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Abstract

Methanogenesis has recently been shown to fuel anaerobic oxidation of methane (AOM) within the sulfate-reducing zone
of marine sediments, coining the term ‘‘cryptic methane cycle”. Here we present research on the relationship between
methanogenesis and AOM in a shallow hypersaline pool (�130 PSU) within a southern California coastal wetland. Sediment
(top 20 cm) was subjected to geochemical analyses, in-vitro slurry experiments, and radiotracer incubations using 35S-SO4

2�,
14C-mono-methylamine, and 14C-CH4, to study sulfate reduction, methylotrophic methanogenesis, and AOM. An adapted
radioisotope method was used to follow cryptic methane cycling in 14C-mono-methylamine labeling incubations with increas-
ing incubation times (1 hour to three weeks). Results showed peaks in AOM (max 13 nmol cm�3 d�1) and sulfate reduction
activity (max 728 nmol cm�3 d�1) within the top 6 cm. Below 6 cm, AOM activity continued (max 15 nmol cm�3 d�1), while
sulfate reduction was absent despite 67 mM sulfate, suggesting AOM was coupled to the reduction of iron. Methane
concentrations were low (<50 nM) throughout the sediment. Batch sediment slurry incubations with methylated substrates
(mono-methylamine and methanol) stimulated methanogenesis, pointing to the presence of methylotrophic methanogens. Incu-
bations with 14C-mono-methylamine revealed the simultaneous activity of methanogenesis and coupled AOM through the step-
wise transfer of 14C from mono-methylamine to CO2 via methane. Our results suggest that AOM is a crucial process in coastal
wetland sediments to prevent the buildup of methane in the sulfate-reducing zone. We propose that cryptic methane cycling has
been largely overlooked in coastal wetlands resulting in incomplete understanding of carbon cycling in this environment.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

In the atmosphere, methane is a potent greenhouse gas
that traps �25 times more heat than CO2 (IPCC, 2014).
Atmospheric methane has doubled from 722 ppb in pre-
industrial times to �1850 ppb in 2017 (Nisbet et al., 2019;
https://doi.org/10.1016/j.gca.2021.03.021
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Saunois et al., 2020) and hence we urgently need to compre-
hend the mechanisms controlling its emission.

Natural wetlands are the largest contributor of methane
into the atmosphere (IPCC, 2007; IPCC, 2014). They fall
into two categories: coastal and freshwater. Both environ-
ments are characterized by high organic matter loading into
sediment, which stimulates microbial methane production
(Segers, 1998; Le Mer and Roger, 2001; Reddy and
DeLaune, 2008). However, coastal wetlands emit far less
methane (1.3 g CH4 m�2 yr�1) into the atmosphere than
freshwater wetlands (7.1 g CH4 m�2 yr�1) (Bridgham
ons.org/licenses/by/4.0/).
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et al., 2006, 2013). This discrepancy is due to the connection
of coastal wetlands to the ocean, which supplies sulfate to
fuel microbial sulfate reduction (SR) and sulfate-
dependent anaerobic oxidation of methane (AOM) in
anoxic sediments. Both processes suppress major releases
of methane into the atmosphere (Segers, 1998; Le Mer
and Roger, 2001; Reddy and DeLaune, 2008).

Microbial methanogenesis is the last step in carbon rem-
ineralization in water-logged sediments (Stephenson and
Stickland, 1933; Thauer, 1998). The process generates
methane from the following sources: hydrogen and carbon
dioxide (hydrogenotrophic pathway) (Eq. (1)), acetate (ace-
tolactic pathway) (Eq. (2)), and methylated substrates
(methanol, methylamines and methylsulfides) (methy-
lotrophic pathway) (Eqs. (3) and (4)).

4H2 + CO2 ! CH4 + 2H2O ð1Þ
CH3COO� + Hþ !CO2 + CH4 ð2Þ
4CH3OH ! 3CH4 + CO2 + 2H2O ð3Þ
4CH3NH2 + 2H2O ! 3CH4 + CO2 + 4NH4 ð4Þ

These pathways are facilitated by anaerobic archaea
belonging to the Euryarchaeota Phyla. Hydrogen and acet-
ate are competitive substrates, as they are also metabolized
by sulfate-reducing bacteria, which tend to thermodynami-
cally outcompete methanogens and thus suppress the pro-
duction of methane in the presence of sulfate
(Kristjansson et al., 1982; Winfrey and Ward, 1983;
Lovley and Klug, 1986; Jørgensen, 2000). Consequently,
methane builds up below the penetration depth of sulfate,
i.e., in the absence of SR. In the zone where methane and
sulfate overlap, methane is consumed by AOM with sulfate
as the terminal electron acceptor (Eq. (5)). The process
effectively removes roughly 90% of methane before reaching
the water column (Hinrichs and Boetius, 2002; Reeburgh,
2007; Knittel and Boetius, 2009). AOM is mediated by a
syntrophic consortium of anaerobic methanotrophic
archaea (ANME) and sulfate-reducing bacteria (Boetius
et al., 2000; Orphan et al., 2001; Michaelis et al., 2002;
Knittel and Boetius, 2009).

CH4 + SO4
2� !HCO3

� + HS� + H2O ð5Þ
While hydrogenotrophic and acetoclastic methanogen-

esis is largely inhibited in the sulfate-reducing zone,
methanogenesis can sustain its activity through methy-
lotrophic pathways. It is well established that methylated
compounds (methanol, methylamine, methyl sulfides) are
important non-competitive substrates for methanogenesis
in sulfate-reducing sediments (Oremland and Polcin,
1982; Lovley and Klug, 1986; Maltby et al., 2016, 2018;
Zhuang et al., 2016, 2018). Methanol sources include
the degradation of lignin and pectin commonly found
in terrestrial plant cell walls (Donnelly and Dagley,
1980; Schink and Zeikus, 1980). Methylamines and
methyl sulfides are formed from the degradation of
osmolytes such as glycine and betaine, and dimethylsulfo-
niopropinate, which are particularly abundant in saline
and hypersaline environments (Oren, 1990; Zhuang
et al., 2011, 2016). Methylotrophic methanogenesis has
been detected in organic-rich, sulfate-reducing sediments
of various aquatic environments such as intertidal estuar-
ies and salt marshes (Oremland et al., 1982), river deltas
(Zhuang et al., 2018), upwelling regions (Maltby et al.,
2016), and eutrophic shelf sediments (Maltby et al.,
2018).

Despite strong evidences for methylotrophic methano-
genesis in the sulfate-reducing zone, methane concentra-
tions are considerably lower than in the deeper sulfate-
free zone (Iversen and Jørgensen, 1985; Treude et al.,
2005a, 2005b; Jørgensen and Kasten, 2006). Current
research on the activity of methanogens in the sulfate-
reducing zone of organic-rich sediments stimulated some
speculation on the whereabouts of the produced methane
and whether it could directly feed into AOM (Maltby
et al., 2016; Maltby et al., 2018; Zhuang et al., 2019).
Two recent studies using a combination of 13C-CH4 label-
ing and isotope dilution modeling provided the first evi-
dence for a simultaneous production and consumption
of methane and coined the ’cryptic methane cycle’ (Xiao
et al., 2017; Xiao et al., 2018). Experiments were con-
ducted with anoxic organic-rich coastal sediments, which
were spiked with 13C-CH4. The development of the
13C-CH4 signal was followed over time. The applied
model presumed that the mole fraction of 13C-CH4

(13C-CH4 /(13C-CH4 + 12C-CH4)) changes through time
as a result of production of methane from indigenous
sources and consumption of methane due to AOM in
the sediment. Community profiling revealed the presence
of both hydrogenotrophic and methylotrophic methano-
gens among the methanogenic archaea, while incubations
with 14C-labeled methanogenic substrates identified
methylotrophic methanogenesis as the major pathway of
methane production in the sediment.

Although it appears that AOM is the key to regulating
methane in the sulfate-reducing zone, there are virtually
no studies on the fate of methane produced from non-
competitive methylotrophic methanogenesis in this environ-
ment. Notably, if AOM is active in the same zone as
methanogenesis, the buildup and eventual emission of
methane would be hampered, if not prevented. It would
explain, why only low levels of methane are detected in
the sulfate-reducing zone, notwithstanding the presence of
methanogenesis. Additionally, confirmation of a rapid
turnover of methane in this zone would suggest that past
gross methane budgets from wetlands were underestimated.
Detection and quantification of this cryptic methane cycle is
therefore essential to complement our understanding of car-
bon cycling in coastal wetlands.

With the application of an adapted radiotracer tech-
nique, this work will demonstrate the passage of carbon
from a methylated substrate via methane to inorganic car-
bon within the sulfate-reducing zone of a coastal wetland.
Our method shows that the methane source (i.e., methy-
lotrophic methanogenesis) is spatially directly linked to
its sink (AOM), hampering the buildup of methane in
the sediment. This proof of concept study will provide
an important step forward for the investigation of
methane-related carbon cycling in coastal wetland
sediments.
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2. METHODS

2.1. Study area and field sampling

The Carpinteria Salt Marsh Reserve (CSMR) is part of
the University of California Natural Reserve System span-
ning a total of 230 acres of which 120 belong to the Natural
Reserve System (Fig. 1A). Three major creeks run through
and converge within the CSMR, and empty into the Pacific
Ocean at its most southern end (Page et al., 1995). We
selected a hypersaline pool within the CSMR
(34�23056.100N 119�32010.200W) that exhibited black sulfidic
sediments, indicative of a sulfate-reducing environment,
and very little evidence of bioturbation, suggesting that
sediments were largely anoxic (Fig. 1B and C). During
the sampling period, the pool had no visible supply of water
from creeks, streams, or the ocean. However, salt crusts vis-
ible around the pool (Fig. 1B) and high salinity of the pool
water (132 PSU, Fig. 2A) pointed towards past ocean
influence.

Sediment cores were collected in June 2018. The top
�20 cm of sediment was sampled by hand using large
(10 cm i.d.) and small (2.6 cm i.d.) polycarbonate push core
liners. Sediments were characterized by a brown surface
(�0–1 cm), a distinct black (�1–8 cm) and grey/brown
Fig. 1. Study Site: (A) Map of the Carpinteria Salt Marsh Reserve
and location of the hypersaline pool (white arrow); map courtesy of
A. Brooks; inserted satellite image from Google Maps. (B)
Hypersaline pool with large push core liners placed for sampling.
(C) Side view of a large sediment push core used for porewater
extraction. Coloration of the sediment is labeled. For more details
see text.
(>8 cm) layer. Water depth above the sampled sediment
was approximately 10 cm. Liners were spaced at �20 cm
distance to facilitate sufficient space for extraction and
closeness for comparability. Extraction of the sediment core
was accomplished by careful removal of sediment around
the liner and then placing a metal plate under the bottom
of the liner for safe lifting. The air headspace remaining
in the liner was carefully filled with water from the hyper-
saline pool and sealed bubble-free with rubber stoppers
and electrical tape, to minimize disturbance of the surface
sediment during transport. After same-day arrival at the
home laboratory, all sediment cores were stored at 4 �C,
in the dark, and processed within 1 d to 3 months of collec-
tion, depending on the type of analyses (for more details see
below).

2.2. Porewater geochemistry

For analyses of sediment porewater geochemistry, one
large sediment push core was subsampled 1 d after collec-
tion. The core was sliced under a constant flow of argon
to minimize oxidation of oxygen-sensitive solutes. The top
sampled sediment layer, which had a high-water content,
had a thickness of 1.5 cm. Below 1.5 cm, sediments were
sliced evenly in 1 cm increments. All sediment layers were
transferred into argon-flushed 50 mL conical centrifuge
tubes and centrifuged at 4300g for 20 min to separate pore-
water from sediment. Porewater was immediately analyzed
for dissolved sulfide according to Cline (1969) and iron (II)
according to Grasshoff et al. (1999). Concentrations of
the solutes were determined with a Shimadzu
UV-Spectrophotometer (UV-1800). Remaining porewater
was collected in plastic vials, stored at 4 �C, and later
analyzed for sulfate and chloride concentrations using an
ion chromatograph (Metrohm 761) according to Dale
et al. (2015). Salinity in the porewater was calculated from
chlorinity using Knudsen’s equation (Knudsen, 1901).
Porosity of the sediment was determined by calculating
the difference between sediment wet and dry weight divided
by its volume. Sediment density was determined by dividing
wet weight of the sediment by its volume.

2.3. In-vitro methanogenesis

Two months after sample collection, one large push core
was sliced into two layers (0–8 and 8–16 cm), distinguished
by distinct black (1–8 cm) and grey/brown (8–16 cm) color-
ing, to study in-vitro methanogenesis after the addition of
different substrates and inhibitors. Each layer was quickly
subsampled using 3 mL cut-off plastic syringes under a
steady flow of argon to minimize oxygen exposure. Ten
mL of sediment were transferred into sterilized, argon-
flushed 60 mL glass serum vials, sealed with blue butyl rub-
ber stoppers (Bellco Glass Inc, 20 mm diameter) and
crimped with aluminum crimps. Ten mL of artificial seawa-
ter medium, prepared according to Widdel and Bak (1992)
and adjusted to sediment porewater salinity, was added to
the sediments through the rubber stopper to make a 1:1 sed-
iment/medium slurry. Medium was added to all sediment
samples except a group of triplicates from each layer, which



Fig. 2. Depth profiles of biogeochemical parameters in sediment from the hypersaline pool in the CSMR: (A) salinity, (B) methane
(determined in the AOM vial) and AOM-CH4 (determined from the direct injection of 14C-CH4), (C) porewater sulfate and sulfate reduction
(SR), (D) porewater sulfide and iron (II).
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served as natural controls (see details below). Finally, the
headspace of the sealed serum vials was flushed with argon
for one minute to ensure anoxic conditions.

A total of 5 slurry amendments, each in triplicates per
sediment layer, were prepared with: (1) 20 mM mono-
methylamine (MMA), (2) 20 mM methanol, (3) 30 mM,
sodium molybdate, (4) 60 mM, 2-bromoethanosulfonate
(BES), (5) no addition (slurry control). In addition, tripli-
cate vials per sediment layer containing undiluted sediment
served as natural controls (6). Amendments (1) and (2)
served to study methane production from non-competitive
methylated substrates. Amendments (3) and (4) served to
evaluate methane production in the presence of a sulfate
reducer (Oremland and Capone, 1988) and methanogen
inhibitor (Hoehler et al., 1994), respectively. Controls (5)
and (6) served to study the natural production of methane
in diluted and undiluted sediment, respectively. Methane
development in the headspace of the vials was monitored
for a total of 3700 h.

Methane development in the headspace of the serum
vials was tracked using a Shimadzu Gas Chromatograph
(GC-2014) with a packed Haysep-D column and a flame
ionization detector. The column temperature was 80 �C
with helium as the carrier gas at 12 mL per min. Methane
concentrations were calibrated against methane standards
(Scotty Analyzed Gases) with a ±5% precision.

2.4. Sulfate reduction

SR rates were determined by injecting radioactive,
carrier-free 35S-sulfate (35S-SO4

2�; dissolved in MilliQ water,
injection volume 10 lL, activity 260 KBq, specific activity
1.59 TBq mg�1) into a small whole-round push core at
1-cm increments according to Jørgensen (1978). The radio-
tracer incubation started one month after core collection.
Twenty-four hours prior to the injection of 35S-SO4

2�, the
core was transferred from 4 �C storage to room tempera-
ture (in the dark). Radiotracer incubation was terminated
after 24 h by slicing the cores in 1-cm increments into
50 mL centrifuge tubes filled with 20 mL 20% (w/w) zinc
acetate solution. Each sample vial was shaken thoroughly
to stop biological activity in the sediment and stored at
�30 �C until analyses. Control samples were prepared by
slicing sediment from an additional small push core in 1-
cm increments into tubes with zinc acetate before radio-
tracer addition. Samples were analyzed and rates calculated
according to the cold-chromium distillation method
(Kallmeyer et al., 2004).

2.5. Methanogenesis and AOM from 14C-MMA

The main goal of this study was to follow (within the
sulfate-rich zone) the conversion of a non-competitive sub-
strate to methane by methanogenesis (MG-MMA), and the
subsequent conversion of the produced methane to inor-
ganic carbon by AOM (AOM-MMA). Tracking both pro-
cesses simultaneously was accomplished by injecting whole
round sediment cores with 14C-labeled mono-methylamine
(14C-MMA) as representative methylated methanogen sub-
strate. The concept of this method is that methanogens con-
vert 14C-MMA to 14C-methane (14C-CH4), which is then
converted to 14C-total inorganic carbon (14C-TIC) via
AOM. In the presence of both processes, we expect to find
all three 14C-compounds in the same sample after the incu-
bation. With increasing incubation time, 14C should move
cumulatively from 14C-MMA (via 14C-CH4) to 14C-TIC.
If AOM effectively removes methane at the rate of
production, we expect to find no significant accumulation
of 14C-CH4 in the sediment.

Twenty-four hours before sediment was injected with
14C-MMA, six small sediment push cores were transferred
to room temperature (in the dark) after storage for one
month at 4 �C. Four of the push cores were injected with
14C-MMA (14C-mono-methylamine; dissolved in 1 mL
water, injection volume 10 lL, activity 220 KBq, specific
activity 1.85–2.22 GBq mmol�1) and incubated for 1 h, 1
d, 1 wk and 3 wk, respectively, at room temperature, in
the dark, to follow the step-wise conversion of 14C-MMA
via 14C-CH4 to 14C-TIC. The incubations were terminated
by slicing the cores at 1-cm increments into 50 mL wide-
mouth crimp glass vials filled with 20 mL of 2.5% NaOH.
Vials were sealed with butyl stoppers and aluminum crimps
immediately and shaken thoroughly to stop biological
activity in the sediment and to separate 14C-CH4 in the
headspace from 14C-MMA and 14C-TIC in the liquid/solid
phase of the sample. The 5th small push core was desig-
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nated as the 14C-MMA control core. The control core was
sliced at 1-cm increments into vials with NaOH prior to
radiotracer addition. Processing of the 6th core will be
described under Section 2.5.3.

2.5.1. Determination of total CH4 and
14C-CH4

Prior to the analyses of 14C-CH4 in the sample head-
space, total CH4 was determined by gas chromatography
(Shimadzu GC-2014, see Section 2.3) from a small head-
space sub-sample (100 ml). Analysis of 14C-CH4 was accom-
plished using a modified method by Treude et al. (2005a),
which was combined with a series of cold traps adapted
from Zhuang et al. (2017) to prevent potential contamina-
tions with volatile 14C-MMA or 14C-CO2. The full analyti-
cal setup is displayed in Fig. 3. In this adapted procedure,
the headspace of the vial was purged with compressed air
through a combustion oven (850 �C) with copper (II) oxide
to combust microbially produced 14C-CH4 to 14C-CO2.
Additional traps were placed in line as follows, to prevent
potential contaminations with other 14C compounds: Impu-
rities of volatilized 14C-MMA were separated by passing
the sample headspace through a 15 mL glass Hungate tube
containing 10 mL of cold (0 �C) 0.1 M citric acid buffer
solution (19.3 g citric acid + 4 g NaOH per liter of water,
pH 4). Impurities of volatilized 14C-CO2 were separated
by passing the gas headspace through a consecutive
15 mL Hungate tube, containing 10 mL of cold (0 �C) 5%
(w/w) sodium hydroxide. Both traps were held in a pre-
frozen cryo safe cooler (Bel-Art, Junior 0 �C). The purified
headspace, containing CH4 as the only 14C-labelled com-
pound, was then passed through a quartz column filled with
Fig. 3. Schematic of the method used to purge, combust, and trap 14C-
volatile 14C impurities (14C-MMA and 14C-CO2) via intermediate traps.
compressed air tank, (2) mass flow controller (Analyt MTC), (3) safety v
(50 ml) with sample and headspace, (5) cryo box, 0 �C (Bel Art), (6) 14C-M
pH 4, 0 �C), (7) 14C-CO2 trap: Hungate tube filled with 5% w/w NaOH
oxide, (9) combustion oven (850 �C), (10) H2O trap: glass crimp vial (10
combusted 14C-CH4): two consecutive scintillation vials (20 ml) filled w
liquid scintillation counting. Tubing (in direction of flow): copper (betwee
safety trap), ISO-VERSINIC (before/after oven), TYGON (between the
vials from/into tubing via luer connectors/needles. Note that objects are n
Zhuang et al. (2017). For more details see text.
granular copper (II) oxide placed in a combustion oven
(850 �C) to oxidize 14C-CH4 to 14C-CO2. After exiting the
oven, the headspace with 14C-CO2 was then passed through
a 20 mL scintillation vial containing 10 mL of citric acid
buffer (pH 4, room temperature) to capture any water
vapor, which could condense to tubing walls and collect
14C-CO2. Finally, the

14C-CO2 of the headspace was col-
lected in two consecutive 20 mL scintillation vials filled with
10 mL of phenylethylamine and metoxyethanol (1:7 mix-
ture, at room temperature). Oven timeseries tests conducted
prior to sample analysis showed that > 99% of 14C-CH4 is
combusted to 14C-CO2 and collected in the CO2 capture
vials after 20 min of headspace flushing. Radioactivity in
both scintillation vials was determined by liquid scintilla-
tion counting after adding 10 ml scintillation cocktail
(Ultima Gold XR, Perkin Elmer).

Prior to analyzing the first samples, the efficiency of all
cold traps to capture 14C-impurities was tested. Test sam-
ples were prepared by filling sample vials with 25 ml 5%
NaOH to replicate the total volume of a sample containing
sodium hydroxide (20 mL) and sediment (�5 mL). Added
to the samples vials was either 14C-MMA, 14C-CH4,
14C-TIC (the latter in the form of 14C-bicarbonate). Test
samples were sealed and run through the combustion setup
(see Section 2). Activity of all impurity traps and the final
traps that captured the combusted 14C-CH4 was determined
by liquid scintillation counting. Test samples with added
14C-CH4 showed that 97–99% of the analyzed 14C was
detected in the final methoxyethanol/phenylethylamine
traps (CO2 traps) (Fig. 3, #11). The remaining 1–3% of
the 14C was detected in the citric acid trap (Fig. 3, #10).
CH4 from the sample vial headspace, while removing all potential
Narrow arrows indicate the direction of the gas flow. Labels: (1)
ial: empty glass crimp vial (10 ml), (4) sample vial: glass crimp vial
MA trap: Hungate tube (15 ml) filled with citric acid buffer (10 ml,
(10 ml, pH 14, 0 �C), (8) quartz column with granular copper (II)
ml) filled with citric acid buffer (10 ml, pH 4), (11) 14CO2-trap (for
ith 10 ml phenylethylamine/methoxyethanol (1:7 mixture), (LSC)
n tank and controller), TYGON (between controller and the second
third safety trap and the second scintillation vial). Gas enters/exists
ot to scale. The method was adapted from Treude et al. (2005a) and
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Oven test samples with added 14C-MMA showed that
99.97% of the 14C remained in the sample vial, while
<0.01% was detected in the cold citric acid (Fig. 3, #6),
<0.01% in the cold NaOH cold trap (Fig. 3, #7) and
<0.01% in the CO2 traps (Fig. 3, #11). Oven test samples
with added 14C-TIC (in the form of 14C-bicarbonate)
showed that 99.97% of the 14C remained in the sample vial,
while < 0.01% was detected in the cold citric acid (Fig. 3,
#6), <0.01% in the cold NaOH cold trap (Fig. 3, #7)
and < 0.01% in the CO2 traps (Fig. 3, #11).

2.5.2. Determination of 14C-MMA and 14C-TIC

Total 14C activity in the liquid sample (i.e., the sum of
residual 14C-MMA and the dissolved fraction of the pro-
duced 14C-TIC) was determined by subsampling 100 lL
of clear supernatant from the sample vial into a 6 ml scin-
tillation vial, to which 1 mL ultrapure water and 3 mL scin-
tillation cocktail (Ultima Gold XR, Perkin Elmer) was
added before liquid scintillation counting. Note that this
procedure does not capture potential 14C-CaCO3 precipi-
tates in the solid phase of the sample. Any 14C that was pre-
sent in the solid phase as 14C-CaCO3 would lead to an
overestimation of the rates, because it would underestimate
the pool of 14C injected at the start of the incubation. How-
ever, since microbially-induced carbonate precipitations
can be expected to be a sluggish process even under opti-
mized conditions (Krause, 2012), we expect no significant
overestimation of rates for the applied incubation times.

The total produced 14C-TIC (including potential
14C-CaCO3 precipitates) was determined by acidification
according to Joye et al. (2004). The sample vial was opened
and weighed before and after the sample was transferred to
a 250 mL Erlenmeyer flask to determine the sample weight.
After transfer to the Erlenmeyer flask, a drop of antifoam
agent (Antifoam B Silicon Emulsion) was added to prevent
excessive foaming after acidification. The Erlenmeyer flask
was then sealed with a butyl stopper, which was prepped
with a metal wire threaded through the stopper and a plas-
tic ring at the end of the wire. The ring was used to hold an
open 6 mL scintillation vial filled with a mixture of 1 mL of
phenylethylamine and 1 mL of 2.5% (w/w) NaOH, which
served as a trap for 14C-CO2. The sample was acidified by
injecting 6 mL of 6 M hydrochloric acid using a 10 mL syr-
inge equipped with a long needle. The needle of the loaded
syringe was held in place between the butyl stopper and the
glass of the Erlenmeyer flask while acid was injected. After
injection, the needle was removed quickly, and the stopper
was fixed with a metal clip. The Erlenmeyer flask was then
placed on a shaking table for 4 h to ensure all 14C-TIC was
converted to 14C-CO2, released into the headspace, and
captured in the 14C-CO2 trap. The scintillation vial was
then removed from the flask and radioactivity was deter-
mined by liquid scintillation (see above). The resulting
value, which represents the total 14C-TIC, was then sub-
tracted from the total 14C activity in the liquid sample
(see above) to determine the activity of the residual
14C-MMA in the liquid phase.

Prior to sample analysis, test samples containing only
NaOH solution and 14C-MMA were sent through the same
procedure to test if 14C-MMA is accidently captured by the
suspended 14C-CO2 trap. These samples showed that
99.99% of the 14C remained in the NaOH supernatant
and <0.01% was detected in the CO2 trap. Vice versa, test
samples containing only NaOH and 14C-TIC (in the form
of 14C-bicarbonate) showed that 99.99% of the 14C was cap-
tured in the CO2 trap while <0.01% of the 14C remained in
the NaOH supernatant after acidification/shaking.

2.5.3. Determination of 14C-MMA recovery from sediment

Methylated amines bind to sediment surfaces and there-
fore quantification of methylated amines from sediment
porewaters underestimates the total amount present in the
sediment (Wang and Lee, 1993, 1994; Xiao and Peacock,
2019). The recovery factor of 14C-MMA from sediment
was determined as follows: the top 5 cm of the 6th small
push core from the hypersaline pool was sliced at 1-cm
intervals, and each sediment slice was transferred to
250 ml Erlenmeyer flasks with NaOH similar to the above
procedure (Section 2.5.2) to produce a total of 5 killed sed-
iment samples. An additional set of three 250 ml Erlen-
meyer flasks containing only NaOH (no sediment) served
for the determination of the total added 14C-MMA. A mag-
netic stir bar was added to each Erlenmeyer flask, and each
flask was placed on a magnetic stir plate. After the sediment
was homogeneously mixed with the NaOH, 14C-MMA (dis-
solved in water, 1 mL, 220 kBq, 1.85–2.22 GBq specific
activity) was added to each flask (killed samples and NaOH
samples) and stirred into the samples. The two setups were
then shaken for 4 h. After shaking and resting, 100 ml of the
clear supernatant was subsampled from all flasks, and
radioactivity was determined by liquid scintillation (see Sec-
tion 2). The recovery factor was calculated as follows (Eq.
(6)):

RF ¼ ½ aSED
aNaOH

� ð6Þ

where RF is the recovery factor; aSED is the averaged
amount of radioactivity (CPM) recovered from the flasks
containing NaOH and the sediment sample; aNaOH is the
averaged amount of radioactivity (CPM) recovered from
the flasks containing only NaOH. The total amount of
14C-MMA in samples was then determined by dividing
the 14C-MMA determined in Section 2.5.2 by the recovery
factor (see Eq. (7)).

The tested sediment samples showed a mean 14C-MMA
recovery of 46% after shaking and acidification compared
to sediment-free controls. The standard deviation of CPM
recovered from five test samples was 22.5%, while the stan-
dard deviation of CPM recovered from three controls was
3%. The determined recovery factor (0.46, Eq. (6)) was
applied to calculate the total CPM of 14C-MMA.

2.5.4. Calculations of methanogenesis and AOM rates

Results from 14C-MMA incubations were used to
calculate metabolic rate of MG-MMA and coupled
AOM-MMA. MG-MMA rate calculations take into con-
sideration the natural porewater concentrations of MMA,
residual 14C-MMA, 14C-CH4, and

14C-TIC (Eq. (7)). The
sum of all three 14C-components represents the total
amount of 14C-MMA injected at t0, while the sum of
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14C-CH4 and 14C-TIC represents the metabolic product of
methanogenesis at the end of the incubation, assuming that
14C-TIC was derived from 14C-CH4 after consumption by
AOM. Natural concentrations of MMA could not be deter-
mined for this study. Fitzsimons et al. (1997) reported
MMA concentrations from salt marsh sediment pore water
between 0–319 lM. Based on this knowledge, a high
(100 lM) and a low (10 lM) MMA concentration was
assumed to complete the rate calculations as follows (Eq.
(7)):

MG-MMA ¼ aCH4
þ aTIC

aCH4
þ aTIC þ aMMA

RF

� � � ½MMA�LIT �
1

t
ð7Þ

where MG-MMA is the rate of methanogenesis from
MMA (nmol cm�3 d�1); aCH4 is the produced radioactive
methane (CPM); aTIC is the 14C-TIC produced from
methane (CPM); aMMA the residual 14C-MMA (CPM);
RF is the recovery factor (Eq. (6)); [MMA]LIT is the
assumed MMA porewater concentrations from
Fitzsimons et al. (1997) (nmol cm�3); t is the incubation
time (d). 14C-CH4 and 14C-TIC sample activity was cor-
rected by respective non-biological activity determined in
controls.

Calculation of AOM-MMA rates based on methane
produced from 14C-MMA take into consideration the total
methane measured from the headspace of the sample vial,
14C-CH4 produced by MG-MMA, and 14C-TIC produced
by AOM (Eq. (8)). The sum of 14C-CH4 and

14C-TIC rep-
resents the total amount of 14C-CH4 that was produced and
available for AOM over the entire incubation, while
14C-TIC represents the metabolic product of AOM at the
end of the incubation. Note that concentrations of total
methane should usually be taken at the start of an incuba-
tion (not at the end as done here). But since methane con-
centrations remained stable in controls of long-term
incubations over the first weeks (see Section 3.2), we felt
comfortable using the end concentrations for our calcula-
tions. It should be further highlighted that 14C-labeled
methane available for AOM was not present at t0 but
instead was produced over time. Hence, AOM rates based
on 14C-CH4 from

14C-MMA represent an underestimation
of the actual rate in this approach. AOM-MMA rates were
calculated according to Eq. (8):

AOM �MMA ¼ aTIC
aCH4

þ aTIC
� CH 4½ � � 1

t
ð8Þ

where AOM-MMA is the AOM rate based on methane pro-
duced from MMA (nmol cm�3 d�1); aTIC is the produced
14C-TIC (CPM); aCH4 is the residual radioactive methane
(CPM); [CH4] is the methane concentration in the sample
vial headspace (nmol cm�3); t is the incubation time (d).
14C-TIC activity was corrected by non-biological activity
determined in controls.

2.6. AOM from 14C-CH4

AOM rates determined directly from 14C-CH4 (AOM-CH4)
were produced by injecting 14C-CH4 (

14C-CH4 dissolved in
anoxic MilliQ, injection volume 15 lL, activity 5 KBq,
specific activity 1.85–2.22 GBq mmol�1) into a small push
core from the hypersaline pool at 1-cm increments similar
to the injections procedures in 2.4 and 2.5. One month after
storage at 4 �C, and 24 h prior to radiotracer injection, the
core was transferred to room temperature (in the dark).
After radiotracer injection, the core was incubated for
24 h at room temperature, in the dark. The incubation
was terminated by slicing the core at 1-cm increments into
50 mL wide-mouth crimp glass vials filled with 20 mL of
2.5% NaOH. Vials were sealed with butyl stoppers and alu-
minum crimps immediately and shaken thoroughly to stop
biological activity in the sediment. Control samples were
prepared by slicing sediment from a separate small
pushcore into vials with NaOH before tracer addition.
Prior to 14C analysis, total CH4 concentrations within each
vial was determined by extracting a 100 lL gas sample from
the headspace of the AOM-CH4 samples and analyzing it
by gas chromatography (see Section 2.5). Residual
14C-CH4 in the headspace was determined by liquid
scintillation counting after combustion to 14C-CO2 and
CO2-capturing.

14C-TIC produced as a result of AOM
was determined by liquid scintillation counting after
acidification and shaking. AOM-CH4 rates were calculated
according to Eq. (8).

3. RESULTS

3.1. Biogeochemical characterization of the study site

Porewater salinity in the sediment core (0–20 cm) ranged
between �110–140 PSU characterizing the pool as hyper-
saline (Fig. 2A). Porewater sulfate concentrations
(60–75 mM) were about three times above open ocean sea-
water concentrations and illustrated that samples were taken
within the sulfate-rich zone (Fig. 2C). The highest sulfate
concentration (74 mM) was measured at 1.5–2.5 cm. Sulfate
gradually decreased with sediment depth displaying the
lowest concentration (63 mM) at 16.5–17.5 cm. Microbial
SR activity was only detected in the top 6 cm, showing a
maximum rate of 728 nmol cm�3 d�1 at 0–1 cm. Below
6 cm, SR was not detectable despite high concentration of
sulfate throughout the core. Porewater sulfide concentrations
varied throughout the sediment column (1–12 lM) with one
maximum at 7.5–8.5 cm (12 lM) (Fig. 2D). Dissolved iron
(II) was detected throughout the sediment column, reaching
two maxima (�760 and 642 lM) between 0–2.5 cm and at
11.5–12.5 cm, respectively (Fig. 2D).

Methane concentration determined in the AOM vials
peaked (43 nmol cm�3) at 0–1 cm (Fig. 2B). Between 1
and 4 cm, methane decreased to 16 nmol cm�3 before
increasing again to 30 nmol cm�3 at 4–5 cm. Between 5
and 19 cm, methane concentrations varied between 13
and 35 nmol cm�3. AOM activity determined from
14C-CH4 (AOM-CH4) was detected within and below the
sulfate-reducing zone. Within the sulfate-reducing zone
(0–6 cm), a peak in AOM (13 nmol cm�3 d�1) was detected
at 0–1 cm, which aligned with the highest SR rates and a
peak in methane. Below 1 cm, AOM declined along with
SR and methane. Below the sulfate-reducing zone, AOM
gradually increased again, reaching a broad second peak
(4.5 to 15 nmol cm�3 d�1) between 6 and 12 cm. These
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maxima roughly coincided with elevated iron (II) concen-
trations (Fig. 2D). Below 12 cm, AOM and iron (II)
decreased with depth whereas methane concentrations var-
ied between 22 and 36 nmol cm�3 through the rest of the
core (Fig. 2B). An additional smaller AOM peak
(6 nmol cm�3 d�1) was detected at the bottom of the core.

3.2. Response of methanogenesis to different additives

Fig. 4 shows results from the in-vitro time-series study of
methanogenesis with sediment slurries from the 0–8 cm and
8–16 cm layers. Slurries contained either non-competitive
methanogenesis substrates (MMA or MetOH), inhibitors
of methanogenesis and SR (BES or molybdate, respec-
tively), or no additives (slurry control). Undiluted sediment
without additions served as natural controls.

Methane in the natural control increased only slightly
from ca. 40 to 150 ppmv in both the 0–8 cm and 8–16 cm
layers over 3700 h (Fig. 4F). The slurry control followed
a similar trend (Fig. 4C). Different to the controls, all treat-
ments with non-competitive methanogen substrates showed
a steep increase in methane to >40,000 ppmv after 320 h
and reached a stationary phase starting at 420 h (Fig. 4A
and D). Starting at 1000 h, a slight decrease in methane
was observed. Sediments from the bottom 8–16 cm devel-
oped slightly higher methane maxima (49,000 and 49,500
ppmv) with MMA and methanol, respectively.
Fig. 4. Temporal development of methane (ppmv) in the headspace of in
line and filled symbols) and 8–16 cm (dashed line and open symbols)
methylamine (20 mM, A), methanol (20 mM, D), molybdate (30 mM, B),
undiluted sediment (natural control, F) served as controls. Note the diffe
Methane in sediment slurries amended with BES varied
without trend between 30 and 60 ppmv in both sediment
layers, which was lower than the controls (Fig. 4E).
Methane in sediment slurries from 0 to 8 cm amended with
molybdate increased from 130 to 1340 ppmv after 400 h
and remained between 1260 and 1950 ppmv for the remain-
ing 3400 h (Fig. 4B). One replicate from the top 0–8 cm
increased to 7284 ppmv at the end of the incubation.
Molybdate-amended slurries from 8 to 16 cm (Fig. 4B)
released methane an order of magnitude lower than the
respective slurries from 0-8 cm, which was closer to trends
found in the slurry controls (Fig. 4C).

3.3. Coupled methanogenesis and AOM

3.3.1. 14C-MMA time-series incubation with sediment cores

Methylotrophic methanogenesis supporting AOM
(AOM-MMA) in the sulfate-rich zone was determined by
14C-MMA injections into 4 separate push cores, which were
incubated for 1 h, 1 d, 1 wk, and 3 wk, respectively. Fig. 5
shows the radioactivity distribution (percentage of the sum
of all 14C in counts per minute = % CPM) between the
residual 14C-MMA, the produced 14C-CH4, and the pro-
duced 14C-TIC for the four incubations.

After the 1-h incubation, the majority of radioactivity
remained in the residual 14C-MMA (96–99%) throughout
cubation vials containing sediment slurries from the 0–8 cm (solid
layer of the hypersaline pool. Slurries were treated with mono-
BES (60 mM, E). Slurries without additives (slurry control, C) and
rent scales on the y-axes.



Fig. 5. Sediment depth profiles of 14C radioactivity (in counts per minute = CPM) from mono-methylamine (MMA), CH4, and total
inorganic carbon (TIC) expressed as the percentage of the sum of all 14C. Shown are depth profiles for 1-h (A), 1-d (B), 1-wk (C) and 3-wk (D)
incubations in replicate sediment cores.
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the core, while smaller percentages of radioactivity were
found in 14C-CH4 (0–0.06%) and 14C-TIC (1–5%) (Fig. 5A).

After the 1-d incubation, the percentage of 14C-MMA
was lower in the top 4 cm, reaching as low as 58% at
1–2 cm (Fig. 5B). Below 5 cm, 94–98% of the radioactivity
remained in the 14C-MMA. Correspondingly, more
14C-CH4 was detected in the top 5 cm, with a maximum
of 11% at 0–2 cm. These depths of elevated 14C-CH4

overlapped with depths of elevated AOM-CH4 and SR in
replicate cores (Fig. 3). Below 5 cm, 14C-CH4 remained
low (0.05–0.6%) (Fig. 5B). Similarly, the percentage of
14C-TIC was higher (10–32%) in the top 5 cm with a max-
imum at 1–2 cm. Below 5 cm, the percentage of 14C-TIC
decreased gradually with depth from 5 to 2%.

After the 1-wk incubation, radioactivity from 14C-MMA
was below detection at 1–3 and 4–5 cm, pointing to com-
plete exhaustion of the labeled compound (Fig. 5C). At
depths below 5 cm, between 40 and 80% of the radioactivity
remained in the 14C-MMA. Radioactivity from 14C-CH4

was between 3 and 19% percent in the top 7 cm, with a max-
imum at 2–3 cm. Below 7 cm, 0.1–3% of radioactivity was
found in 14C-CH4. Radioactivity from 14C-TIC was 81 to
87% between 1–5 cm, indicating that the majority of the
label was completely turned over. Below 7 cm, radioactivity
from 14C-TIC decreased from 57 to 20% with depth. It is
notable that the production of 14C-TIC was weaker at
5–6 and 6–7 cm (14 and 27%), while 14C-CH4 made up 14
and 8 % of the label, respectively.

After the 3-wk incubation, radioactivity from 14C-MMA
was below detection in the top 7 cm and at 12–13 cm
(Fig. 5D). Between 7–12, and 13–15 cm, 2–17% of the
radioactivity was found in the 14C-MMA. Throughout
the sediment core, a small fraction of radioactivity was
detected in 14C-CH4 (0.05–10%), reaching a maximum at
9–10 cm. In the top 7 cm, most radioactivity was found in
14C-TIC (94–99%). Below 7 cm, radioactivity of 14C-TIC
was more variable, ranging between 79–97%.

Note that radioactivity detected in the killed control
samples was not subtracted from CPM results presented
in Fig. 5, because we noticed after the analyses that micro-
bial activity in the controls (and possibly also in the sam-
ples) was not immediately terminated after the addition of
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NaOH, likely due to insufficient homogenization (shaking).
Since killed controls were produced from the top 5 cm of
the sediment, which also showed the highest microbial
activity (see Fig. 5), it was not advisable to use the average
of these controls to make CPM corrections for the entire
sediment core. Radioactivity detected in the killed controls
relative to the samples was on average 26%, 0.5%, 0.2%,
and 0.3% for 14C-CH4, as well as 107%, 65%, 16%, and
9% for 14C-TIC in the 1-h, 1-d, 1-wk, and 3-wk incubation,
respectively. The development of 14C-TIC in the controls
relative to the samples indicates that microbial activity
was likely terminated after roughly 1 day.

3.3.2. Estimation of environmental turnover rates

Fig. 6 compares MG-MMA rates with rates of
AOM-MMA and AOM-CH4. The MG-MMA rates were
calculated assuming min/max concentrations of MMA
(10 and 100 mM) based on a study by Fitzsimons et al.
(1997) (for details see Section 2.5.4). AOM rate calculations
were based on methane concentrations determined in the
headspace of the incubation vials (Fig. 6B). We selected
the 1-d incubation from the 14C-MMA time series incuba-
tion as the optimum incubation time for rate calculations
(see Section 4.3.1). Note that for these calculations, the
average radioactivity detected in controls of the MMA
incubation was subtracted from the sample values, which
likely resulted in an underestimation of the rates, as micro-
bial activity continued for �1 d past incubation termination
(see Section 2.5.4).

Activity of MG-MMA and AOM-MMA overlapped
between 0–10 and 15–17 cm (Fig. 6). AOM-MMA rates
were highest between 4–10 cm, peaking at 4–5 cm
(27 nmol cm�3 d�1), while MG-MMA rates were highest
between 0–4 cm, peaking at 1–2 cm (3.3 and 33 nmol cm�3

d�1 for the 10 and 100 mM MMA, respectively).
AOM-MMA was below detection between 10 and 15 cm,
as a result of the control correction, while MG-MMA
was low (<1 nmol cm�3 d�1). AOM rates peaked between
15–17 cm (14 nmol cm�3 d�1), while MG-MMA rates were
low (0.1 and 1 nmol cm�3 d�1, respectively).
Fig. 6. Depth profiles of (A) methanogenesis rates determined from
methylamine concentrations of 10 and 100 lM based on Fitzsimons et al
(AOM-CH4) and

14C-MMA incubations (AOM-MMA) in hypersaline s
In comparison, AOM-MMA and AOM-CH4 reached
similar maxima (10–30 nmol cm�3 d�1), but slightly offset
patterns in activity peaks (Fig. 6B). While AOM-MMA
activity was separated between the top half and a lower sec-
tion of the core, AOM-CH4 showed three peaks: at 0–1 cm,
between 7 and 12 cm, and at the bottom of the core.

Integrated rates (0–15 cm) of MG-MMA (based on
10/100 mM MMA), AOM-MMA, and AOM-CH4 were
0.08/0.83, 1.74, and 0.88, respectively for the 1-d
incubations.

4. DISCUSSION

4.1. Vertical organization of electron acceptor utilization

SR rates determined by 35S-SO4
2� incubations were high-

est in the top 1 cm layer of the sediment and restricted to the
top 6 cm (Fig. 2C), illustrating a distinct sulfate-reducing
environment. This finding is consistent with black coloration
of the sediment in the top 1–8 cm, most likely due to precip-
itation of iron sulfides. Sulfate was never limiting (>63 mM)
throughout the core, while salinity was found to be slightly
higher (�15%) in the sulfate-reducing environment. Lack
of direct water supply makes the pool highly susceptible to
evaporation, which likely explains high salinity and sulfate
concentrations. The abrupt drop of SR below 4 cm despite
the presence of high sulfate concentrations is surprising
and unlikely to be correlated to a limitation in organic mat-
ter, since coastal salt marshes are known to be rich in organic
matter substrates in the top 50–100 cm (Schlesinger, 1977;
Reddy and DeLaune, 2008; Ouyang and Lee, 2014). An
explanation could be the stimulation of halophilic-sulfate
reducers in the more saline surface layers of the sediment.
A weak positive correlation between salinity and SR was
found in natural sediments from hypersaline and highly sal-
ine coastal pans in South Africa (Porter et al., 2007; Oren,
2015). In-vitro sediment slurry experiments with these sedi-
ments revealed optimum salinities for sulfate-reduction
activity was between 272 to 311 in hypersaline pans and
134 to 244 in highly saline pans.
14C-MMA incubations (MG-MMA) assuming natural mono-
. (1997), and (B) AOM rates determined from 14C-CH4 incubations
ediments from the Carpinteria Salt Marsh Reserve.
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Below the zone of SR, the dominant electron acceptor
for metabolic processes was likely iron (III), which is sup-
ported by the observation of brown spots (indicative for
iron oxides, Fig. 1C) and the presence of dissolved iron
(II) (Fig. 2D, product of iron reduction). Iron reduction
activity could be an alternative reason for the absence of
SR below 6 cm. In freshwater river sediments, SR was
inhibited by 85–100% in the presences of iron reduction
(Lovley and Phillips, 1987). However, direct evidence of
iron reduction in the hypersaline pool is not available for
this study and needs future investigation.

It is notable that both iron (II) and sulfide were present
throughout the entire sediment core, i.e., sulfide was
detected below the zone of SR and iron (II) was present
within the sulfate-reducing zone. This finding points to
potential seasonal fluctuations of processes in the sediment.
It is possible that halophilic SR is only facilitated during the
dry season, when salinity in the surface layer is highest, and
is likewise inhibited during the wet season, when salinity
drops below the salinity optimum. Consequently, our study
would only provide a snapshot of a highly dynamic system.
Future studies should therefore test if halophilic-sulfate
reducers are outcompeting iron reducers during the dry sea-
son owing to their hypersaline adaptation.

The reverse redox gradient makes this hypersaline envi-
ronment unique and unconventional compared to the usual
succession of heterotrophic processes in marine sediments
(Jørgensen, 2000), and possibly plays a role for cryptic
methane cycling. Following suggested vertical distribution
of redox processes, AOM activity determined by 14C-CH4

incubations was likely coupled to SR within the top 6 cm,
and to iron reduction at depths below (Fig. 2B–D). This
hypothesis is supported by double maxima of AOM at
the surface (in alignment with the SR peak) and between
7 and 12 cm (in alignment with an increase in iron (II)).
Both sulfate and iron (III) are known electron acceptors
used by AOM (Nauhaus et al., 2002; Treude et al., 2005b;
Beal et al., 2009; Segarra et al., 2013). It should be kept
in mind, however, that aside from the availability of
electron acceptors, also the distribution and magnitude of
in-situ methane production plays an important role for the
location of AOM hot spots in the sulfate-rich sediments.

4.2. Methanogenesis coupled to methylotrophic substrates

Considerable methane production was observed in sedi-
ment slurries, when either MMA or methanol was added
(Fig. 4). Methanogenesis from MMA and methanol pro-
duced three orders of magnitude more methane than con-
trols. The results suggest methylotrophic methanogens
were present in the sediments and responded to the sub-
strate addition. The spike in methane production after the
400 h (16 d) lag phase is likely a result of methanogen com-
munity expansion in response to excess availability of
methylated substrates. This trend concurs with results of
Oremland and Polcin (1982), who reported a spike in
methane production in estuarian sediments after 10 d fol-
lowing the addition of trimethylamine, methanol and
methyl-sulfides. Similarly, methanogenesis from methanol
in sediments from Eckernförde Bay, SW Baltic Sea,
observed a sharp methane increase after 16 d (Maltby
et al., 2018).

Sediment slurries treated with molybdate showed a low
increase in methane production in sediment from the
0–8 cm layer, which contained the sulfate-reducing zone,
suggesting that methanogens were utilizing competitive
substrates (acetate and/or hydrogen) following the
inhibition of SR by molybdate (Oremland and Capone,
1988; Oremland and Taylor, 1978). Additionally, simulta-
neous inhibition of sulfate-dependent AOM likely
suspended methane consumption. Methane in the bottom
8–16 cm layer showed no build-up over time after molyb-
date was added, suggesting that it had no inhibitory affect
below the sulfate-reducing zone. This observation supports
our hypothesis that organoclastic iron reduction dominated
sediment below SR activity, because it is not affected by
molybdate addition (Jacobson, 1994). Similarly, AOM
coupled to iron reduction is not expected to be inhibited
by molybdate addition and would therefore continue to
consume methane in this zone.

The methanogen inhibitor BES suppressed methane
production in both experiments, while controls showed a
slight increase in methane over time, supporting the idea
that methane was produced from in-situ methanogenic
communities.

4.3. Deciphering cryptic methane cycling in sulfate-rich

sediments

4.3.1. Method discussion

In this study, we conducted a radiotracer time series
incubation with 14C-MMA to determine the optimum incu-
bation time for tracking the cryptic methane cycle. Short
(�1 h) incubation times for radiotracer incubations have
been found to cause issues with initial disturbance of the
sediment, while long incubations (>1 d) can cause a gradual
change in metabolism and chemical stratification of the sed-
iment (Jørgensen, 1978). In the present study, we selected
the 1-d (24-h) incubation as the optimal incubation period,
because within this time frame sufficient products from
both methanogenesis (14C-CH4) and AOM (14C-TIC) were
detected without considerably depleting the injected
14C-MMA. Since this method depends on the production
of an intermediate (14C-CH4) to track two processes in par-
allel, sufficient time should be provided for the intermediate
to build up, while ensuring conditions in the sediment
remain relatively stable. It should be kept in mind that
the total incubation time was likely > 24 h due to the delay
in incubation termination (see Section 3.3.1).

Tests of the radiotracer method demonstrated that each
stage of the cryptic methane cycle (i.e., initial substrate:
14C-MMA, intermediate substrate: 14C-CH4, final product:
14C-TIC) was successfully separated and quantified. Oven
tests confirmed that only 14C-CO2 from combusted
14C-CH4 was captured in the final trap. Similarly, the
acidification/shaking tests confirmed that all 14C-TIC was
liberated as CO2 and captured in the suspended CO2 trap
after shaking, while the 14C-MMA remained in solution.

In Section 2.5.3 we showed that on average only 46% of
14C-MMA initially injected into killed sediment from the
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hypersaline pool was recovered in the sample supernatant.
Methylamines are known to strongly adsorb to sediments
through electrostatic and Van der Walls interactions
(Wang and Lee, 1990, 1993; Fitzsimons et al., 2006;
Zhuang et al., 2017, 2018). Applying a 14C-MMA recovery
factor of 0.46 to rate calculations (Eq. (7)) resulted in lower
methanogenesis rates, because the factor is accounting for
14C-MMA not captured by our standard analyses and
hence increased the total pool of 14C-MMA potentially
available for methanogenesis. However, whether adsorbed
14C-MMA is available for biological processes is currently
unknown and needs additional studies. Future work should
test the adsorption behavior of MMA with respect to differ-
ent sediment types, because adsorption was reported to
change with salinity, organic carbon, and clay mineral con-
tent (Wang and Lee, 1990, 1993; Xiao and Peacock, 2019).
In our study, we recognized variability (22.5%) of
14C-MMA recovery in replicate samples from different sedi-
ment depths, which indicates that differences in the absorption
behavior might even occur within the same sediment core.

4.3.2. Methane cycling in the hypersaline sediments

The 14C-MMA experiments demonstrated, for the first
time, that carbon is directly shuttled from a methylotrophic
substrate to CO2 via CH4, linking methanogenesis and
AOM. Through increasing incubations times, we were able
to show that radioactivity gradually shifted from MMA via
CH4 to TIC (Fig. 5A–D). Radioactive methane was
detected in all four incubation experiments, confirming
methanogenesis from MMA in the hypersaline sediments
at the CSMR. Further, in all four incubations (from 1 h
to 3 wk), the concentration of 14C-CH4 remained low. This
observation matches with low natural methane concentra-
tions found in the sediment (Fig. 2B) and with almost sta-
tionary concentration of methane in the headspace of
natural control sediment in long-term incubations
(Fig. 4F and L). Hence, the radiotracer method identified
AOM as a powerful mechanism that keeps methane con-
centrations low within the sulfate-rich zone of the hyper-
saline sediment despite simultaneous methane production.

Determination of methylotrophic methanogenesis rates
from the 1-d 14C-MMA incubations, which assumed a nat-
ural MMA porewater concentration of 10 and 100 mM
based on literature values (Fitzsimons et al., 1997), resulted
in max rates of up to 3.3 and 33 nmol cm�3 d�1, respec-
tively, within the top 5 cm, i.e. within the sulfate-reducing
zone (Fig. 6A). These maxima were 1–2 orders of magni-
tude higher compared to rates of total methanogenesis
detected in the sulfate-reducing zone by Xiao et al. (2017.
2018), while rates in deeper zones of the sediment were in
the same order of magnitude. The studies by Xiao et al.
(2017. 2018) were conducted in sediments from Arhus
Bay in the Baltic Sea, while our study was conducted in a
hypersaline salt marsh. Salt marsh sediments are known
for their richness in methylated substrates (Wang and
Lee, 1994; Fitzsimons et al., 1997; Fitzsimons et al., 2005)
and hence we believe that the estimated higher rates in
our study are not unrealistic. However, determination of
in-situ concentrations of MMA in sediments from the
CSMR hypersaline pool are required to test this hypothesis.
AOM rates determined directly from 14C-CH4 and via
14C-MMA injections (1 d incubation) ranged within the
same order of magnitude (Fig. 6C). It should be kept in
mind, however, that AOM rates determined from
14C-MMA incubations likely underestimated the true
AOM rate, since 14C-CH4 tracer was not added in one
batch at t0, but was instead produced from methanogenesis
over time. Similarly, AOM rates determined from 14C- CH4

incubations could be underestimated, because the labeled
methane was likely diluted by the production of new, unla-
beled methane during the incubation. Irrespective of these
uncertainties, confirmation of AOM activity by two sepa-
rate methods suggests that AOM plays an important role
in keeping methane concentrations in this sediment low.

It is notable that MMA could also be utilized by denitri-
fying bacteria (Martineau et al., 2015), and there is an
ongoing debate about the potential involvement of sulfate
reducers in the degradation of methylamines (Zhuang
et al., 2019). However, to the best of our knowledge there
is neither a confirmed case of denitrifying bacteria involved
in MMA degradation in coastal wetland sediments, nor
exists evidence for the metabolic capability of sulfate reduc-
ers to degrade MMA. Further work using methanogen and
sulfate-reducer inhibitors in combination with 14C-MMA
incubations should be conducted to better elucidate the
relationship between methylotrophic methanogens and
sulfate-reducing bacteria in CSMR sediments.

4.4. Implications for methane budgeting in coastal wetlands

The present study demonstrated simultaneous produc-
tion and consumption of methane in the sulfate-rich zone
of a coastal wetland - a process that has to the best of
our knowledge not been considered in previous coastal wet-
land studies. In combination, our results strongly indicate
that methanogenesis was not able to build up significant
concentrations of methane in the studied hypersaline sedi-
ments due to simultaneous activity of AOM. This finding
could have important implications for our understanding
of carbon cycling in coastal wetlands. While tremendous
knowledge has been gained on methane production and
emission from this type of environment (e.g., Oremland
et al., 1982; Oremland and Polcin, 1982; Segers, 1998; Le
Mer and Roger, 2001; Bridgham et al., 2013; Vizza et al.,
2017), the underlying process that regulates emissions seems
to be not fully understood. It is therefore necessary to con-
sider cryptic methane cycling in coastal wetlands to predict
potential future shifts in methane emission linked to the
availability of electron acceptors for AOM. Environmental
factors that could change electron acceptor availability in
coastal wetland sediments include sea-level rise, droughts,
increase in precipitation, and river run-offs, which are all
likely to affect coastal wetlands in the near future (Junk
et al., 2013; Mitsch et al., 2013; Mitsch and Hernandez,
2013; O’Connor et al., 2010).

5. CONCLUSION

In the present study, we investigated the relationship
between SR, iron reduction, methylotrophic methanogene-
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sis, and AOM in hypersaline sediment of the CSMR. Sedi-
ment slurry incubations with non-competitive substrates
(MMA and methanol) indicated the presence of a methy-
lotrophic methanogenic community. Our adapted radio-
tracer method successfully demonstrated that carbon is
shuttled from MMA to TIC via CH4, linking methanogen-
esis and AOM. The production and consumption of
radioactive methane was detected both in the sulfate- and
(apparently) iron-reducing zone of the sediment suggesting
that (1) MMA served as a non-competitive substrate for
methanogens and (2) AOM was coupled to both sulfate
and iron reduction. Radioactive methane generated by
methylotrophic methanogenesis remained always at a low
level in 14C incubations ranging from 1 h to 3 wk, suggest-
ing that AOM was keeping up with the rate of methane
production. Constant low levels of methane in the sediment
despite the presence of methanogenesis identifies AOM as a
potential key sink for methane produced in sulfate-rich sed-
iment from this environment. The relationship between
methanogenesis and AOM needs to be considered in future
studies to complete carbon cycling in coastal wetlands and
to evaluate the sensitivity of this balance to environmental
changes.

6. RESEARCH DATA

Research Data associated with this article can be
accessed at the Biological & Chemical Oceanography Data
Management Office, DOI: https://doi.org/10.26008/1912/b
co-dmo.839645.1.
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