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A B S T R A C T

Methylotrophic methanogenesis in the sulfate-rich zone of coastal and marine sediments couples with anaerobic 
oxidation of methane (AOM), forming the cryptic methane cycle. This study provides evidence of cryptic 
methane cycling in the sulfate-rich zone across a land–ocean transect of four stations–two brackish, one marine, 
and one hypersaline–within the Carpinteria Salt Marsh Reserve (CSMR), southern California, USA. Samples from 
the top 20 cm of sediment from the transect were analyzed through geochemical and molecular (16S rRNA) 
techniques, in-vitro methanogenesis incubations, and radiotracer incubations utilizing 35S-SO4, 14C-mono- 
methylamine, and 14C-CH4. Sediment methane concentrations were consistently low (3 to 28 µM) at all stations, 
except for the marine station, where methane increased with depth reaching 665 µM. Methanogenesis from 
mono-methylamine was detected throughout the sediment at all stations with estimated CH4 production rates in 
the sub-nanomolar to nanomolar range per cm3 sediment and day. 16S rRNA analysis identified methanogenic 
archaea (Methanosarcinaceae, Methanomassiliicoccales, and Methanonatronarchaeacea) capable of producing 
methane from methylamines in sediment where methylotrophic methanogenesis was found to be active. 
Metabolomic analysis of porewater showed mono-methylamine was mostly undetectable (<3 µM) or present in 
trace amounts (<10 µM) suggesting rapid metabolic turnover. In-vitro methanogenesis incubations of natural 
sediment showed no linear methane buildup, suggesting a process limiting methane emissions. AOM activity, 
measured with 14C-CH4, overlapped with methanogenesis from mono-methylamine activity at all stations, with 
rates ranging from 0.03 to 19.4 nmol cm− 3 d− 1. Geochemical porewater analysis showed the CSMR sediments are 
rich in sulfate and iron. Porewater sulfate concentrations (9–91 mM) were non-limiting across the transect, 
supporting sulfate reduction activity (1.5–2,506 nmol cm− 3 d− 1). Porewater sulfide and iron (II) profiles indi
cated that the sediment transitioned from a predominantly iron-reducing environment at the two brackish sta
tions to a predominantly sulfate-reducing environment at the marine and hypersaline stations, which coincided 
with the presence of phyla (Desulfobacterota) involved in these processes. AOM activity overlapped with sulfate 
reduction and porewater iron (II) concentrations suggesting that AOM is likely coupled to sulfate and possibly 
iron reduction at all stations. However, 16S rRNA analysis identified anaerobic methanotrophs (ANME-2) only at 
the marine and hypersaline stations while putative methanogens were found in sediment across all stations. In 
one sediment horizon at the marine station, methanogen families (Methanosarcinaceae, Methanosaetaceae, 
Methanomassiliicoccales, and Methanoregulaceae) and ANME 2a,2b, and 2c groups were found together. Collec
tively, our data suggest that at the brackish stations methanogens alone may be involved in cryptic methane 
cycling, while at the marine and hypersaline stations both groups may be involved in the process. Differences in 
rate constants from incubations with 14C-labeled methane and mono-methylamine suggest a non-methanogenic 
process oxidizing mono-methylamine to inorganic carbon, likely mediated by sulfate-reducing bacteria. Un
derstanding the potential competition of sulfate reducers with methanogens for mono-methylamine needs further 
investigation as it might be another important process responsible for low methane emissions in salt marshes.
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1. Introduction

Methane is the simplest and most abundant organic molecule in the 
atmosphere and is about 25–30 times more potent than carbon dioxide 
as a greenhouse gas (IPCC, 2021). Since pre-industrial technological 
advancement, methane concentrations in the atmosphere have nearly 
tripled from 722 ppb to 1912 ppb in 2022 (Saunois et al., 2025; Wang 
et al., 2024). Natural wetlands are broadly characterized into freshwater 
and coastal wetlands. Both ecosystems contain organic-rich sediment 
that could sustain microbial methanogenesis. However, coastal wet
lands, such as mangroves, salt marshes and seagrasses combined, emit 
far less methane into the atmosphere (0.47–1.41 Tg CH4 yr− 1) 
(Rosentreter et al., 2021; Rosentreter et al., 2023) than their freshwater 
counter parts (159 Tg CH4 yr− 1) (Saunois et al., 2025). The lower 
methane emission is due to the presence of sulfate which enters coastal 
wetlands via marine seawater inflow and mixes with freshwater inflows 
creating distinct salinity gradients in the overlying water (Cui et al., 
2024; Reddy et al., 2022). Salinity in the sediment of coastal wetlands is 
mostly driven by daily tidal influence (del Pilar Alvarez et al., 2015; 
Gardner, 2007; Li et al., 2023; Moffett et al., 2010; Reddy et al., 2022) 
but also wetland geomorphology, sediment characteristics, climate 
conditions (Montalto et al., 2006), evapotranspiration, bioturbation 
(Cao et al., 2012; Carol et al., 2011; Li et al., 2023), and anthropogenic 
alterations (Carol et al., 2012). The sulfate that enters wetlands’ sedi
ment porewater, supports microbial sulfate reduction and thereby sup
presses competitive methanogenesis pathways (hydrogenotrophic and 
acetoclastic) (Jørgensen, 2000; Kristjansson et al., 1982; Lovley and 
Klug, 1986; Oremland et al., 1982; Oremland and Polcin, 1982; Winfrey 
and Ward, 1983). As a result, methane tends to buildup in deeper anoxic 
sediment below the sulfate penetration depth. In the lower portion of the 
sulfate reduction zone, where the concentration of sulfate is decreasing 
and overlaps with increasing methane concentration is the sulfate 
methane transition zone (SMTZ), where anaerobic oxidation of methane 
(AOM) occurs (Gao et al., 2022; Hinrichs and Boetius, 2002; Knittel and 
Boetius, 2009; Lapham et al., 2024; Reeburgh, 2007; Zhao et al., 2024). 
In the SMTZ, AOM oxidizes methane with sulfate as the electron 
acceptor and has been shown to consume up to 96% of methane before 
reaching the water column within coastal wetland sediment (La et al., 
2022). The process is typically mediated by a consortium of anaerobic 
methane-oxidizing archaea (ANME) and sulfate-reducing bacteria 
(Boetius et al., 2000; Hinrichs and Boetius, 2002; Knittel and Boetius, 
2009; Michaelis et al., 2002; Orphan et al., 2001b; Reeburgh, 2007).

Although sulfate reduction outcompetes methanogenesis for 
hydrogen and acetate in the sulfate reduction zone above the SMTZ, 
methylated substrates such as methylsulfides, methanol and methyl
amines, are known to be non-competitive substrates for methanogenesis 
of the methylotrophic pathways (Krause et al., 2023; Krause and Treude, 
2021; Lovley and Klug, 1986; Maltby et al., 2016; Oremland and Taylor, 
1978; Zhuang et al., 2016; Zhuang et al., 2018). Thus, methylotrophic 
methanogenesis activity has been shown to occur within the sulfate- 
reducing zone in various aquatic environments, including coastal 
wetland environments (Bueno de Mesquita et al., 2023; Dong et al., 
2024; Krause and Treude, 2021; Oremland et al., 1982; Oremland and 
Polcin, 1982; Reddy et al., 2022; Schorn et al., 2022; Yuan et al., 2019). 
However, despite the methylotrophic methanogenesis activity, methane 
concentrations are by several orders of magnitude lower above the 
SMTZ compared to deeper sediments where sulfate is depleted (Barnes 
and Goldberg, 1976; Beulig et al., 2018; Krause et al., 2023; Krause and 
Treude, 2021; Wehrmann et al., 2011). This low level of methane is 
controlled by concurrent methylotrophic methanogenesis and AOM 
activity which is now referred as the cryptic methane cycle, and has been 
detected in marine and coastal wetland sediment (Krause et al., 2023; 
Krause and Treude, 2021; Xiao et al., 2018; Xiao et al., 2017).

Important questions remain about how methane is cycled in coastal 
wetlands across spatial gradients and electron acceptor availability. 
Moreover, the microbial communities, that may be involved directly or 

indirectly with the cryptic methane cycle have not been identified. 
Coastal wetlands are ideal geographical features to study these questions 
because of their unique hydrology where freshwater and marine sources 
interact creating natural gradients between salinity and terrestrial input, 
which potentially affects the availability of important electron acceptors 
(e.g., sulfate and iron (III)) and the related microbial communities that 
drive cryptic methane cycling. Therefore, it is crucial to investigate the 
biogeochemical trends, the metabolic activity of methanogenesis, AOM 
and sulfate reduction, as well as characterize the microbial communities 
along a natural salinity gradient of coastal wetlands.

The primary objective is to study cryptic methane cycling along a 
spatial transect following a natural salinity gradient in a California 
coastal wetland, the Carpinteria Salt Marsh Reserve (CSMR). Thereby, 
we aim to elucidate the availability of electron acceptors that drive 
AOM, and to characterize the microbial communities that are respon
sible for cryptic methane cycling. In the following study we will show 
concurrent activities of methanogenesis and AOM, along with potential 
microbial communities involved, within sulfate-rich sediment across the 
CSMR land–ocean transect, which strongly suggest active cryptic 
methane cycling. In addition, our data point to the existence of non- 
methanogenic anaerobic methylotrophic metabolism alongside the 
cryptic methane cycle.

2. Materials and methods

2.1. Study area and field study

The field site for this study is the Carpinteria Salt Marsh Reserve 
(CSMR), which is located about 15 km east of Santa Barbara, California 
USA and is part of the University of California Natural Reserve system. 
Within the CSMR, three freshwater streams flow from the North to the 
South and open into the Pacific Ocean (Fig. 1). Seawater does infiltrate 
the CSMR through daily tidal fluxes and mixes with freshwater that 
enters the CSMR from the North. The mixing results in a natural salinity 
gradient in the surface waters during low tide. In July of 2019, sediment 
samples for this study were collected from a total of four stations (three 
inside connected creeks and one inside an isolated pool) within the 
CSMR along a land–ocean, i.e., North-South, transect featuring differ
ences in salinity in the overlying water. Stations were picked based on 
accessibility and the salinity of the overlying water during low tide, 
measured in the field with a hand-held refractometer. The stations 
include brackish low (BL, 7 PSU, 34◦24′12.6″N, 119◦32′06.8″W), 
brackish high (BH, 15 PSU, 34◦24′10.1″N, 119◦32′01.2″W), marine (M, 
35 PSU, 34◦23′56.3″N, 119◦32′12.0″W), and hypersaline (HP, 139 PSU, 
34◦23′56.1″N, 119◦32′10.2″W) conditions. The hypersaline conditions 
are linked to an isolated, evaporative pool, which has been studied 
previously (Krause and Treude, 2021; Liu et al., 2025).

The top 15 to 20 cm of sediment at each station was collected in large 
(10 cm i.d.) and small (2.6 cm i.d.) polycarbonate push cores. Push cores 
were carefully inserted into sediment by hand including approximately 
5 cm overlying water. Large push cores were inserted approximately 20 
cm from each other, while small push cores were inserted approximately 
15 cm from each other to provide sufficient space for push core 
extraction. Sediment surrounding the push cores was carefully removed 
to place a metal plate under the bottom to safely extract the push cores. 
Any air headspace within the push cores were filled bubble-free with 
overlying-water from the station location along the creek or hypersaline 
pool and sealed with rubber stoppers and electrical tape. Sediment push 
cores were transported to the home laboratory on the same day, stored 
in the dark at room temperature and processed within 1 d to 1 wk of 
collection, depending on the analysis type (see 2.2 – 2.7).

2.2. Porewater geochemistry and solid phase analysis

One day after collection, one large push core from each station was 
selected for porewater geochemistry analysis. At all stations the top 
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layer of the sediment was sliced at 1.5 cm followed by 1-cm increments 
due to natural slopes found at the sediment surfaces during the time of 
sampling. All sediment was sliced under a constant flow of argon gas to 
minimize oxidation of oxygen-sensitive substrates. The sediment sec
tions were transferred to pre-argon flushed 50 mL centrifuge vials and 
centrifuged at 4300 g for 20 mins. Immediately after centrifugation, the 
separated porewater was analyzed spectrographically for dissolved 
sulfide according to Cline (1969) and iron (II) according to Grasshoff 
et al. (1999) using a Shimadzu UV-Spectrophotometer (UV–1800) 
equipped with a sipper unit. The remaining porewater was frozen 
(− 30◦C) and later measured for dissolved porewater sulfate and chloride 
concentrations. Porewater sulfate and chloride was determined using an 
ion chromatograph (Metrohm 761) (Dale et al., 2015). Analytical pre
cision of these measurements was <1% based on repeated analysis of 
IAPSO seawater standards. Absolute detection limit of sulfate was 1 μM, 
which corresponds to 30 μM in the undiluted sample. Porewater salinity 
at each station was calculated from chlorinity using Knudson’s equation 
(Salinity = 1.805 * Chlorinity) assuming that the major ionic ratios in 
the porewater and in seawater are similar (Knudsen, 1901). One mL of 
porewater was subsampled for the determination of methylamine con
centrations and other methanogenic substrates (see section 2.4).

For methane concentrations, porosity/density, solid-phase carbon/ 
nitrogen, and molecular analysis, a separate large push core from each 
station, the top 1.5 cm was sliced followed by 1-cm increments because 
of natural slopes at the sediment surface found at the time of sampling. 
For methane concentrations, 2 mL of sediment at each interval was 
subsampled using a 3 mL cut-off plastic syringe and transferred to a 12 
mL glass serum vial filled with 5 mL of 5% NaOH and sealed with grey 
butyl rubber stoppers. Headspace methane concentrations were later 
determined using a Shimadzu gas chromatograph (GC–2014) equipped 
with a packed Haysep D column and flame ionizer detector. The column 
was heated to 80◦C and ultra-high pure helium was used as the carrier 
gas, set to 12 mL per minute. A methane standard (Scotty Analyzed 
Gases) was used to calibrate for methane concentrations with a ± 5% 
precision.

For porosity and density, 8 mL of sediment was collected from each 1 
cm layer using a 10 mL plastic cut off syringe, transferred to pre-weighed 
plastic 10 mL vials (Wheaton). The wet samples were then weighed and 

then stored at 4◦C. The samples were later dried at 75◦C for 72 h and 
then reweighed. Sediment porosity was determined by subtracting the 
dry sediment weight from the wet sediment weight and dividing by the 
total volume. Sediment density was determined by dividing the wet 
weight by the total volume of the sample.

Analyses for sediment total organic carbon (TOC) and total organic 
nitrogen (TON) were modified from Harris et al., (2001). Briefly, sam
ples were dried up to 48 h at 50◦C until the dry weight was stable and 
then treated with direct addition of 1 mL of 6 N HCl to dissolve car
bonate minerals. These samples were then washed in triplicate with 1 
mL of ultrapure water or until a neutral pH was re-established. Samples 
were centrifuged at 4255  g for 20 min, the supernatant was decanted, 
and vials were re-dried at 50◦C. A subsample (approx. 10–15 mg) was 
then packed into individual 8x5 mm pressed tin capsules and sent to the 
University of California Davis Stable Isotope Facility for analysis using 
Elemental Analyzer – Isotope Ratio Mass Spectrometry. TOC and TON 
were calculated based on the sample peak area corrected against a 
reference material (alfalfa flour).

For molecular analysis, 2 sets of 3 mL of sediments were collected 
using a 3 mL plastic cut-off syringe into 3 mL plastic cryo vials and 
immediately stored at − 80◦C for further analysis (see section 2.9 for 
details).

2.3. In-vitro net methanogenesis

One week after sample collection, one large push core from each 
station was selected to study in-vitro methanogenesis in the natural 
sediments. Between 2 and 3 sediment intervals at each station were 
selected and subsampled for this analysis based on porewater 
geochemistry and solid-phase analysis (see details in Fig. 3).

Sediment subsampling was performed similarly to section 2.2. Each 
push core was sliced at the designated sediment layers under a constant 
flow of argon to minimize oxygen poisoning of anaerobic microbial 
communities within the sediment. Using a 3 mL plastic cut-off syringe, 
10 mL sediment from each interval was transferred into triplicate ster
ilized, argon-flushed 60 mL glass serum vials. Vials were sealed with 
blue butyl rubber stoppers (Bellco Glass Inc, 20 mm diameter) and 
crimped with aluminum crimps. The headspace of each vial was flushed 

Fig. 1. Map of the Carpinteria Salt Marsh Reserve and with sampling locations along the natural salinity gradient. The Brackish Low, Brackish High and Marine 
stations are connected via creeks; the Hypersaline station is an evaporative isolated pool. PSU = practical salinity units.

S.J.E. Krause et al.                                                                                                                                                                                                                             Geochimica et Cosmochimica Acta 404 (2025) 53–71 

55 



with argon for one minute to remove oxygen. The vials were then 
incubated in the dark, at room temperature and monitored for 22 days. 
Methane concentrations in the headspace were tracked using a gas 
chromatograph (see section 2.2).

2.4. Metabolomic analysis

Sediment porewater concentrations of methanogenic substrates 
(methylamine, methanol, and acetate), were obtained from a selection 
of depth intervals at each station (i.e., 0–1.5 cm and 10.5–11.5 cm from 
the BL and BH stations and 0–1.5 cm, 10.5–11.5 cm, and 14.5–15.5 cm 
at the M and HP stations) by syringe-filtering (0.2 µm) 1 mL porewater 
into pre-combusted (350◦C for 3 h) amber glass vials (1.8 mL). Samples 
were then closed with screw caps equipped with a PTFE septa and frozen 
at − 80◦C until analyses. Samples were analyzed at the Pacific Northwest 
National Laboratory, Environment and Molecular Sciences Division for 
metabolomic analysis using proton nuclear magnetic resonance (NMR). 
For details on sample preparation and analysis see section 2.4 in Krause 
et al. (2023).

2.5. Sulfate reduction (35S-Sulfate)

Within the one day of collection, one small sediment whole round 
push core from each station was used to determine sulfate-reduction 
rates at the home laboratory. Radioactive, carrier-free 35S-SO4

2- (dis
solved in MilliQ water, injection volume 10 µL, activity 260 KBq, specific 
activity 1.59 TBq mmol− 1) was injected into the whole-round cores at 1- 
cm intervals and incubated at room temperature and in the dark. The 
incubation was stopped after ~ 24 h by slicing the sediment in 1-cm 
intervals which were transferred to 50 mL centrifuge tubes containing 
20 mL of 20% (w/w) zinc acetate solution. Each sample was thoroughly 
shaken to halt biological activity and then all samples were stored at 
− 30◦C until analysis. Samples were analyzed using the cold-chromium 
distillation method and the results from the analysis were used to 
calculate the sulfate reduction rates according to Kallmeyer et al. 
(2004).

2.6. Methanogenesis and AOM from mono-methylamine

The present study aimed to follow the methane production by 
methanogenesis from mono-methylamine (hereafter abbreviated MG- 
MMA) and the subsequent oxidation of the methane to dissolved inor
ganic carbon (DIC) by anaerobic oxidation of methane (hereafter 
abbreviated AOM-MMA) (i.e., cryptic methane cycling) in salt marsh 
sediments across a land-ocean transect. To find evidence of concurrent 
MG-MMA and AOM-MMA, one small whole round core from each sta
tion was injected with 14C-mono-methylamine (14C-MMA) (dissolved in 
water, injection volume 10 µL, activity 220 KBq, specific activity 
1.85–2.22 GBq mmol− 1) at 1-cm intervals and stored at room temper
ature and in the dark for 24 h. Incubations were terminated by slicing 
the sediment at 1-cm intervals into 50 mL wide-mouth glass crimp vials 
filled with 20 mL of 5% NaOH. After transfer of the sample, vials were 
immediately sealed with a red butyl stopper and crimped with an 
aluminum crimp. Control samples were prepared by sectioning the top 5 
cm of a separate whole round core from each station in 1-cm intervals 
into 50 mL wide mouth vials filled with 20 mL of 5% NaOH prior to 
radiotracer addition. Vials were shaken thoroughly for 1 min to ensure 
complete biological inactivity and stored upside down at room tem
perature till further processing. The residual 14C-MMA in the liquid, the 
14C-CH4 in the headspace of the sample vials produced by MG-MMA, and 
the 14C-TIC in the sediments as a result of AOM-MMA samples were 
determined by the analysis according to Krause and Treude (2021).

To account for the 14C-MMA binding to mineral surfaces (Wang and 
Lee, 1993, 1994; Xiao et al., 2022), we determined the recovery factor 
(RF) for the sediment from stations BL, BH and M following the pro
cedure of Krause and Treude (2021). In short, sediment from the 0–1, 

5–6, 10–11, 14–15, and 19–20 cm intervals from the BL, BH and M 
stations were transferred to 250 mL Erlenmeyer flasks with 20 mL of 5% 
NaOH and thoroughly mixed with a magnetic stir bar and stir plate. An 
additional set of five 250 mL Erlenmeyer flasks were prepared with 5% 
NaOH and without sediment to determine the total added 14C-MMA. 
While homogenizing the samples, 14C-MMA (dissolved in water, injec
tion volume 10 µL, activity 220 KBq, specific activity 1.85–2.22 GBq 
mmol− 1) was added to each flask prior to shaking. After all flasks con
taining samples were shaken for 4 h and left to rest, 100 µL of the clear 
supernatant was subsampled from all flasks and the radioactivity was 
determined by liquid scintillation. The RF was calculated by dividing the 
radioactivity of samples containing sediment over the radioactivity of 
samples without sediment. For the HP station, the RF factor previously 
determined by Krause and Treude (2021) was applied.

Estimates of metabolic rates of MG-MMA and AOM-MMA were 
calculated from the results of the 14C-MMA incubations. Natural con
centrations of mono-methylamine in the sediment porewater were 
detectable (>3 µM) but were below the quantification limit (10 µM) (See 
section 3.1.5). To enable rate calculations for MG-MMA (Eq. (1)), we 
assumed an MMA concentration of 3 µM for all samples, i.e., the 
detection limits of the NMR analysis. 

MG-MMA =
aCH4 + aTIC

aCH4 + aTIC +
[

aMMA
RF

]* [MMA]*
1
t

(1) 

where MG-MMA is the rate of methanogenesis from MMA (nmol cm− 3 

d− 1); aCH4 is the radioactive methane produced from methanogenesis 
(CPM); aTIC is the 14C-TIC produced from the oxidation of methane 
(CPM); aMMA the residual 14C-MMA (CPM); RF is the recovery factor; 
[MMA] is the assumed MMA porewater concentrations (nmol cm− 3); t is 
the incubation time (d). 14C-CH4 and 14C-TIC sample activity was cor
rected by respective abiotic activity determined in dead controls.

Results from the 14C-MMA incubations were also used to estimate the 
AOM-MMA rates according to Eq. (2), 

AOM-MMA =
aTIC

aCH4 + aTIC
*[CH4]*

1
t

(2) 

where AOM-MMA is the AOM rate based on methane produced from 
MMA (nmol cm− 3d− 1); aTIC is the produced 14C-TIC (CPM); aCH4 is the 
residual radioactive methane (CPM); [CH4] is the sediment methane 
concentration (nmol cm− 3); t is the incubation time (d). 14C-TIC activity 
was corrected by abiotic activity determined by replicate dead controls.

2.7. AOM from 14C-methane

AOM rates from 14C-CH4 (AOM-CH4) were determined by injecting 
14C-CH4 (dissolved in anoxic MilliQ, injection volume 10 µL, activity 5 
KBq, Specific activity 1.85 − 2.22 GBq mmol− 1) directly into a separate 
small whole round core from each station at 1-cm intervals, similar to 
sections 2.5 and 2.6. Incubations were stopped after ~ 24 h and stored at 
room temperature until further processing, similar to section 2.6. Sedi
ments were then analyzed in the laboratory using oven combustion 
(Treude et al., 2005) and acidification/shaking (Joye et al., 2004). The 
radioactivity captured was determined by liquid scintillation counting. 
AOM-CH4 rates were calculated according to Eq. (2).

2.8. Metabolic rate constants for MG-MMA, AOM-MMA and AOM-CH4

Experimental data determined by sect. 2.6 and 2.7 were used to 
calculate metabolic rate constants (k) to compare relative turnover of 
MMA and CH4. We define the rate constants as the metabolic products 
divided by the sum of the metabolic reactants and products, divided by 
the incubation time (Krause et al., 2023).
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2.9. Molecular analysis

2.9.1. DNA extraction from sediment
DNA was extracted from approximately 25–30 mg of sediment 

collected from all sediment intervals in the top ~ 20 cm of the solid 
phase push cores from all stations (see above section 2.2) using the 
PowerSoil DNA Extraction Kit (Qiagen) according to the manufacturer’s 
instructions with the following modifications. Bead tubes were 
beadbeated for 45 sec at 5.5 m/sec. Samples were eluted first with 50 µL 
of elution buffer (Solution C6) followed by and additional 25 µl of 
elution buffer for a total of 75uL elution volume.

2.9.2. 16S rRNA gene sequencing (Illumina MiSeq)
The V4-V5 region of the 16S rRNA gene was amplified using 

archaeal/bacterial primers with Illumina (San Diego, CA, USA) adapters 
on 5′ end (515F 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG- 
GTGYCAGCMGCCGCGGTAA-3′and 926R 5′-GTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAG-CCGYCAATTYMTTTRAGTTT-3′). PCR reac
tion mix was set up in duplicate for each sample with Q5 Hot Start High- 
Fidelity 2x Master Mix (New England Biolabs, Ipswich, MA, USA) in a 
15 μL reaction volume according to manufacturer’s directions with 
annealing conditions of 54◦C for 30 cycles. Duplicate PCR samples were 
then pooled and barcoded with Illumina Nextera XT index 2 primers that 
include unique 8-bp barcodes (P5 5′-AATGATACGGCGACCACCGA
GATCTACAC-XXXXXXXX-TCGTCGGCAGCGTC-3′ and P7 5′-CAAGCA
GAAGACGGCATACGAGAT-XXXXXXXX-GTCTCGTGGGCTCGG-3′). 
Amplification with barcoded primers used Q5 Hot Start PCR mixture but 
used 2.5 μL of product in 25 μL of total reaction volume, annealed at 
66◦C, and cycled only 10 times. Products were purified using Millipore- 
Sigma (St. Louis, MO, USA) MultiScreen Plate MSNU03010 with vacuum 
manifold and quantified using ThermoFisher Scientific (Waltham, MA, 
USA) QuantIT PicoGreen dsDNA Assay Kit P11496 on the BioRad CFX96 
Touch Real-Time PCR Detection System. Barcoded samples were com
bined in equimolar amounts into single tube and purified with Qiagen 
PCR Purification Kit 28,104 before submission to Laragen (Culver City, 
CA) for 250 bp paired end sequencing on Illumina’s MiSeq platform the 
addition of 15–20% PhiX.

2.9.3. Analysis of microbial community distribution and 16S rRNA gene 
sequence data

Sequence data was processed in DADA2 version 1.18 (Callahan et al., 
2016). Adapters were removed using cutadept (Martin, 2011). Raw se
quences were trimmed to 260 bp for forward reads, and 180 bp for 
reverse reads based on quality of reads. Reads shorter than 260/180 
were removed. Error rate was calculated using DADA2′s algorithm. 
Reads were denoised and merged into Amplicon Sequencing Variants 
(ASV), requiring a 12 bp overlap, and chimeras removed. Taxonomic 
identification for each representative sequence was assigned with the 
Silva-138 database (Quast et al., 2012) at 100% identity. The SILVA 
database had been appended with 1,197 in-house high-quality, methane 
seep-derived bacterial and archaeal clones. The modified SILVA data
base is available at NCBI BioProject PRJNA1199032.

To visualize the differences between each horizon at each station, a 
non-metric multidimensional scaling (NMDS) plot was generated. We 
used Bray-Curtis dissimilarity matrix to calculate the beta diversity of 
each sample. Each sediment horizon was plotted as an individual dot. 
The effect of various measured sediment geochemical parameters and 
calculated metabolic rate measurements for each horizon was calculated 
with the envfit function (vegan package, permutations = 999, (Oksanen 
et al., 2022) and plotted as arrows. The arrow vector length corresponds 
to the significance of its correlation with the NMDS. The length of the 
arrow corresponds to the significance (all p < 0.05).

3. Results

3.1. Geochemical trends across the salinity transect

3.1.1. Total organic carbon and nitrogen
The total organic carbon (TOC) and total organic nitrogen (TON) in 

the sediment varied across stations, generally decreasing with depth, 
except at the M station, where TOC increased with depth (Fig. 2 B, H, N, 
and T). The HP station had the highest surface TOC (5.4 wt%); however, 
values dropped sharply below 1.5 cm. TON trends generally followed 
the shape of the TOC profiles displaying the highest value (0.38 wt%) in 
the surface sediment of the HP station. The organic C/N ratio varied 
moderately with depth around 15 at the BL and BH stations, while 
slightly increasing with depth at the M station. At the HP station, C/N 
showed the highest values (28 and 25) with distinct peaks at 3.5–4.5 and 
10.5–11.5 cm, respectively.

3.1.2. Total sulfide and iron (II) concentrations
At the BL and BH stations, porewater total sulfide concentrations 

were low (~6 µM; Fig. 2C and I) despite the high sulfate reduction ac
tivity (see section 3.2, Fig. 2D and J). At the M station, sulfide was higher 
than at the BL and BH stations (up to 86 µM), showing distinct peaks at 
the surface, in the middle of the core and at 15 cm (Fig. 2O), which 
coincide with sulfate reduction activity (Fig. 2P). At the HP station, 
sulfide exhibited multiple peaks located at the surface, mid-core, and at 
the bottom of the core (Fig. 2U), which also aligned with peaks of sulfate 
reduction activity (Fig. 2V). Iron (II) concentrations at the BL, BH and M 
stations increased with depth below the surface reaching 1219 µM, 
1116 µM, and 1660 µM, respectively (Fig. 2C, I, and O). At the HP station 
iron (II) concentrations were consistently low (< 17 µM) throughout the 
sediment (Fig. 2U).

3.1.3. Salinity and sulfate concentrations
Refractometer measurements of the overlying surface water made in 

the field during low tide showed a natural salinity gradient with 
brackish conditions in the northern portion and more saline/hypersaline 
in the southern portions of the CSMR (Fig. 1). However, at the BL and BH 
stations, salinity and sulfate increased with sediment depth, reaching 
hypersaline (62 mM sulfate, 73 PSU at the BL station; 39 mM sulfate, 47 
PSU at the BH station) conditions at the bottom of the core (Fig. 2D and 
J). At the M station, both parameters slightly decreased with increasing 
depth despite its proximity to the ocean (Fig. 2P). The HP station had the 
highest surface salinity (139 PSU) and porewater sulfate concentration 
(91 mM) (Fig. 2V). Both parameters decreased considerably with 
increasing sediment depth at the HP station.

3.1.4. Sediment methane concentrations
At the BL and HP stations, methane concentrations were consistently 

low (~10–15 µM) without a clear trend (Fig. 2F and X). The BH station 
had slightly elevated methane concentrations near the sediment surface 
(Max 28 µM) but fluctuated at lower concentrations below 4.5 cm 
(Fig. 2L). At the M station, methane was low (7 to 16 µM) in the top 6.5 
cm, below which concentrations increased sharply with depth, exhibit
ing the highest concentrations (~665 µM) across the transect (Fig. 2R).

3.1.5. Substrates available for methanogenesis
Carbon substrates for methanogenesis (mono-methylamine, meth

anol, and acetate) in the porewater determined by NMR were mostly 
below the analytical detection limits (3 µM). Mono-methylamine was 
only found in surface sediments at the BL and HP stations and was below 
the quantification limit (10 µM). Methanol appeared in below quanti
fication concentrations within the 9.5–10.5 cm intervals at the BL and 
BH stations and the 14.5–15.5 cm intervals at the M and HP stations but 
was undetectable in shallower sediment (0–1.5 cm) at all stations. Ac
etate was present in quantifiable amounts at specific depths BL 
(9.5–10.5 cm), BH (0–1.5 cm), and M (14.5–15.5 cm) reaching 61, 45, 
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72 µM, respectively, while acetate was below detection in all other 
samples.

3.2. Sulfate reduction from 35S-sulfate and AOM from 14C-CH4

Sulfate reduction rates peaked directly at the surface at the BL station 
(409 nmol cm− 3 d− 1; Fig. 2D), while AOM-CH4 rates were constantly 
low (<0.12 nmol cm− 3 d− 1; Fig. 2E). At the BH station, sulfate reduction 
rates were highest directly beneath the surface (1615 nmol cm− 3 d− 1; 
Fig. 2J), aligning with peaks of AOM-CH4 which showed elevated levels 
(up to 0.66 nmol cm− 3 d− 1; Fig. 2K) in the top 2/3 of the core at the BH 
station. At the M station, sulfate reduction also peaked below the surface 

(290 nmol cm− 3 d− 1; Fig. 2P) where AOM-CH4 was lowest (Fig. 2Q). 
Beneath, sulfate reduction remained mostly at elevated levels while 
AOM-CH4 increased with depth, peaking at 12.5 cm (19 nmol cm− 3 d− 1) 
and declined below. Beneath the peaks at the three stations, sulfate 
reduction rates decreased significantly, with some cases falling below 
the detection limit. At the HP station sulfate reduction peaked beneath 
the surface with the highest rates detected across the transect (2506 
nmol cm− 3 d− 1; Fig. 2V). However, no AOM-CH4 activity was detected 
in the top 7.5 cm at the HP Station (Fig. 2W). Rather below 7.5 cm, AOM 
peaked between 8 and 12 cm, where sulfate reduction was either low or 
below detection, and then AOM-CH4 steadily increased reaching 0.75 
nmol cm− 3 d− 1 at the bottom of the core.

Fig. 2. Depth profiles of (bio)geochemical parameters determined in sediment cores collected from the four different stations in the Carpinteria Salt Marsh Reserve. 
Left Panel: Photos of the sediment cores collected (with scale) from the Brackish Low (A), Brackish High (G), Marine (M), and Hypersaline (S) stations. B, H, N, and T: 
TOC, TON and C/N ratio. C, I, O, and U: Porewater sulfide and iron (II). D, J, P, and V: ex-situ sulfate reduction rates (SRR), porewater sulfate, and porewater salinity. 
E, K, Q, and W: AOM rates derived from 14C-mono-methylamine (AOM-MMA) incubations, methanogenesis rates from 14C-mono-methylamine (MG-MMA) in
cubations, and AOM directly derived from 14C-methane (AOM-CH4) incubations. F, L, R, and X: Metabolic rate constants (k) of AOM-MMA, MG-MMA, AOM-CH4 
incubations and sediment methane concentration. Note scale changes on the x-axis.
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3.3. Methanogenesis and AOM from 14C-MMA

3.3.1. 14C-MMA recovery factor (RF)
RF values determined in sediment from BL, BH and M stations (see 

Sect. 2.6) were 0.66, 0.62, and 0.57, respectively, and were used to 
correct MG-MMA rates at each station.

3.3.2. MG-MMA and AOM-MMA
MG-MMA rates were highest near the sediment surface at all stations 

(Fig. 2E, K, Q, and W), aligning with the highest sulfate reduction ac
tivity (Fig. 2D, J, P, and V). The BH station had the highest rates (2 nmol 
cm− 3 d− 1) out of all stations. In deeper sediment intervals (>5 cm) MG- 
MMA was consistently low (< 1 nmol cm− 3 d− 1) but detectable at all 
stations (Fig. 2E, K, Q, and W).

AOM rates determined via 14C mono-methylamine injections (AOM- 
MMA) rates were considerably higher than AOM rates determined by 
direct injection of 14C-CH4 (AOM-CH4) across all the stations (Fig. 2E, K, 
Q, and W). At the BL station, AOM-MMA fluctuated in the top 11 cm, 
then increased to reach a peak at 14–15 cm (10 nmol cm− 3 d− 1). At the 
BH station, AOM-MMA had the highest rates in the top 3 cm (16 nmol 
cm− 3 d− 1) and then fluctuated without trend in deeper intervals. At the 
M station, AOM-MMA rates increased below 6 cm similar to the AOM- 
CH4 (Fig. 2Q), reaching a maximum (45 nmol cm− 3 d− 1) at 10–11 cm. At 
the HP station, AOM-MMA rates highly fluctuated over the entire sedi
ment core between active and non-active zones (Fig. 2W).

3.4. Metabolic rate constants

Metabolic rate constants (k) were plotted to allow for a more direct 
comparison between the turnover of different 14C radiotracer species 
(Fig. 2F, L, R, and X). At the BL and BH stations, AOM-CH4 had 
consistently low k values throughout the sediment cores, while MG- 
MMA k was highest near the surface and decreased with increasing 
sediment depth and AOM-MMA k remained high throughout. At the M 
station, k for AOM-CH4 was elevated between 2 and 11 cm and then 
declined. The MG-MMA k was high at the surface and then decreased 
with sediment depth, while the AOM-MMA k was high in the top 11 cm 
but reached zero, indicating no turnover, below. At the HP station, 
AOM-CH4 k was above zero only in specific depth ranges in the middle 
and bottom of the core. The MG-MMA k peaked at 2.5 cm but stayed 

otherwise low. The AOM-MMA k was high at most depth intervals with 
intermittent gaps where turnover was zero.

3.5. Methanogenesis batch incubations

Methane production remained low with only minor fluctuations at 
BL, BH, and HP stations (Fig. 3A, B, and D). At the M station, shallow 
sediments (0–5 cm) followed a similar pattern, but sediment from 
deeper intervals (5–14 cm and 14–19 cm) produced elevated methane 
levels, peaking in the middle of the incubation (312 h) (Fig. 3C).

3.6. Site dependent patterns in microbial community

Variation in the microbial community structure from 16S rRNA iTAG 
analysis (including bacteria and archaea) was observed between the 4 
stations, (Fig. 4), with depth affiliated clustering of communities from 
the BL and BH stations relative to the M and HP stations. NMDS results 
showed that the communities within each horizon from the BL and BH 
grouped closer together, indicating similar beta diversity. Interestingly, 
microbial community structure at the M station showed two distinct 
groups, split by sediment depth. The microbial community structure at 
the HP station on the other hand, had the largest spread and was the 
least similar to the microbial communities from rest of the stations. To 
determine whether there were correlations between microbial commu
nity structure and corresponding geochemical and process rate data, 
laboratory incubation rates of matching cores as well as environmental 
factors were fitted onto the ordination using envfit command from the 
vegan R package (Oksanen et al., 2022). From this analysis, rates of MG- 
MMA were found to be significantly correlated (P-values = 0.014) with 
microbial communities in the BL and BH stations, while microbial 
community structure from station M was correlated with AOM-CH4 and 
AOM-MMA rates (P-values = 0.001 and 0.007, respectively), and the HP 
community was correlated with sulfate reduction (P-value = 0.001).

Correlations were also observed between community structure and 
major geochemical parameters, including elevated salinity and sulfate at 
the HP site (P-value = 0.001), methane concentrations with the micro
bial community at station M (P-value = 0.001), iron (II) for BL and BH 
communities (P-value = 0.001), and sulfide for stations M and HP (P- 
value = 0.002).

Fig. 3. Methane development during methanogenesis batch incubations with sediments from discrete sediment layers over time; (A) Brackish Low, (B) Brackish 
High, (C) Marine, and (D) Hypersaline Pool.
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3.7. 16S rRNA iTAG analysis of microbial diversity

16S rRNA iTAG sequencing was used to characterize the archaeal 
(Fig. 5A-D) and bacterial (Fig. 5 E-H) diversity (above 1% relative 
abundances), with emphasis on methane related archaea and sulfate- 
reducing bacteria at each station within the CSMR transect (see sec
tions 3.7.1 and 3.7.2). At the BL and BH stations, the most abundant 
archaeal amplicon sequence variants (ASVs) belonged to archaeal fam
ilies of Bathyarchaeia (1–3.6% at BL; 1.1%–8.1% at BH), Lokiarchaeia 
(1.2%–4.8% at BL;1% at BH), Marine Benthic Group D and DHVEG-1 
(1.4%–5.7% at BL; 1.2%–4% at BH), and uncultured families within 
Thermoplasmatota (0.05%–1.85% at BL; 0.06%–1.25% at BH) (Fig. 5A 
and B). At the M station archaeal ASV’s increased with increasing 
sediment depth and mostly belonged to Woesearchaeales (1.2%–9.8%) 
and the SCDC AAA0110D5 family of the Nanoarchaeota phylum (1.3%– 
10.4%) (Fig. 5C). At the HP station archaeal ASVs were highest out of all 
stations belonging to a variety of families of Haloferacaceae reaching up 
to 33% in the upper half of the core. Below, lower relative abundances of 
Haloferacaceae (Haloferacaceae_1) (1.2%–9.4%) and Nitro
sopumilaceae (1.2%–10.7%) ASVs were also detected.

Bacterial ASVs belonging to the Pseudomonadales (formerly Pro
teobacteria) were present throughout all sediment depths from all sta
tions but more prevalent in the top half of the sediment core from the BL, 
BH, and M stations (26%–35%), and were abundant throughout the 
sediment at the HP station (5.5%–45%) (Fig. 5E, F, G, and H). At the BL 
and BH stations bacterial ASVs belonging to Planctomycetota are more 
prevalent in sediment intervals below 7 cm, reaching 29% and 24%, 
respectively (Fig. 5E and F). At the M station, ASVs belonging to 
Planctomycetota are present throughout the sediment (Fig. 5G) but are 
lower than at the BL and BH stations, reaching 12%.

3.7.1. Methanogenic and methanotrophic signals
A main goal of this study was to identify methanogenic and meth

anotrophic archaea that could potentially be contributing to methane 
cycling across the transect. The most abundant groups of methane 
related archaea (above 0.1% relative abundances) across the transect, 
included known methanogens (Methanosarcinaceae, Methanosaetaceae, 
Methanoregulaceae, Methanomassiliicoccales, Methanofastidiosales, and 
Methanonatronarchaeacea) and anaerobic methanotrophs (Candidatus 
orders Methanocomedens, Methanomarinus, and Methanogastraceae 
(ANME 2a-c));(Chadwick et al., 2022). The groups of methanogens lis
ted above can be found in anoxic sediments within a wide range of en
vironments such as marine environments, acidic peat bogs, anaerobic 
reactors, oil fields, rice paddy soil, a mud volcano, and in freshwater 
lakes, and hypersaline environments (Oren, 2014; Sorokin et al., 2018). 

These methanogens produce methane using substrates such as acetate 
(Methanosarcinaceae and Methanosaetaceae), methylated substrates 
(Methanosarcinaceae, Methanomassiliicoccales, and Methanona
tronarchaeacea), and/or H2/CO2 (Methanosarcinaceae, Methanor
egulaceae, Methanomassiliicoccales, and Methanonatronarchaeacea) (Liu 
and Whitman, 2008; Oren, 2014; Sorokin et al., 2018).

The Ca. Methanocomedens and Ca. Methanomarinus (ANME-2a and 
-2b, respectively) lineage are commonly found in diverse methane-rich 
deep-sea and coastal marine environments (Orphan et al., 2001a; 
Orphan et al., 2001b; Ruff et al., 2016) and salt marsh sediment, mud 
volcanoes, hydrothermal vents (ANME-2a), and frequently co-exist with 
members of the Methanogasteraceae (ANME-2c) in methane seeps 
(Knittel and Boetius, 2009; Knittel et al., 2018). ANME-2c has addi
tionally been reported from a freshwater coastal aquifer (López-Archilla 
et al., 2007). All of these methanotrophic ANME-2 have been found to 
partner with diverse syntrophic sulfate-reducing bacteria to couple AOM 
with sulfate reduction (Knittel and Boetius, 2009; Knittel et al., 2018; 
Murali et al., 2023; Timmers et al., 2017).

The BL and BH stations had the lowest relative abundance of archaea 
putatively associated with methane metabolism (Fig. 6A and B), with 
overall relative abundances <2.5% from the families of Meth
anosarcinaceae and <1% relative abundance of uncultured Meth
anomassiliicoccales, and uncultured Methanofastidiosales. At the BH 
station ASVs affiliated with one group of anaerobic methanotrophic 
archaea (ANME-2c) was detected at 5.5–6.5 cm (0.15%). Otherwise, no 
other groups of ANME were detected in the brackish BL and BH stations, 
which is consistent with low AOM activity measured at these stations 
(Fig. 2E and K). At the M station, the relative abundance of ASV’s 
affiliated with both methanogenic and methanotrophic archaea were 
more prevalent than at any of the other stations (Fig. 6C), here also 
corresponding with some of the highest AOM rate measurements 
(Fig. 2Q). Methanotrophic ANME-2a and b were dominant over meth
anogenic archaeal lineages, reaching 6.5% and 5.3% in distinct depths 
within the upper half of the core compared to 0.45% for Meth
anosarcinaceae and 2.3% for the uncultured Methanomassiliicoccales 
(Fig. 6C). ANME-2c ASVs were also detected at low relative abundance 
alongside ANME-2a and b reaching 0.48% and 0.73%. At 12.5–13.5 cm, 
ASVs belonging to methanogenic archaeal families of Meth
anosarcinaceae, Methanosaetaceae, Methanomassiliicoccales, and Meth
anoregulaceae, (0.41%, 0.85%, 0.65%, and 0.53%, respectively,) 
alongside with ANME 2a-2b and 2c archaeal ASVs (5.3% and 0.73%, 
respectively) at this depth interval (Fig. 6C). This coincides with esti
mated rates of MG-MMA (0.17 nmol cm− 3 d− 1), the highest AOM-CH4 
(19 nmol cm− 3 d− 1) (Fig. 2Q), and elevated methane concentrations 
(297 µM); (Fig. 2X). Below 13.5 cm, a higher percentage of the ASV 

Fig. 4. NMDS plots showing microbial community structure of each station relative to each other, sediment depth, and correlations of microbial communities to 
metabolic rates (A) and geochemical parameters (B).
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belonged to Methanosarcinaceae, Methanosaetaceae, Meth
anomassiliicoccales, and Methanoregulaceae reaching 7.8%, 2.3%, 0.74% 
and 0.95%, respectively (Fig. 6C).

At the HP station, ASVs belonging to ANME-2a, − 2b, and –2c were 
detected in the top 2.5 cm, reaching 2.8% and 2.1%, respectively. This 

coincides with detectable AOM-MMA activity but not with AOM-CH4 
activity, which were below detection at these depth intervals (Fig. 2W). 
Below 2.5 cm, methanotrophic ASVs were not recovered (Fig. 6D), but 
AOM was detectable at low rates (Fig. 2W). Methanogenic ASVs 
belonging to the family Methanonatronarchaeacea, a methylotrophic 
methanogenic group previously described from hypersaline environ
ments (Sorokin et al., 2018),were detected in deeper sediment intervals 
at 2.1%, where MG-MMA activity was also detected (Fig. 2W). Meth
anosarcinaceae ASV’s were also recovered at the bottom of the core 
(Fig. 6D).

3.7.2. Distribution of sulfate-reducing bacterial taxa
Members within the Desulfobacterota phylum are the dominant 

sulfate-reducing organisms that are found in surface marine and fresh
water sediments (Diao et al., 2023; Waite et al., 2020). Many members 
within this sulfate-reducing phylum (Geobacterales, Geo
psychrobacteraceae, Geothermobacteraceae, Desulfuromondaceaae, 
Desulfobacterales, Desulfobulbales, and Desulfovibrionales) are also 
capable of iron reduction (Holmes et al., 2004; Park et al., 2008; Reyes 
et al., 2017; Waite et al., 2020; Young, 2003). Several known sulfate and 
iron-reducing bacterial groups were detected across the transect 
(Fig. 7A–D) which coincide with high sulfate reduction rates and pore
water iron (II) concentrations (Fig. 2C, D, I, J, O, P, U, and V). At the BL 
and BH stations, Desulfobulbales and Desulfobacterales (part of Desul
fobacterota 1) ASV trends were similar, however, the abundances of 
Desulfobacterales were higher and extended to the bottom of the core at 
the BH station. Thermodesulfovibrionia were detected in both the BL 
and BH stations. They were more abundant at the BL station within the 
top half of the core ranging 1.4%–11%, versus 0.5%–1.5% in the middle 
and bottom portions of the core at the BH station (Fig. 7A and B). The BL 
station was the only station containing Desulfuromonadaceae within a 
narrow sediment layer in the middle of the core reaching 3.4%. Syn
trophobacterales were detected at both the BL and BH stations at low 
abundances (<2%). They were found in more sediment layers in the 
middle and towards the bottom of the core at the BH station. Stations BL 
and BH were the only stations containing Desulfatiglandales ranging 
between 1% and 4.5%, in the middle to lower half of the core. At the top 
of the core from the BH station, Desulfuromonadia were detected 
(~1.5%). At the M station, Desulfobacterales abundances were the 
highest in the top half of the core reaching 26.9% and then declined 
below 12 cm ranging between 1.3%–4.6% (Fig. 7C). Desulfobulbales 
were also detected in the top 11 cm ranging between 4.1%–7.4%. The M 
station was the only station containing ASV’s belonging to Desulfur
omonadia (ranging between 1.3% and 4.3%), Geobacterales (ranging 
between 1.4% and 4.7%), and Syntrophales (ranging between 1% and 
1.4%) in the top 11.5 cm, below 12.5 cm, and below 16.5 cm, respec
tively. The HP station had the least amount of ASVs belonging to phyla 
capable of sulfate reduction (Fig. 7D), despite having the highest sulfate 
reduction activity out of all stations (Fig. 2V). Desulfobacterales and 
Desulfobulbales were detected in the top and middle portions of the core 
ranging between 1.1%–7% and 1%–2%, respectively. One sediment in
terval near the surface of the core had ASV’s belonging to Desulfovi
brionales at low relative abundance (2%); (Fig. 7D). The HP station was 
the only station containing ASV’s belonging to Geothermobacteraceae in 
the middle and bottom of the core, ranging between 1% and 4.3%, 
where smaller concentrations of porewater iron (II) were detected 
(Fig. 2U). Thermodesulfovibrionia and Syntrophobacterales were also 
detected in the HP station in the middle and bottom of the core ranging 
0.4%–4.5% and 1.2% − 2.8%, respectively (Fig. 7D).

4. Discussion

4.1. Spatial evidence of cryptic methane cycling

The aim of this study was to find evidence of cryptic methane cycling 
across the land–ocean transect in the CSMR, by presenting geochemical 

Fig. 5. 16S rRNA iTAG relative abundances of archaeal phyla above the 0.1% 
relative abundance threshold (A-D) and of the top 36 bacteria phyla (E-H) 
detected in the sediment of the CSMR transect. Note the differences in x- 
axis scale.
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evidence along with concurrent activity of methanogenesis from mono- 
methylamine (in the following termed ’methylotrophic methano
genesis’), sulfate reduction, and AOM from radiotracer incubations (14C- 
MMA, 35S-SO4

-2, and 14C-CH4, respectively). Based on the development of 
14C-methane in our 14C-MMA incubations, methylotrophic methano
genesis appears to be active at all stations and throughout the sampled 
intervals. Radiotracer experiments further suggested that methylo
trophic methanogenesis overlapped with sulfate reduction and AOM in 

the 0–14, 1–19, 1–18, and 7–17 cm sections at the BL, BH, M, and HP 
stations, respectively (Fig. 2D, E, J, K, P, Q, V, and W).

Methylotrophic methanogenesis rates at all depth intervals and sta
tions reported in this study were calculated assuming a porewater mono- 
methylamine concentration of 3 µM which is the detection limit of the 
NMR analysis (see sections 2.4 and 2.6). Mono-methylamine tends to 
bind to mineral surfaces within sediments (Wang and Lee, 1993, 1994; 
Xiao et al., 2022), which was observed along the CSMR transect based on 

Fig. 6. Relative abundances of putative methanogenic and anaerobic methanotrophic archaea (A-D) along the CSMR transect.
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the RF reported in section 3.3.1 and in Krause and Treude (2021). 
However, a recent study suggested that methylamines adsorbed to 
mineral surfaces may not be bioavailable to methylotrophic methano
genesis and thus cryptic methane cycling (Xiao et al., 2022). Since all 
porewater mono-methylamine concentrations were either below detec
tion or below quantification (see section 3.1.5), assuming 3 µM mono- 
methylamine in our rate calculations allows for the most conservative 
estimates of methylotrophic methanogenesis rates possible.

Our data suggest that the activity of sulfate reduction and methylo
trophic methanogenesis is driven by the availability of organic matter. 
For example, higher TOC and TON were found within the top 2.5 cm at 
both the BL and BH stations (Fig. 2B and H) coinciding with the detec
tion of the highest rates of sulfate reduction and methylotrophic meth
anogenesis (Fig. 2D, J, E, and K). Halotolerant grasses and algae were 
found on the embankments and submerged within streams at the BL and 
BH stations (Fig. 1), likely supplying some of the organic matter 

Fig. 7. Relative abundances of bacterial classes and orders within the Desulfobacterota phylum (A-D) along the CSMR transect.
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detected, which has been shown to enhance sulfate reduction (Jackson 
et al., 2014; Kostka et al., 2002) and methanogenesis (Yuan et al., 2014; 
Yuan et al., 2019) in coastal salt marsh sediments. Conversely, at the M 
station lower TOC and TON content was detected (Fig. 2N), potentially 
explaining lower or undetectable sulfate reduction and methylotrophic 
methanogenesis activity within the top 10 cm (Fig. 2P and Q). Field and 
lab observations of the sediment from the M station indicated a larger 
sediment grain size (sand) in the top 10 cm. Previous work has shown 
that permeable sands are sites of enhanced organic matter turnover 
(Boudreau et al., 2001) because flow into permeable sandy sediment 
delivers more particulate organic material (Huettel et al., 1996; Rusch 
et al., 2001) and oxygen (Booij et al., 1991; Precht et al., 2004; Ziebis 
et al., 1996), and quickly removes products of degradation (Huettel 
et al., 1998; Rocha, 1998). This flushing process from daily tidal influ
ence likely prevents sediment near the surface from becoming fully 
anoxic, inhibiting sulfate reduction and methanogenesis in surface 
sediment of the M station.

Different to Krause and Treude (2021), who found concurrent peaks 
of methylotrophic methanogenesis and AOM in the top 5 cm at the HP 
station, overlap of the two processes was detected only in deeper sedi
ment intervals (>12 cm, Fig. 2W) in the present study. Here sediment 
from the HP pool was collected approximately one year after and one 
meter away from the original sampling spot studied in Krause and 
Treude (2021), suggesting that cryptic methane cycling activity is sub
ject to natural temporal and spatial variation at this site. Coastal wet
lands, including salt marshes, are highly dynamic ecosystems that 
exhibit spatial heterogeneity in the sediment redox potential (Cui et al., 
2024). This variability complicates efforts to accurately quantify the 
methane contribution of coastal wetlands to the global methane budget 
(Rosentreter et al., 2023; Saunois et al., 2025). Therefore, the significant 
differences in the rates observed in the present study compared to those 
of Krause and Treude (2021) may be attributed to spatial and temporal 
variability.

Based on the 14C-methane produced during the 14C-MMA in
cubations (Fig. 2E, K, Q, W) methane detected within sulfate-rich sedi
ment is likely sourced from methylotrophic methanogenesis. Methane in 
the sediment from the BL, BH, and HP stations were about an order of 
magnitude lower (Fig. 2F, L, and X) than what has been previously re
ported from the top 20 cm of sediment at other coastal wetlands, such as 
the Arne Peninsular salt marsh, UK (up to 100 µM) (Parkes et al., 2012), 
the Queen’s Creek Tidal Marsh, VA, USA (up to 450 µM, in July) 
(Bartlett et al., 1987), the Chongming Island of the Yangtze Estuary, East 
Asia (up to 156 µM) (Li et al., 2021), and Dover Bluff salt marsh, GA, 
USA (0.3–1.2 mM) (Segarra et al., 2013). Present but low methane could 
represent the equilibrium between methylotrophic methanogenesis and 
AOM as part of the cryptic methane cycle in sulfate-reducing sediment 
(Krause et al., 2023). The observed methane profiles at these three 
stations are opposite the classical diffusion-controlled trend where re
sidual methane linearly declines between the SMTZ and the sed
iment–water interface, which is often seen in salt marshes, tidal marshes 
and estuaries (Bartlett et al., 1987; Parkes et al., 2012; Segarra et al., 
2013) and marine environments (Bernard, 1979; Iversen and Jørgensen, 
1993; Lapham et al., 2024; Reeburgh, 2007; Tilbrook and Karl, 1995). 
Methane profiles at the BL, BH, M (top 5 cm), and HP stations were more 
similar to organic-rich surface sediment in the oxygen-deficient Santa 
Barbara Basin, where the simultaneous production and consumption of 
methane was also detected (Krause et al., 2023). In contrast to the three 
stations, the methane profile at the M station showed a typical increase 
with depth, likely approaching the shallow end of the SMTZ, similar to 
patterns observed in other marine sediments (Bernard, 1979; Lapham 
et al., 2024; Reeburgh, 2007; Tilbrook and Karl, 1995). Given that the 
sulfate concentration was still ~ 9 mM at the bottom of the core, the 
actual transition zone is expected to be located much deeper.

Additional support for the presence of cryptic methane cycling in the 
salt marsh sediments comes from the methanogenesis batch incubations 
(Fig. 3A, B, C and D), which show no linear buildup of methane in the 

headspace over ~ 530 h, except in sediment from deeper layers (>5cm) 
of the M station. While there are two ways to interpret the lack of 
methane build up in the batch incubations, i.e., either the absence of 
methane production or the presence of simultaneous methane produc
tion and consumption, our radiotracer data point towards the latter 
scenario. Together, the radiotracer and batch incubations strongly sug
gest simultaneous methane production and consumption by the cryptic 
methane cycle across the transect.

4.2. Spatial geochemical trends and electron acceptors for AOM

Another goal of this study was to compare porewater salinity and 
electron acceptor availability with metabolic processes (i.e., sulfate 
reduction and AOM) along the transect. Although the salinity in the 
overlying water indicated a natural salinity gradient across the CSMR 
due to freshwater and seawater convergence, the porewater salinity and 
sulfate concentrations in the two brackish stations unexpectedly 
increased with increasing sediment depth (Fig. 2D and J). This finding 
suggests that the sediment hydrology of the CSMR is not in steady state, 
but is instead strongly influenced by seawater infiltration, rather than by 
freshwater inputs from more inland watersheds. The abundance of salt 
within salt marshes such as the CSMR is largely controlled by tidal 
infiltration and inundation and by evaporation (Gardner, 2007; Li et al., 
2023; Moffett et al., 2010). It is conceivable that subsurface hydrology 
and the geomorphology of the CSMR plays a role in the salinization and/ 
or dilution of the salt in the subsurface of the CSMR (Reddy et al., 2022). 
However, the present study did not determine the direction of seawater 
penetration/infiltration (vertical or lateral diffusion) but future studies 
at the CSMR and other coastal wetlands would benefit from such de
terminations because the seawater delivers sulfate, which is a key 
electron acceptor for AOM.

Across the CSMR transect, porewater sulfate was mostly high (≥9 
mM) supporting high sulfate reduction activity in the top 5–10 cm 
(Fig. 2D, J, P, V). Sulfate further strongly correlated with microbial 
communities at the HP station (Fig. 4A), which had the highest sulfate 
reduction rates (Fig. 2V). While sulfate reduction was likely linked to 
organic matter degradation, it also could be coupled to AOM in layers 
where both processes coincided (Fig. 2D, E, J, K, P, Q, V, and W). In 
support of this hypothesis, 16S sequencing data confirmed the presence 
of bacterial groups capable of sulfate reduction (Fig. 7C and D) in all 
layers where ANME groups were found (Fig. 6C and D) and where sul
fate reduction and AOM activity overlapped (Fig. 2D, J, P, and V), except 
at the BL and BH stations, where ANME groups were not detected (see 
section 4.3 for details).

Across the lateral transect, the porewater profiles of iron (II) and 
sulfide (Fig. 2C, I, O, and U) showed that sediment below the top 2 cm 
transitioned from an iron-reducing environment (higher Fe (II), absence 
of sulfide) at the BL station, to a simultaneous iron and sulfate-reducing 
environment (both Fe (II) and sulfide present) at the M station, and 
finally to a sulfate-reducing environment (low Fe (II), higher sulfide 
presence) at the HP station. The microbial community analysis shows a 
strong correlation between high iron (II) and microbial communities at 
the BL, BH, and M stations suggesting the presence of groups that are 
involved in iron cycling (Fig. 4B). Furthermore, 16S rRNA sequencing 
recovered members of the Acidobacteriota, Firmicutes, Deferrisomatota, 
and Sva 0485 phyla, which are bacterial phyla and orders known to 
contain lineages of iron-reducing bacteria (Holmes et al., 2004; Park 
et al., 2008; Reyes et al., 2017; Waite et al., 2020; Weber et al., 2006) 
which may be contributing to the buildup of iron (II) at these stations 
(Fig. 5E, F, and G and Fig. 7A, B, and C).

The sulfide production at the M and HP stations is likely attributed to 
the widespread sulfate reduction activity at both stations, which can be 
either coupled to organic matter degradation or AOM (Fig. 2O, U, P and 
V). These findings fit with the microbial community data (Fig. 4A and 
B), which show that microbial communities at the M station are corre
lated with sulfide and AOM, pointing to sulfate-dependent AOM, while 
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at the HP station communities are correlated with sulfide concentrations 
and sulfate reduction activity, pointing to organoclastic sulfate reduc
tion. The 16S rRNA gene diversity at the M and HP stations shows the 
presence of sulfate/iron-reducing bacteria throughout the sediment 
(Fig. 7C and D) which could potentially be contributing to sulfate 
reduction activity and buildup of both sulfide and iron (II) in the sedi
ment at the M station (Fig. 2O and P) as well as, the high sulfate 
reduction activity and buildup of sulfide at the HP station (Fig. 2U and 
V).

The geochemical and molecular data in this study strongly indicate 
that both iron and sulfate reduction are concurrently active at all sta
tions (Fig. 2C, I, O, and U, Fig. 2D, J, P, and V and Fig. 7A–D). Similar 
overlaps between sulfate reduction activity and porewater iron (II) 
profiles–indicating concurrent iron and sulfate reduction–have been 
observed in marine (Postma and Jakobsen, 1996), lacustrine (Motelica- 
Heino et al., 2003), tropical mangrove (Holmer et al., 1994), and salt 
marsh (Gribsholt and Kristensen, 2002; Hyun et al., 2007; Koretsky 
et al., 2003; Lin et al., 2020; Reddy and DeLaune, 2008) sediment en
vironments. The observation of simultaneous iron and sulfate reduction 
activity is interesting since iron reduction is thermodynamically more 
favorable than sulfate reduction for shared substrates such as hydrogen 
and acetate (Jørgensen, 2000) and would typically suppress sulfate 
reduction activity (Lovley and Phillips, 1987). This may be linked to the 
presence of iron oxides that are more crystalline in structure which have 
been shown to shift microbial communities to favor sulfate reduction 
over iron reduction even in iron-rich sediment creating inverse redox 
zonation (Hansel et al., 2015; Lentini et al., 2012). Alternatively, iron 
oxides have been shown to persist even below sulfate reduction layers in 
sedimentary environments that receive high inputs of iron-oxides and/ 
or have sediments that have undergone transient diagenesis (Egger 
et al., 2015). This is true at the HP station where Liu et al., (2025)
showed that microbial iron reduction is in competition with aqueous 
sulfide, produced from sulfate reduction, for poorly-crystalline iron 
oxides. This diagenetic alteration leads to the formation of iron sulfides 
and lower availability of poorly-crystalline iron oxides for microbes 
allowing for sulfate reduction to dominate in shallower sediment layers 
and pushing iron-reduction to deeper layers. The present study did not 
determine the quantity nor the types of iron oxides that may be in the 
sediment along the rest of the CSMR transect (i.e., BL, BH and M sta
tions). Future investigations at the CSMR should direct attention to the 
dynamics between iron and sulfur systems in the brackish and marine 
portions of the CMSR as both iron (III) and sulfate are important electron 
acceptors for AOM in the cryptic methane cycle (see details below).

At the M station, ANME 2-a and -c (Fig. 6C), which have recently 
been demonstrated to be capable of iron-dependent AOM in marine 
sediments (Aromokeye et al., 2020; Scheller et al., 2016), were found. 
Although this study did not directly test for the coupling of iron to AOM, 
our study shows a substantial buildup of iron (II) in the sediment at BL, 
BH and M stations (Fig. 2C, I, and O) and a slight buildup of iron (II) in 
the presence of sulfide at the HP station (Fig. 2U) indicating that iron 
(III) could potentially be an important electron acceptor for AOM. 
Recent work at the CSMR does strongly suggest that both sulfate and 
iron (III) are important electron acceptors for AOM linked to cryptic 
methane cycling at the HP station (Liu et al., 2025). The decoupling of 
sulfate reduction and AOM rates in this study supports iron-dependent 
AOM as the dominant pathway of AOM in the surface sediment of the 
HP station (Fig. 2V, W). Although dissolved iron (II) concentrations in 
the HP station are considerably lower than at the other three stations, 
the dissolved iron (II) concentration at the HP station in 2019 (this 
study) was one to two orders of magnitude lower than in 2021 (Liu et al., 
2025). The balance between porewater iron (II) and sulfide concentra
tions is likely attributed to seasonal changes in salinity. Salinity in
fluences the activity of sulfate reduction at the HP station, as noted in 
the Krause and Treude (2021) study. The extent of sulfate reduction 
activity modulates the geochemical iron-sulfur conditions, ranging from 
high-Fe2+/low-H2S to low-Fe2+/high-H2S, because sulfide production 

from microbial sulfate reduction “titrates” porewater iron (II) abiotically 
(Poulton et al., 2004; Raiswell and Berner, 1985). Intense sulfate 
reduction in surface sediments enhances the downward flux of aqueous 
sulfide into the iron reduction zone, reducing the porewater iron (II) 
concentration. Therefore, relying on porewater geochemistry alone may 
obscure active microbial iron reduction, which is at least partially 
coupled to AOM linked to cryptic methane cycling.

In summary, our study shows that CSMR sediments are rich in sulfate 
and iron (Fig. 2C, D, I, J, O, P, U, and V), supporting organoclastic 
sulfate- and iron-reducing communities (Fig. 7). These sediments 
thereby not only regulate methane emissions by suppressing competitive 
methanogenesis but also support AOM, as part of the cryptic methane 
cycle, linked to potentially both sulfate and iron reduction (Fig. 2E, K, Q, 
W). Iron-dependent AOM has been shown to occur in marine (Beal et al., 
2009; Rooze et al., 2016; Schnakenberg et al., 2021), brackish (Egger 
et al., 2017; Egger et al., 2015), freshwater (Bar-Or et al., 2017; Ettwig 
et al., 2016; Leu et al., 2020; Martinez-Cruz et al., 2018), and coastal 
wetland environments (Liu et al., 2025; Segarra et al., 2013; Valenzuela 
et al., 2019; Wallenius et al., 2021). Iron (III) could be an important 
electron acceptor for AOM in the sampled surface sediments at all sta
tions, where dissolved iron (II) is present (Fig. 2). However, ANME 
lineages that are known to conduct iron-dependent AOM were only 
detected at the M and HP stations (Fig. 6C and D).

4.3. Archaeal methanogen and methanotroph communities

Another goal of this study was to elucidate the potential archaea 
lineages responsible for methanogenesis and AOM activity across the 
CSMR transect and to investigate whether they cooccur in the same 
sediment horizons, consistent with the potential for cryptic methane 
cycling in the CSMR. At the BL and BH stations, methylotrophic meth
anogenesis activity was strongly correlated with microbial community 
composition (Fig. 4A). At the BL and BH stations, low abundances of 
Methanosarcinaceae (Fig. 6A and B), a methanogenic family capable of 
producing methane from methylated substrates (Boone et al., 2015), 
overlapped with methylotrophic methanogenesis (Fig. 2E and K). 
Bathyarchaeia, detected at the BL and BH stations, may also contribute 
to the methylotrophic methanogenesis activity observed there. Meta
bolism reconstructions from metagenomes revealed that some groups of 
Bathyarchaeia have genes encoding for the methyl-coenzyme M reduc
tase complex and are potentially capable of both methylotrophic 
methanogenesis and methane-oxidation (Evans et al., 2015; Hou et al., 
2023). However, this archaeal group is highly diverse, and the evidence 
presented in this study does not directly link the methanogenesis activity 
to Bathyarchaeia. Future studies should investigate the potential 
contribution of these groups to the global methane budget.

At the M station, the relative abundance of ANME 2a-c dominated 
over methanogen lineages in shallower sediment intervals (Fig. 6C) and 
were likely responsible for the detected AOM-CH4 activity, maintaining 
low environmental methane concentrations in these horizons (Fig. 2Q 
and R). ANME 2a-2c were also found in the 12.5–13.5 cm horizon, which 
was consistent with the dramatic increase in AOM activity in this hori
zon and the decline in methane (Fig. 2Q and R). The 16S rRNA analysis 
revealed that in this horizon, groups of methylotrophic and acetoclastic 
methanogens were detected alongside ANME’s, suggesting coexistence 
of methanogens and ANME’s in sediment horizons where sulfate 
reduction was also active (Fig. 2P). Interestingly, ANMEs were not 
detected between 13.5 and 19.5 cm despite the measurement of higher 
AOM activity (Fig. 2Q). Instead, several groups of methanogens 
extended into these deeper horizons, which could be linked to the higher 
methane concentrations found in these depths (Fig. 2R) as well as the 
higher levels of methane temporarily produced in methanogenesis batch 
incubations within deeper sections (Fig. 3C).

At the HP station, ANME 2a-2c families were found in the top 2.5 cm 
even though no AOM activity was detected by 14C-CH4 incubations in 
this layer. As the 16S data does not provide direct evidence of metabolic 
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activity, it is possible that the ANMEs were present but not active, 
potentially due to the high salinity in the HP station (Fig. 2V), causing 
osmotic stress and lowering or pausing AOM activity (Oren, 2011). In 
deeper sediment intervals, methanogenic families belonging to Meth
anosarcinaceae and Methanonatronarchaeaceae were detected. Both of 
these groups are halotolerant and can produce methane from non- 
competitive substrates and could be responsible for the methylo
trophic methanogenesis activity we detected in the deeper sediments at 
the HP station (Boone et al., 2015; Sorokin et al., 2018).

An alternative hypothesis worth testing in future investigations is 
that methanogens are potentially responsible for mediating both meth
anogenesis and AOM in the cryptic methane cycle. Methanogens and 
ANMEs both carry the Mcr gene that encodes for the methyl coenzyme 
M, which depending on the thermodynamic conditions can work pref
erentially in either the reductive or oxidative directions (Hallam et al., 
2003; Holler et al., 2011; Timmers et al., 2017). In addition, methano
genic groups within the Methanosarcinales order, which were detected in 
the CSMR sediments (Fig. 6) have been implicated in performing AOM 
coupled to iron reduction of poorly reactive iron oxides in lake sediment 
(Bar-Or et al., 2017) and in marine sediment (Liang et al., 2019; Yan 
et al., 2023; Yan et al., 2018). Testing the involvement of members of the 
Methanosarcinales in iron-dependent AOM could be particularly inter
esting for sediment intervals in which we detected simultaneous AOM 
activity (Fig. 2E, K, and Q), high porewater iron (II) concentrations (Fig. 
C, I, and O) and ASVs belonging to Methanosarcinales (Fig. 6A, B, C, and 
D). At the HP station, AOM was detected in deeper sediment intervals 
where no ANME ASVs were recovered. Here, AOM may also be mediated 
by groups of methanogens. At 16.5–17.5 cm, Methanosarcinaceae, was 
detected and could potentially contribute to the measured rates of AOM 
coupled to iron-reduction similar to the other stations. Indeed, Liu et al., 
(2025) found strong evidence that iron (III) is an important electron 
acceptor for AOM linked to cryptic methane cycling in the HP station. In 
combination, our data point to a potential involvement of methanogens 
in iron-dependent methane oxidation.

4.4. Indications for rapid turnover of metabolic substrates and non- 
methanogenic consumption of mono-methylamine

Salt marshes are known to be rich in fresh organic matter whose 
breakdown intermediates provide competitive and non-competitive 
substrates for methanogenesis (Fitzsimons et al., 2005; Fitzsimons 
et al., 1997; Wang and Lee, 1994; Yuan et al., 2014; Yuan et al., 2019). 
Porewater analysis by NMR revealed that porewaters from the BL, BH, 
and M stations had quantifiable concentrations of acetate. Acetate is a 
product from fermentation of organic matter by homoacetogenesis 
(Jørgensen, 2000; Ragsdale and Pierce, 2008). Acetate is an important 
substrate for a wide range of microbial groups and considered a 
competitive substrate between methanogenic archaea and sulfate- 
reducing bacteria (Conrad, 2020; Jørgensen, 2000). Acetate concentra
tions that were found to be below quantification or detection at our 
studied stations could point to rapid metabolic turnover, similar to what 
has been described for hydrogen (Conrad, 1999; Hoehler et al., 2001).

Porewater methanol was mostly below detection and sometimes 
present but not quantifiable in the CSMR sediment porewater (see sec
tion 3.1.5). Although methanol is known to be a non-competitive sub
strate for methylotrophic methanogenesis in coastal wetlands (King 
et al., 1983; Oremland and Polcin, 1982) it has recently been found to be 
a carbon source for non-methanogenic anaerobic methylotrophs such as 
denitrifying and sulfate-reducing bacteria (Fischer et al., 2021), which 
according to our 16S data are present in the CSMR (Figs. 5 and 7). As this 
substrate is expected to be produced in surface sediments of salt marshes 
(Oremland et al., 1982; Oremland and Polcin, 1982), low or undetect
able concentrations of methanol in the porewater could indicate fast 
metabolic turnover, similar to acetate.

Natural porewater MMA concentrations were also mostly below 
detection (<3 µM), however, at some depth intervals in the BL and HP 

stations MMA concentrations were below quantification (<10 µM), but 
detectable (see section 3.1.5). It is not possible to report definitive 
quantities of MMA in this study; however, we can bracket the MMA 
concentrations in a range between 3 and 10 µM. MMA concentrations in 
sediment porewaters are still poorly constrained. A previous study of 
MMA in the Mersey Estuary, UK reports sediment porewater concen
trations up to 319 µM (Fitzsimons et al., 1997). Other studies report 
lower sediment porewater concentrations, for example ~ 2 µM MMA in 
the Flax Pond salt marsh (Wang and Lee, 1994) and between 0.08 and 
1.44 µM in the Thames Estuary, UK (Fitzsimons et al., 2006). Low MMA 
concentrations in the CSMR sediment porewater may as well indicate 
rapid metabolic consumption by the microbial community and/or 
binding to mineral surfaces (Wang and Lee, 1990; Xiao et al., 2022). 
Data from our 14C-MMA incubations provide support for both hypoth
eses as we observed the metabolic potential for MMA through the 
turnover of the injected 14C-MMA and found that between 38% and 55% 
of the injected 14C-MMA bound to the sediment (see Sec. 3.3.1). Future 
investigations would benefit from methods that are sensitive enough to 
detect low quantities (i.e., <3 µM) of porewater MMA as well as the 
fraction of MMA bound to sediment surfaces to better quantify meth
ylotrophic methanogenesis rates and thus cryptic methane cycling.

Interestingly, we found large differences between AOM-CH4 (i.e., 
AOM determined based on 14C-TIC production after injection of 14C- 
CH4) and AOM-MMA (AOM determined based on 14C-TIC production 
after injection of 14C-MMA) at all CSMR stations (Fig. 2E, K, Q, and W). 
In intervals where both AOM-CH4 and AOM-MMA rates were detected, 
AOM-MMA was 1–2 orders of magnitude higher than AOM-CH4 (Fig. 2E, 
K, Q, and W). We suggest the large difference between the two AOM 
rates is the result of 14C-TIC production from direct oxidation of 14C- 
MMA by non-methanogenic pathways, similar to what was previously 
hypothesized by Krause et al. (2023). Direct conversion of 14C-MMA to 
14C-TIC would incorrectly inflate the rate constants for AOM-MMA 
dramatically (see Eq. (2)). Fig. 2F, L, R, and X indeed show that rate 
constants for AOM-MMA are 1–2 orders of magnitude higher than both 
MG-MMA and AOM-CH4. We therefore suggest that the 14C-TIC pro
duced during the 14C-MMA incubations stems only partially from AOM 
as part of the cryptic methane cycle (i.e., via the 14C-CH4 intermediate). 
The majority of 14C-MMA was likely subject to direct methylamine 
oxidation by an unidentified anaerobic methylotrophic metabolism.

Methylamines are the simplest alkylated amine and derived from the 
degradation of osmolytes found in plant biomass (Oren, 1990; Taubert 
et al., 2017). Methylamines are ubiquitously found in saline and hy
persaline conditions in marine sediments (Mausz and Chen, 2019; 
Zhuang et al., 2016; Zhuang et al., 2017) and in coastal wetlands 
(Fitzsimons et al., 2005; Fitzsimons et al., 1997; Fitzsimons et al., 2001; 
Fitzsimons et al., 2006). Because methylamine molecules are both a 
carbon and nitrogen source it is an important food source for a variety of 
microbial communities such as aerobic methylotrophic bacteria 
(Chistoserdova, 2015; Hanson and Hanson, 1996; Taubert et al., 2017) 
and obligate anaerobic methanogens (Chistoserdova, 2015; Thauer, 
1998). However, increasing reports are providing evidence that me
thylamines may be directly oxidized anaerobically by non- 
methanogenic metabolisms in anoxic sediment (Cadena et al., 2018; 
De Anda et al., 2021; Farag et al., 2021; Kivenson et al., 2021; Zhuang 
et al., 2019). While this study does not directly identify the organisms 
responsible for non-methanogenic anaerobic mono-methylamine 
oxidation, our geochemical and molecular data suggest that sulfate- 
reducing bacteria may serve as potential mono-methylamine con
sumers in the CSMR, alongside methylotrophic methanogens. Kivenson 
et al., (2021) recently reanalyzed the metagenomes and metatran
scriptomes of Desulfobacterales collected from sulfidic sediment in the 
Baltic Sea (Thureborn et al., 2016) and the Columbia River Estuary 
(Smith et al., 2015; Smith et al., 2019) and found the expression of tri
methylamine metabolisms in the Desulfobacterales which strongly 
suggests that sulfate reducers could be actively in competition with 
methylotrophic methanogens. As Desulfobacterales were detected 
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throughout the sediment intervals across the CSMR transect (Fig. 7), it is 
possible that members of this group were actively involved in anaerobic 
methylamine consumption. Future research should investigate with 
transcriptomic studies to assess if sulfate-reducing lineages in the CSMR 
sediment are expressing the metabolic machinery required to utilize 
methylamines.

Our 16S rRNA data also revealed other archaeal and bacterial can
didates that could potentially be implicated in methylamine consump
tion in the CSMR. At the BL and BH station, we detected both 
Bathyarchaeia and Lokiarchaeia (Fig. 5A and B). Metabolic re
constructions from metagenomes found that members of both groups 
have the potential for non-methanogenic anaerobic turnover of C1 
compounds such as methanol and methylamines (Hou et al., 2023; Sun 
et al., 2021). Potential bacterial candidates for anaerobic methylamine 
oxidation in the CSMR transect are Proteobacteria, Firmicutes, Actino
bacteria, Verrucomicrobia, candidate phylum NC10, and Actino
bacteriota (Fig. 5E-H) as these phyla comprise known methylotrophs 
(Anthony, 1982; Chistoserdova and Lidstrom, 2013; McTaggart et al., 
2015; Zemskaya et al., 2021).

If methylated substrates in anaerobic metabolism are not restricted 
to putative methanogenic archaea, then it is crucial to understand how 
competitive these substrates are between methylotrophic methanogens 
and other microorganisms. A hypothesis worth testing is that sulfate- 
reducing methylotrophs limit the availability of methylated substrates 
to methylotrophic methanogenesis in coastal wetland sediment. If 
confirmed by future studies, this process could help explain the rela
tively low methane emissions from coastal wetlands and contribute to 
refining estimates of the global methane budget. Identifying this un
known metabolism, the responsible microbial groups, and the compe
tition mechanism is crucial. If environmental conditions shift to favor 
methanogenic archaea, it remains unclear whether the existing cryptic 
methane cycle will be amplified or if coastal wetlands will become a 
larger methane source.

4.5. Implications for cryptic methane cycling in coastal wetlands

Coastal wetlands are at the boundary between terrestrial and marine 
ecosystems. However, reports showing the decline in coastal wetland 
areas due to a variety of anthropogenic pressures (i.e., land reclamation, 
agriculture, and run off) are increasing (Newton et al., 2020). The 
leading concern is sea-level rise caused by increasing temperatures 
globally driven by climate change. The fear is that sea-level rise will 
potentially permanently inundate coastal wetland areas globally. This 
inundation of seawater could affect the coastal wetland water tables and 
deliver more organic material into coastal wetlands, leading to changes 
in biogeochemical cycles and uncertainties in methane emissions from 
coastal wetland systems (Chambers et al., 2013; Ding et al., 2010; 
Dinsmore et al., 2009; Gatland et al., 2014; Liu et al., 2019; Vizza et al., 
2017; Wei et al., 2020; Xu et al., 2021; Zhao et al., 2020). As this 
imminent issue emerges, important questions remain regarding the 
response of anaerobic methylotrophic activity and cryptic methane 
cycling to climate-driven sea-level rise in coastal wetlands. Such in
undations could promote cryptic methane cycling, driven by large pools 
of electron acceptors in the sediment porewaters, helping to maintain 
low methane concentrations and thereby regulate the emission of this 
potent greenhouse gas.

5. Conclusions

In the present study, we set about to find spatial evidence of cryptic 
methane cycling and the potential microbial communities involved in 
the surface sediments along a land–ocean, 4-station transect within a 
southern Californian salt marsh. We found spatial overlap of methylo
trophic methanogenesis and AOM activity in different depth horizons at 
all four stations. We also observed spatial variability between sulfate 
reduction, methylotrophic methanogenesis and AOM activities across 

the CSMR transect. Particularly, we found that the brackish portions of 
the CSMR AOM played a minor role in this area but concurrent sulfate 
reduction and methylotrophic methanogenesis activities were detected, 
along with higher abundances of known groups of methanogens and 
sulfate reducers. Whereas higher AOM activity, along with higher 
abundances of microbial groups known to perform AOM, overlapped 
with methylotrophic methanogenesis activity at the Marine and Hy
persaline pool stations. We conclude that the cryptic methane cycle is 
active keeping methane concentrations present but low across the salt 
marsh transect.

We further found that the salinity at the sediment–water interface of 
the supposedly brackish stations was different from the subsurface, 
where high salinity and high availability of sulfate prevailed, suggesting 
that more inland portions of the saltmarsh may have once been more 
hypersaline. At none of the four stations sulfate was limiting in the 
subsurface, supporting sulfate reduction activity, which was in part 
likely linked to AOM in cryptic methane cycling. However, the 
concomitant presence of porewater iron (II) and genetic evidence of the 
presence of heterotrophic iron-reducing bacteria as well as ANME 
known to couple methane oxidation with iron reduction, indicate that 
iron (III) too, could be an important electron acceptor in this environ
ment for both organic matter degradation and AOM.

Metabolomic analysis of porewater indicate a rapid production and 
consumption of methanogenic substrates, including acetate, methanol, 
and MMA. While molecular data revealed methanogenic archaea at all 
stations, ANME were present only at the marine and hypersaline sta
tions. This finding suggest that cryptic methane cycling could be facil
itated by either a methanogen-methanotroph archaea couple, where 
both groups coincided, or by putative methanogenic archaea capable of 
both processes, where ANME were absent. Our data from radioisotope 
incubations strongly suggest that not only is cryptic methane cycling 
active in the salt marsh sediment, but there is also an unknown anaer
obic methylotrophic metabolism directly oxidizing methylamine into 
the inorganic carbon pool. Our molecular and biogeochemical analyses 
along with literature evidence identified sulfate-reducing bacteria as a 
potential candidate responsible for the turnover of methylated sub
strates, but more work is needed to confirm.

Our study emphasizes the biogeochemical complexity occurring in 
the sediment across spatial gradients within a salt marsh. Based on the 
overwhelming abundance of electron acceptors for AOM and the pres
ence of microbial communities capable of cycling methane or sup
pressing competitive methanogenesis pathways within the sediment 
across the CSMR transect, the findings in this study indicate that the 
surface sediment within salt marshes like the CSMR might already be 
primed to handle potential enhanced methane production caused by 
climate change induced sea-level rise.
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