed and dispensed
into a 20‐ml scintillation vial. Next, 100 μl of 50% (v/v) phosphoric acid was added to the sample and then
mixed vigorously. The sample was vented for 24 hr to remove the 14CO2 evolved during AOM. Then, samples
were neutralized with ~200 μl of 9 N NaOH to pH of approximately 7. To improve counting efficiency, 500 μl
of methanol was added, and the sample was then counted on a liquid scintillation counter. The DPM deter-
mined from this subsample represents the methane‐supported POC, for example, mPO14C, generated during
the experiment. The mPOC formation rate was estimated via equation (5):

mPOC ¼ CH4½ �× mPO14Clive sample−mPO14Ccontrol=
14CH4

� �
×1=t (2)

where mPOC is the mPOC formation rate (nmol·cm−3·day−1), [CH4] is the concentration of methane (nmol/
cm3 wet sediment), mPO14Clive sample is the activity (DPM) of the live sample, a‐mPO14Ccontrol is the activity
(DPM) of the control sample, 14CH is the activity (DPM) of the methane that was initially injected, and t is
the incubation time (day). As for bPOC formation, no isotopic discrimination term (α) was included in the
calculation because this factor is unknown for mPOC.

2.4. Geochemistry and Microbial Community Assessment

We determined concentrations of CH4, SO4
2−, and DIC in sediment pore fluids to assess initial conditions in

the samples. Methane concentrations were determined in wet sediment subsamples, while a 10‐ml sediment
sample was centrifuged to collect interstitial water for sulfate and DIC analysis. Sulfate concentrations were
determined on an ion chromatograph as previously described (Joye et al., 2004). Methane and DIC concen-
trations were determined using a gas chromatograph equipped with a flame ionization detector (GC‐FID).
Methane sample collection and treatment was carried out as previously described (Joye et al., 2004).
Methane concentrations were determined for the sediment prior to the application of additional methane
gas (between 0.05 and 2 ml depending on the target concentration), so that the total methane concentration
could be calculated. The concentration of DIC was determined by acidification of porewater to pH ~1 in a
headspace vial, CO2 was quantitatively converted into methane by a nickel catalyst, and the methane was
measured by a GC‐FID (Bowles, Samarkin, & Joye, 2011). For phylogenetic microbial community character-
ization, published 16S rRNA gene sequences were selected that represent the widely occurring methane‐
oxidizing archaea [ANME‐1, ANME‐2a‐d] found in methane‐rich GB, GoM, and MB sediments.

2.5. Paired Radiotracer and Concentration Change Over Time Experiment

We also estimated rates of SR fueled by AOM versus endogenous organic carbon by quantifying concentra-
tion changes in sulfate concentration in triplicate subsamples that were incubated with or without a
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methane‐enriched headspace, respectively. Radiotracer‐amended samples for AOM and SR were incubated
in parallel to assess the coherence of the two approaches. Samples for this experiment were collected from
the GoM (MC118, location above) in 2012. Samples were incubated at in situ temperature (5 °C) and
pressure (100 bar). Sample preparation was carried out as described in prior sections, and sediments were
amended with either 20‐ or 50‐mM methane, and replicates were incubated with and without SO4

2−

radiotracer at in situ pressure and temperature. To track changes in concentration, an initial sample (time
0) was collected, and another sample was collected over a time series incubation. Geochemistry samples
for sulfate and dissolved inorganic carbon concentration were collected immediately after sample
depressurization and analyzed as described previously. The methane‐amended treatments reflected SR
coupled to AOM and endogenous organic matter, while the treatments without methane allowed us to
estimate the fraction of SR fueled solely by endogenous organic matter. The difference in SR between
these two treatments reflects SR coupled to AOM.

3. Results and Discussion
3.1. Impact of Methane Concentration on AOM Capacity and Coupling to SR

Hydrocarbon seeps are globally abundant, biologically diverse ecosystems. The high methane concentration
typical of the seafloor seeps and vents, from >15 up to ~80 mM (Lapham et al., 2013; Wankel et al., 2010),
influences rates of microbially mediated processes that are sensitive to methane concentration. We observed
that rates of SR, AOM, MOG, and carbon assimilation into biomass differed remarkably in incubations with
high (>5 mM) versus low (~1 mM) methane concentration (Figure 1). Increased pressure alone in the pre-
sence of 10‐mM methane did not affect AOM or SR rates or coupling between the two processes
(Figure S5), underscoring the central role of methane availability, as opposed to pressure, in driving the
observed patterns of carbon dynamics.

Rates of AOM displayed a Michaelis‐Menten‐like response to methane concentration. Maximum rates of
AOM in GoM and GB sediments (at 4,800 ± 400 and 3,600 ± 300 nmol·cm−3·day−1, respectively) are among
the highest activity documented directly measured using radiotracers (Figure 1a). The estimated apparent
Vmax for AOM in GoM and GB oily, gassy sediment was 5,700 ± 200 and 5,000 ± 1,200 nmol·cm−3·day−1,
respectively (Figure 1a and the supporting information). The apparent Vmax of AOM in gassyMB sediments,
280 ± 40 nmol·cm−3·day−1, was substantially lower (Figure 1a). The estimated apparent half‐saturation con-
stant (Ks) for these anaerobic methanotrophs ranged from 4‐ to 18‐mMmethane, which exceeds significantly
the saturated concentration of methane in seawater at 1 bar (~1.5 mM).

Rates of SR and MOG also exhibited a kinetic response to methane concentration in GoM and GB
sediments (Figures 1b and 1c). Maximal SR rates in GoM and GB sediments were 1,300 ± 50 and
680 ± 40 nmol·cm−3·day−1, respectively, and the apparent Vmax values for SR were 1,400 ± 130 and
850 ± 140 nmol·cm−3·day−1, respectively. SR rates were consistently lower than AOM rates at methane

Figure 1. Radiotracer‐derived rates of (a) anaerobic oxidation of methane (AOM), (b) sulfate reduction (SR), and (c)
methanogenesis (MOG) in nmol·cm−3·day−1 versus methane concentration (mM) in Gulf of Mexico (GoM), Guaymas
Basin (GB), and Monterey Bay (MB) sediments at in situ pressure and temperature. Error bars represent the standard
deviation of the mean (n = 3).
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concentrations above 5 mM (Figures 1a and 1b). In MB sediments, SR rates were significantly lower than
those observed in GoM and GB (max: 96 nmol·cm−3·day−1) and were insensitive to methane
concentration, though they were lower than AOM rates.

3.2. Decoupling AOM and SR in Experiments Without Radiotracers

In the radiotracer‐free samples, changes in the concentration of sulfate over time in samples with or without
addedmethane were used to estimate rates of SR. As observed in the other experiments, AOM rates exceeded
SR rates substantially (Figure 2). The SR rate determined from the change in sulfate concentration over time
was comparable to those determined in parallel 35SO4

2− radiotracer assays. The higher methane concentra-
tion (50 mM; see Figures 2a and 2c) had a pronounced stimulatory effect on rates of AOM, but not SR, and
the elevated AOM activity was sustained over several days. In contrast, AOM rates in the 20‐mM methane
treatment initially exceeded SR, but activity decreased over time, becoming similar to SR rates (Figures 2b
and 2d); this pattern may have resulted from methane concentration dropping below the Km of
the methanotrophs.

These data validate the other experimental results, illustrating that AOM and SR can be decoupled at high
methane concentration, and underscore the possibility for remarkably high AOM rates at high methane con-
centration. This pattern points to the fact that some components of themethanotrophic microbial population
are able to rapidly increase activity in response to changes in methane availability. Such community‐level
metabolic flexibility could be an adaptation to the fluctuating geochemical conditions that typify deep‐sea
methane‐rich cold seeps (Lapham et al., 2008). It is unclear at this time, however, whether a single organism
expresses either high‐ or low‐affinity enzyme systems in response to changing methane concentrations or

Figure 2. Rates of anaerobic oxidation of methane (AOM) and sulfate reduction (SR) determined in radiotracer experi-
ments with (a) 50‐ and (b) 20‐mM CH4 as well as with the change in sulfate concentration of SO4

2− over time in paral-
lel concentration change experiments. Bar graph summaries of rates from concentration change and in parallel radiotracer
experiments at (c) 50 and (d) 20 mM.
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whether co‐occurring methanotrophs are adapted to either “high” or “low” concentrations, with one or the
other dominating as a function of the methane concentration field.

Seep sediments in GB, GoM, and MB contained the commonly observed ANME archaea, ANME‐1 and
ANME‐2a‐d (Figure S6). These organisms occur globally in methane seeps (Ruff et al., 2015); some of the
activity observed here is conservatively attributed to a subset of these widely distributed ANME archaea,
without invoking an unknown, novel microorganism. However, since some of the observed activity is sulfate
independent, additional methanotrophs capable of coupling AOM to electron acceptors other than sulfate
must also exist. The ability of methane‐oxidizing communities to respond rapidly to changing methane con-
centration would confer a functional ecological advantage, assuring consistent consumption of methane,
which presumably supports biosynthesis if not growth, irrespective of concentration. Next, we consider pos-
sibilities for electron acceptor usage and metabolic pathways that increase the metabolic flexibility of
methanotrophic communities.

3.3. A New Perspective on Methane Cycling

The data presented here reshape our view of the methane cycle in methane‐rich habitats, as most previous ex
situ incubations likely captured only the activity of methanotrophs active at lower dissolved methane con-
centration. The observation of the community's metabolic flexibility makes it essential to quantify rates of
activity under quasi in situ conditions, and over a range of methane concentrations when possible, to assure
that the observed activity is representative of the native environment and that the rates can be upscaled or
properly incorporated into biogeochemical models.

Previous work (Nauhaus et al., 2002) documented a fivefold increase in SR as methane concentration
increased from 1 to 16 mM. Over a similar methane concentration range (1.4 to 10 mM), we observed a two-
fold to threefold increase in SR rates in GOM and GB sediments. At the same time, rates of AOM increased by
almost 10‐fold and exceeded SR rates as long as methane concentrations were >5mM (Figure 1). Notably, we
only observed 1:1 stoichiometry between SR and AOM at the lowmethane concentrations typical of degassed
cores incubated under ex situ conditions (Figure S7); 1:1 stoichiometry was not observed at higher methane
concentration. Furthermore, experiments with an inhibitor of SR, tungstate, confirmed that AOM proceeded
in the absence of SK (Figure S8). The apparent independence of AOM from SR has fundamental implications
for our understanding of AOM physiology and for methane and CO2 cycling in marine sediments. In GoM
and GB sediments, rates of AOM, SR, MOG, and POC formation—that is, biomass formation—increased
with methane concentration (Figures 1 and 3), and rates of SR ranged from 18 to 50% of AOM rates. Thus,
consumption of an AOM intermediate by sulfate‐reducing bacteria could only support a fraction of the
observed contemporaneous AOM activity, suggesting that other electron acceptors or mechanisms fueled
a substantial portion of AOM (Haroon et al., 2013, Beal et al., 2009, Ettwig et al., 2010 ) and requiring simul-
taneous activity of multiple pathways of AOM.

The potential for multiple, contemporaneous AOM pathways was not apparent in previous AOM assays at
1 bar and ex situ methane concentration because AOM rates were typically less than or equal to SR rates
(Hinrichs & Boetius, 2002; Bowles, Samarkin, Bowles, et al., 2011, Joye et al., 2004, Orcutt et al., 2010,
Omoregie et al., 2009). Incubation at in situ pressure, elevated methane concentration, and nonlimiting
methane concentration, which previously had not been performed, was necessary to reveal this dynamic.
In particular, the observed absence of a 1:1 stoichiometry between methane and SO4

2− consumption at in
situ methane concentrations makes it impractical to use sulfate profiles as proxy for methane cycling in mar-
ine sediments and means that prior studies that estimated AOM rates from SR profiles or SR rates (Hinrichs
et al., 2002), or ex situ incubations (Bowles, Samarkin, Bowles, et al., 2011, and references therein), may have
underestimated AOM rates.

We propose that a significant proportion of methane in deep‐sea methane‐rich environments can be oxidized
anaerobically with electron acceptors other than sulfate. There are a number of alternate electron acceptors
(e.g., nitrate [Haroon et al., 2013], nitrite (Ettwig et al., 2010), iron oxides (Beal et al., 2009; Segarra et al.,
2013; Ettwig et al., 2010), or humic redox shuttles (Saxton et al., 2016)) that could support AOM when the
process is decoupled from SR. The importance or potential magnitude of these electron acceptors as an oxi-
dant for methane in the marine environment relative to sulfate has not been fully addressed. Nitrate concen-
trations in surficial seep sediments are typically at least 30 μM and may support a portion of methane
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oxidation activity through coupling to denitrification (Bowles & Joye, 2011); high potential rates of
denitrification (31 nmol·cm−3·day−1) and nitrate consumption (174 nmol·cm−3·day−1) were observed GB
mat sediments (Bowles et al., 2012) and nitrate may be an important electron acceptor for AOM in seep
and vent sediments. The large observed potential uptake rates of nitrate suggest that nitrate is likely
rapidly cycled in these sediments.

Riedinger et al. (2014) hypothesized that iron reduction coupled to methane oxidation could be substantial in
marine sediments where sulfate is depleted. At GoM cold seeps, solid phase Fe concentrations were highest
in surficial sediments (Arvidson et al., 2004). There, the concentration of solid phase iron oxides was about
110 μmol/g. Assuming 1 ml of sediment is ~1.4 g, there would be around 310‐μmol Fe available in a 2‐ml
incubation. If we further assume about half of this pool is easily extractable and likely oxidized (Raiswell
et al., 1994), there are 155 μmol of oxidative capacity present in a 2‐ml sample incubation. The observed max-
imal rate of anaerobic methane oxidation, 5 μmol·cm−3·day−1, yields a Fe reduction rate of 40 μmol·cm
−3·day−1 and a Fe‐oxide turnover time of roughly 3 days assuming an 8:1 stoichiometry of Fe reduced to
CH4 oxidized. Manganese oxides may play a similar role (Beal et al., 2009; Segarra et al., 2013). Iron andman-
ganese oxides are rapidly cycled in marine sediments, transitioning from oxidized to reduced states at a rapid
pace (Canfield et al., 1993; Thamdrup et al., 1994). In areas of high methane flux, trace metal cycling may
fluctuate between periods of accumulation and consumption, as concentrations of methane increase and
decrease and metal‐reducing methanotrophs modulate their activity. Notably, rapid sulfur cycling, where
high rates of consumption through SR and subsequent oxidation that resupplies sulfate, is a hallmark of cold
seep sediments (Lichtschlag et al., 2010, Grünke et al., 2011, Bowles, Samarkin, Bowles, et al., 2011; Bowles,
Samarkin, & Joye, 2011). Similarly rapid cycling of nitrogen and metal oxides may promote efficient con-
sumption of methane in methane‐rich habitats during periods of high methane flux.

Cold seep and hydrothermal vent environments are characterized by variable flow regimes, and individual
areas may experience cycles of discharge or recharge as conduits for fluid exchange migrate (Acquilina
et al., 2013). We propose that during periods of discharge when concentrations of methane in the pore fluid
are high, methane is oxidized by way of a suite of electron acceptors through “metabolic phasing.” We use
this term to refer to coupling of AOM to distinct electron acceptors, pending electron donor and acceptor
availability. Metabolic phasing would make AOM an efficient and effective sink for methane, under fluctu-
ating and dynamic conditions.

3.4. Impact of Methane Concentration on Methane Production and Carbon Assimilation

We tracked the conversion of bicarbonate to methane, that is, MOG, and observed that methane concentra-
tion stimulated methane production. Rates of methane production increased with increasing methane con-
centration in GoM and GB tomaxima of 265 ± 35 and 108 ± 32 nmol·cm−3·day−1, respectively (Figure 1c). In
MB sediments, MOG rates were lower (~14 nmol·cm−3·day−1) and showed no relationship to methane con-
centration. This observed conversion of bicarbonate to methane could reflect metabolic back flux (Holler
et al., 2011), but the differences between sites and lack of substantial activity at MB, despite identical incuba-
tion conditions, suggest that some portion of the activity may reflect MOG.

Figure 3. Formation rates of particulate organic carbon (POC) from each site derived from (a) methane (mPOC) and (b)
bicarbonate (bPOC; nmol·cm−3·day−1) versus methane concentration (mM). (c) Ratio of mPOC to bPOC for each site
versus methane concentration (mM).
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Methane concentration also impacted rates of carbon assimilation into microbial biomass. Patterns of bio-
mass formation further suggest that distinct metabolic clades are involved in methane cycling. We tracked
assimilation of 14C‐labeled methane or bicarbonate into microbial biomass and observed that assimilation
of methane into biomass (mPOC) was correlated positively to methane concentration. In GoM sediments,
the maximum mPOC formation rate was 29 nmol·cm−3·day−1 (Figure 3a). Slightly more mPOC was
observed in GB and MB sediments, 44 nmol·cm−3·day−1 (Figure 3b). The mPOC formation rate relative to
the AOM rate was lower in GoM and GB samples (0.6% to 1.2%) compared to that in MB samples, where
mPOC was up to 17% of the AOM rate (Figure 3c). The differences in mPOC formation rates relative to
AOM rates between these three habitats suggest differences in anaerobic methanotroph populations, phy-
siology, and/or methane assimilation pathway.

The rate of assimilation of bicarbonate into biomass (bPOC) almost always exceeded mPOC formation rates
(Figure 3) and was positively correlated with methane concentration in GoM and GB sediments, but not in
MB sediments. In GoM and GB sediments, rates of bPOC production were up to 130 ± 14 and
81 ± 4 nmol·cm−3·day−1, respectively. For MB sediments, the maximum bPOC formation rate was
40 ± 5 nmol cm−3·day−1. Rates of bPOC formation were typically between 1% and 10% of the AOM rate when
methane concentration exceeded 5 mM (Figure 3). Collectively, bPOC and mPOC rates amounted to less
than 10% of the AOM rate. At GoM and GB, bPOC production dominated, and only a small fraction of carbon
assimilation was via mPOC. However, at MB, mPOC and bPOC formation rates were similar. Bicarbonate
assimilation can be attributed to a number of microorganisms, including autotrophic sulfate reducers
(Rabus et al., 2006) and anaerobic methanotrophs through the metabolic capacity to assimilate bicarbonate
(Pernthaler et al., 2008, Kellermann et al., 2012). It is unlikely that the observed bPOC represents solely
methanogenic bicarbonate assimilation since bPOC rates were comparable to or exceeded the rates of
MOG (Figures 1 and 3).

The observed positive correlation between mPOC formation and methane concentration (Figure 3) docu-
ments methane assimilation by anaerobic methanotrophs at high methane concentrations. Indeed, in
Black Sea microbial mats, mPOC formation was ~1.6% ± 0.6% of the AOM rate (Treude et al., 2007) and
bPOC formation amounted to approximately 10% of the AOM rate (Treude et al., 2007), as observed in
AOM enrichments (Kellermann et al., 2012; Wegener et al., 2008). The mPOC and bPOC formation rates
in Guaymas AOM enrichments (Kellermann et al., 2012) were similar to those documented in GoM and
GB sediments (Figure 3). The present data are consistent with the idea that anaerobic methanotrophs assim-
ilate both methane and CO2 into biomass.

Moreover, both the assimilation rate and pathway (mPOC or bPOC) were influenced by methane concentra-
tion: Anaerobic methanotrophs in MB sediments exhibited higher mPOC production rates (Figure 3), while
GoM and GB anaerobic methanotrophs exhibited higher bPOC production rates (Figure 3). Interestingly,
MB sediments showed a negative correlation between AOM rates and bPOC and a positive correlation
between AOM rates and mPOC. These patterns suggest that different communities were involved in
mPOC and bPOC dynamics in MB relative to GoM and GB.

4. Conclusions

A novel method for evaluating the impact of methane concentration on rates of microbial metabolism
revealed unexpected patterns of AOM relative to SR and a stimulatory effect of high methane concentration
on a suite of dissimilatory and assimilatory microbial processes. Anaerobic methanotrophs used alternative,
nonsulfate electron acceptors to a greater degree than previously appreciated and exhibited an unappreciated
degree of flexibility through metabolic phasing, which enabled a rapid and effective response to variable
methane concentration. This data set underscores the degree to which the microbial communities at deep
cold seeps and vents can take advantage of varying methane concentration fields by utilizing a range of elec-
tron acceptors, thereby optimizing methane consumption. The data advance our understanding of methane
dynamics and carbon cycling in the deep sea and underscore the physiological flexibility of the microbial
populations inhabiting methane‐rich extreme environments. By stimulating methane and DIC assimilation
into biomass, AOM is interlinked with microbial production in the deep sea and shuttles methane‐derived
carbon widely into the benthic biosphere.
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