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Abstract

Tidal salt marshes produce and emit CH,. Therefore, it is critical to understand the
biogeochemical controls that regulate CH, spatial and temporal dynamics in wetlands.
The prevailing paradigm assumes that acetoclastic methanogenesis is the dominant
pathway for CH, production, and higher salinity concentrations inhibit CH, produc-
tion in salt marshes. Recent evidence shows that CH, is produced within salt marshes
via methylotrophic methanogenesis, a process not inhibited by sulfate reduction. To
further explore this conundrum, we performed measurements of soil-atmosphere
CH, and CO, fluxes coupled with depth profiles of soil CH, and CO, pore water gas
concentrations, stable and radioisotopes, pore water chemistry, and microbial com-
munity composition to assess CH, production and fate within a temperate tidal salt
marsh. We found unexpectedly high CH, concentrations up to 145,OOOpmoImoI‘1
positively correlated with S% (salinity range: 6.6-14.5ppt). Despite large CH, pro-
duction within the soil, soil-atmosphere CH, fluxes were low but with higher emis-
sions and extreme variability during plant senescence (84.3 +684.4nmol m2s™h. CH,
and CO, within the soil pore water were produced from young carbon, with most
A14C-CH4 and AMC-CO2 values at or above modern. We found evidence that CH,
within soils was produced by methylotrophic and hydrogenotrophic methanogenesis.
Several pathways exist after CH, is produced, including diffusion into the atmos-
phere, CH, oxidation, and lateral export to adjacent tidal creeks; the latter being the
most likely dominant flux. Our findings demonstrate that CH, production and fluxes
are biogeochemically heterogeneous, with multiple processes and pathways that can
co-occur and vary in importance over the year. This study highlights the potential for
high CH, production, the need to understand the underlying biogeochemical controls,

and the challenges of evaluating CH, budgets and blue carbon in salt marshes.
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1 | INTRODUCTION

Information about methane (CH,) dynamics in salt marshes lags
behind CH, dynamics in freshwater wetlands, where emissions
are usually high and affect the global carbon budget (Saunois
et al., 2020). The prevailing paradigm of salt marsh carbon dy-
namics assumes limited CH, production due to high salinity and
sulfate concentrations combined with reducing conditions, which
promotes sulfate reduction. Studies show that salinity negatively
correlates with soil-atmosphere CH, fluxes in salt marshes, with
higher emissions at lower salinities (Al-Haj & Fulweiler, 2020;
Poffenbarger et al., 2011). High sulfate concentrations in salt
marsh soils are thought to contribute to low CH, emissions be-
cause sulfate-reducing bacteria outcompete hydrogenotrophic
and acetoclastic methanogens (Mer & Le Roger, 2001) for sub-
strates such as H,, CO,, and acetate (Ponnamperuma, 1972),
thereby suppressing methanogenesis until sulfate levels have been
depleted (King & Wiebe, 1980). However, sulfate-reducing bac-
teria do not affect the activity of methylotrophic methanogens,
which could be important in salt marshes (Seyfferth et al., 2020).
Recently, there has been recognition of the importance of CH,
dynamics in salt marshes and other coastal ecosystems (i.e., man-
groves, seagrasses), which complicates accounting protocols for
“blue carbon” and brings attention to the underlying controls of
CH, dynamics in these ecosystems (Capooci et al., 2019; Capooci
& Vargas 2022b; Fettrow et al., 2023; Rosentreter et al., 2021;
Windham-Myers et al., 2022).

The coastal and open ocean, including salt marshes, releases
about 4-10Tg CH4year'1 (Saunois et al., 2020), but large uncertain-
ties existin CH, dynamics from coastal ecosystems. These uncertain-
ties are propagated when representing terrestrial-aquatic interfaces
in Earth System Models, where there is insufficient data regarding
methanogenic biogeochemical pathways and the processes that dic-
tate spatiotemporal variability in CH, dynamics (Ward et al., 2020).
Concurrently, there has been increased interest in “blue carbon”
ecosystems for their ability to store carbon (Nellemann et al., 2009),
but there is uncertainty about whether greenhouse gas emissions
from these ecosystems offset their carbon storage capabilities. For
example, there is evidence that some salt marshes and mangroves
emit enough CH, to offset their net carbon sequestration potential
(Al-Haj & Fulweiler, 2020; Vazquez-Lule & Vargas, 2021), while other
marshes, mangroves, and seagrass beds are net annual carbon sinks
(Oreska et al., 2020; Rosentreter et al., 2018; Taillardat et al., 2020).
Until there is a better understanding of CH, dynamics in coastal eco-
systems and how the net balance between sources and sink changes,
it will be difficult to assess their role as natural climate solutions for
mitigating climate change (Macreadie et al., 2021).

Two scientific discoveries challenged the current paradigm sur-
rounding salt marsh CH, production. First, a synthesis study found
that CH, fluxes from coastal ecosystems can range from net uptake
(-93pmolm2day™) to net emission (94,000 umolm™2day™; Al-Haj &
Fulweiler, 2020 and references within). The median CH, flux from
salt marshes is low (~224 pmolm™2day™%; Al-Haj & Fulweiler, 2020),

but the wide range of measured fluxes requires a closer look at
the processes that control methanogenesis in these ecosystems.
Second, the methylotrophic methanogenesis pathway is present
in salt marsh and marine sediments (Seyfferth et al., 2020; Xiao
et al., 2018; Zhuang et al., 2018). Methylotrophic methanogenesis
uses non-competitive substrates such as methanol, methylsulfides,
and methylamines, thereby enabling CH, production in the pres-
ence of sulfate reduction (Oremland et al., 1982; Xiao et al., 2018).
Notably, Spartina alterniflora, a common salt marsh plant species,
releases trimethylamine (TMA), a substrate for methylotrophic
methanogenesis (Wang & Lee, 1994, 1995). Since CH, production
in tidal salt marsh soils has long been thought to be dominated by
hydrogenotrophic and acetoclastic methanogenesis, there is a need
to revisit the paradigm and further explore CH, production and fate
in salt marsh soils to improve modeling approaches across coastal
ecosystems.

Salt marsh soils can contain large amounts of CH, (Seyfferth
et al., 2020), but there remain questions about the production and
age of CH, within the soil profile and its fate (e.g., lateral transport
into tidal creeks, oxidation into CO,). By answering these questions,
we will better understand the conditions under which CH, is pro-
duced and which microbial pathways are important, whether CH, is
stored in the soil or is rapidly turned over, and if it is not stored in the
soil, where the CH, goes. Filling these knowledge gaps can inform
process-based biogeochemical models, which could incorporate a
better representation of CH, production, oxidation, and emission in
wetland ecosystems (Oikawa et al., 2017; Zhang et al., 2002).

This study investigates the patterns and processes that govern
CH, production, oxidation, and fluxes from soils in a temperate
tidal salt marsh. We ask two interrelated questions. First, is it pos-
sible to have high CH, concentrations within the soil, and if so, are
methylotrophic methanogens part of the soil microbial community?
Due to evidence of high CH, concentrations at the site (Seyfferth
et al., 2020), we hypothesized that methylotrophic methanogens
might be present in soils, as well as contribute to CH, production,
because the dominant plant community, S. alterniflora, is a source
of non-competitive substrates used for methylotrophic methano-
genesis (Wang & Lee, 1994, 1995). Second, what is the fate of the
CH, within the soil profile? Soil CH, could persist in the soil, be
transported vertically (e.g., degassing to the atmosphere) or laterally
(i.e., advection from the marsh platform), or be oxidized into CO,
and lost vertically as CO, or moved laterally as dissolved inorganic
carbon (DIC). We hypothesized that the two most likely pathways
for CH, loss are CH, oxidation, possibly contributing to high vertical
CO, fluxes (Capooci & Vargas, 2022a, 2022b; Hill & Vargas, 2022;
Vazquez-Lule & Vargas, 2021) and lateral transport to adjacent
tidal creeks resulting in high CH, concentrations in surface water
(Trifunovic et al., 2020). To answer these questions, we combined
multiple approaches, including micrometeorological and isotope
measurements, water chemistry, and microbial analyses. We pres-
ent a combination of novel approaches and measurements, includ-
ing radiocarbon dating of belowground CH, in a tidal salt marsh and
evidence supporting methylotrophic methanogenesis as a relevant
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metabolic pathway. These results provide evidence of high CH,
production in salt marshes, raise concerns about current carbon ac-
counting protocols, and provide new insights regarding carbon dy-

namics in these ecosystems.

2 | MATERIALS AND METHODS
2.1 | Study site and experimental setup

The study was conducted at St. Jones Reserve, a mesohaline tidal
salt marsh in the Delaware National Estuarine Research Reserve
(DNREC, 1999). The marsh is located within the Delaware Estuary
and is tidally connected to the Delaware Bay via the St. Jones River.
The study area has a complex biogeochemical heterogeneity, and
there is evidence of simultaneous sulfate reduction and CH, pro-
duction (Seyfferth et al., 2020). The experiment was performed in
a short S. alterniflora [=Sporobolus alterniflorus (Loisel.); Peterson
et al., 2014] dominated area referred to as “short Spartina” (i.e., SS)
as established in previous studies (Capooci & Vargas, 2022a, 2022b;
Seyfferth et al., 2020).

The SS experiences small daily tidal oscillations. The soil is nearly
always saturated with small pockets of inundation at high tides. As a
result, the pore waters are stagnant and redox potentials can reach
-200mV, particularly below 12cm (Seyfferth et al., 2020). Above
12cm depth, particularly from O to -7cm, the diurnal tidal influ-
ence on water levels contributes to higher redox values, upwards
of 200mV (Seyfferth et al., 2020). Therefore, the site experiences
strong redox gradients, ranging from oxic (0-7cm depth) to anoxic
(below ~10cm depth).

The experiment comprised six campaigns during different canopy
phenological stages. Canopy phenological stages have been identi-
fied as greenup (G), maturity (M), senescence (S), and dormancy (D)
using Phenocams and standardized protocols at the study site (Hill
et al., 2021; Trifunovic et al., 2020; Vazquez-Lule & Vargas, 2021).
Briefly, for each day, an image from 12:00h was selected, a region of
interest was delineated to include only S. alterniflora, and the green-
ness index and phenophases were calculated using the phenopix R
package (Filippa et al., 2020). The campaigns began during matu-
rity (M) in the latter half of the year 2020 (M1—29 June to 2 July;
M2—31 July to 3 August) followed by senescence (51—31 August to
31 September, S2 to 28 September to 1 October). During the year
2021, two more campaigns were performed, one during dormancy
(D1—22-26 March and 13-16 April) and another during greenup
(G1—May 31 to June 3).

We used multiple methods and approaches to answer the ques-
tions posed in this study. First, we quantified the magnitudes and
patterns of CH, and CO, soil-to-atmosphere fluxes and concentra-
tions within the soil profile. Second, we collected gas, water, and soil
samples for analyses of isotopes (i.e., §:°C and A*C), water chem-
istry (e.g., salinity, sulfide, 3D excitation-emission matrix [EEM]
spectroscopy), and microbial community composition. We collected
CH, and CO, soil-atmosphere fluxes and concentrations, individual
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CH, and CO, samples, pore water samples, and soil samples during
each campaign. The experiment could not start in either the late dor-
mancy or greenup stage of 2020 due to the global lockdown during
the beginning of the COVID-19 pandemic.

Our study focused on how CH, dynamics changed over time,
where greenhouse gases and stable isotope fluxes were measured
at multiple locations in space, but measurements that required
sampling at different soil depths were performed at one location.
Several reasons existed for the limited spatial replication of mea-
surements across soil depths. One, the research was conducted in
a designated protected area where we obtained permits from the
state of Delaware to ensure minimal impact on the marsh ecosys-
tem. These permits limited spatial replication of the study and could
not be renewed or expanded during the COVID-19 pandemic. Two,
the study was conducted during the COVID-19 pandemic, which
required following the Centers for Disease Control and Prevention
(CDC) guidelines that forced us to drastically reduce the personnel
involved in the sampling campaigns and thus constrained the num-
ber of samples that could be feasibly collected. Three, some of our
analyses, such as radiocarbon dating and microbial studies, are both
financially demanding and time-intensive. Therefore, our options
were constrained. While some of our findings do not capture spa-
tial heterogeneity across the marsh, they agree with existing data
collected at the site (Seyfferth et al., 2020). Overall, the results pro-
vide insights into the fate of CH, and pose additional questions that

should be explored in future research.

2.2 | Concentrations and soil-atmosphere fluxes of
CH,and CO,

Depth profiles of soil CH, and CO, concentrations were measured
using a passive gas sampler. Briefly, a frame was built to support
gas-permeable silicone tubes (Seyfferth et al., 2020) that were
placed horizontally within the frame to collect gases 15.5, 40, 56,
and 70cm below the soil surface. These depths were selected to
be consistent with previous descriptions of the site's soil chemical
and physical characteristics (Seyfferth et al., 2020). The sampler
was installed in the summer of 2018 to allow for equilibration with
the surrounding soil after the physical disturbance caused by the
installation. CH, and CO, concentrations were measured using
a non-dispersive infrared sensor (MH-Z92 Dual Gas CO,/CH,,
CO, Meter; Ormond Beach, FL, USA) with a detection range of
0%-100% vol CH, and 0%-50% vol CO,. This high-range instru-
ment was chosen because prior analysis at the field site showed
that concentrations of both gases exceeded 20,000ppm and
therefore saturated the detector of an Ultraportable Greenhouse
Gas Analyzer (UGGA; Los Gatos Research, Santa Ana, CA, USA)
(Seyfferth et al., 2020). At the start of each campaign (day 1), each
silicone tube was filled with N, and then left to equilibrate for
5days before measuring gas concentrations. On day5, gas con-
centrations were measured by connecting the MH-Z92 sensor to
a diaphragm pump and an in-line sampling port in a closed-loop,
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along with a water trap and particulate filter. Gas concentrations
are reported as the mean and standard deviation of a 1-minute
timeframe when concentrations were steady.

Surface-atmosphere CH, and CO, fluxes were measured as de-
scribed in Capooci and Vargas (2022b). Briefly, we installed six auto-
chambers (LICOR 8100-104, Lincoln, NE, USA; volume: 4071.1cm?,
Figure S1) on 20cm diameter collars and connected a closed-path
infrared gas analyzer (LI-8100A; LICOR) in parallel with a Fourier
transform infrared spectrometer (DX4040; Gasmet Technologies
Oy, Vantaa, Finland). Measurements were 5min long and each
chamber was measured once per hour over the course of an approxi-
mately 72-h campaign. Soil gas fluxes were calculated in SoilFluxPro,
which uses both linear and exponential equations to calculate fluxes,
(v4.2.1; LICOR) and underwent previously established QA/QC pro-
tocols to remove instrumental errors and flux values with an R?<.90
(Capooci et al., 2019; Capooci & Vargas, 2022b; Petrakis, Barba,
et al., 2017; Petrakis, Seyfferth, et al., 2017).

2.3 | Radiocarbon and stable isotope
measurements

Belowground CH, and CO,, as well as soil-atmosphere CO, fluxes
were collected for both stable (53C) and radiocarbon (A*C) isotope
measurements during low tide. Soil-atmosphere CH, fluxes were
collected for 8'3C measurements during low tide, but the fluxes
were too low for AC analyses (minimum 20 pg C needed for analy-
sis). Belowground CH, and CO, gas samples were collected in con-
junction with measuring belowground CH, and CO, concentrations
(see Section 2.2). After belowground concentrations were meas-
ured on day 5, an air-tight syringe was used to extract gas from each
depth using the in-line sampling port. Gas samples designated for
AYc analyses were injected into a pre-evacuated serum vial capped
with a septum, while samples for 513C were injected into N,-filled
exetainers.

Four 15-cm diameter soil collars were used to collect CH, and
CO, gas emitted from the soil surface for 513C analyses. We placed
a chamber connected in a closed-loop to an UGGA and outfitted it
with a fan and an in-line sampling port. Samples were taken from
the in-line port using a gas-tight syringe at 0, 5, 10, and 15min after
chamber closure. Gas samples were injected into N,-filled exetain-
ers, and the process was repeated for the remaining three collars.
All stable isotope analyses (613C—C02, 513C—CH4) for gas samples
were performed at the University of California-Davis Stable Isotope
Facility using a ThermoScientific Delta V Plus isotope ratio mass
spectrometer (IRMS).

The same set of collars used to collect §'°C samples were used to
collect AYC samples. The three collars with the highest fluxes were
used to collect samples to ensure enough carbon for AC analyses.
To collect CO, gas emitted from the soil surface for AYC, first a
chamber outfitted with a fan, a soda lime trap, and two ball valves
was connected to the UGGA to purge the headspace of CO,. Then
the ball valves were closed and the UGGA was disconnected to allow

for CO, to accumulate in the headspace. Once enough CO, accumu-
lated, the headspace was extracted via a flow controller and a water
trap into a 1L stainless steel flask. This process was repeated for two
additional collars.

A 70cm deep soil core was collected with a gouge auger during
the S2 campaign and was sectioned into 5cm increments for several
analyses, including bulk soil A¥*C. Subsamples from each increment
were wrapped in aluminum foil for A¥C analyses before being trans-
ported to the laboratory to be air-dried. Visible plant litter was re-
moved prior to processing and analyses.

CH, and CO, samples were processed for AYC analyses at the
Center for Accelerator Mass Spectrometry (CAMS) at Lawrence
Livermore National Laboratory. CH, samples were extracted from
serum vials and injected into a 5L gasbag filled with zero air before
being introduced to a cryogenic extraction line based on Kittler
et al. (2017) and Petrenko et al. (2008) and described by McNicol
et al. (2020). Briefly, gas samples were introduced to the vacuum
line at ambient pressure, cryogenically purified to remove water
and CO,, combusted into CO,, and further cryogenically purified
before being recovered in a glass tube. For CO, samples, a series
of cryogenic traps were used to purify and isolate the CO, before
being recovered. A S. alterniflora sample, used to approximate local
atmospheric A¥™C, was processed with an acid-base-acid pretreat-
ment prior to combustion. Soil samples were combusted in a sealed
tube in the presence of CuO and Ag. Prior to graphitization, both
plant and soil sample-derived CO, was split to measure §'3C of the
bulk soil and the plant sample. The splits were sent to the Stable
Isotope Geosciences Facility at Texas A&M and were measured on
a ThermoScientific MAT 253 Dual Inlet IRMS. All purified samples
were then reduced to graphite onto Fe powder in the presence of H,
(Vogel et al., 1984).

Graphite targets derived from gas samples were measured on the
Van de Graaff FN Tandem Accelerator Mass Spectrometer (AMS),
while graphite derived from soil and plant samples was measured on
the NEC 1.0 MV Model 3SDH-1 Tandem AMS (Broek et al., 2021)
at CAMS. Radiocarbon data are reported in AC notation and have
been corrected for 1*C decay since 1950, the year of measurement
(2020 or 2021), and for mass-dependent fractionation with mea-
sured §'°C values (Stuiver & Polach, 1977). Error across all samples
for both instruments was 3.3% +0.8%o.

2.4 | Interpreting radiocarbon data

Carbon has three isotopes, 12C, 13C, and 14C, two of which are sta-
ble isotopes (*2C and °C) and one of which is a radioisotope (**C).
C is continually produced in the upper atmosphere, where it oxi-
dizes into 14CO2 and gets distributed throughout atmospheric, ter-
restrial, and oceanic C reservoirs (Schuur et al., 2016). In the late
1950s and early 1960s, atmospheric levels of **C doubled due to
atmospheric nuclear weapons testing (Manning & Melhuish, 1994).
14C levels have been subsequently declining due to the ban on at-
mospheric nuclear weapons testing in 1963 and from fossil fuel
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emissions (Graven et al., 2012; Levin & Hesshaimer, 2000). Due
to these changes in *C concentrations, C has a *C signature
unique to the year it is assimilated by plants. As such, 14C meas-
urements can give researchers an idea of the average age (or time
since assimilation from the atmosphere) of a particular form of C.
A AYC value of 0 is assigned to 1950 by convention (Trumbore
et al., 2016), with positive values indicating that the C in the sam-
ple was assimilated from the atmosphere after 1950 and includes
“bomb” carbon. Likewise, negative A'C values indicate the C in

the sample was produced before 1950.

2.5 | Pore and surface water chemistry analyses

Pore water samples were collected using a PushPoint (M.H.E.
Products) connected to a peristaltic pump via tubing with a needle at
the outlet. Samples were pumped at low tide from 15.5, 40, 56, and
70cm below the soil surface to align with the gas sampling depths
and were collected in N,-filled 60mL glass serum vials capped with
a septum. Surface water samples were also collected from the tidal
creek at low and high tide, and from the nearby St. Jones River. All
water samples were stored on ice until they could be transported to
the laboratory to be aliquoted into transport tubes (salinity, sulfide)
or filtered through a 0.2 um syringe filter into PETG vials (dissolved
organic carbon [DOC], DIC, EEMs, and ultraviolet-visible [UV-VIS])
in an anaerobic chamber. Sulfide and conductivity measurements
were performed immediately, while DOC, DIC, EEMs, and UV-VIS
samples were stored in the freezer (DOC, DIC) or in the refrigerator
(EEMs, UV-VIS) until analysis.

Pore and surface water samples were measured for salinity and
sulfide as described by Northrup et al. (2018). DOC concentrations
were determined by high temperature catalytic oxidation using a
Shimadzu TOC-VCPH Total Organic Analyzer (Sharp, 2002). DIC
concentrations were calculated by subtracting DOC concentration
from the total organic carbon (TOC) concentration, whereby TOC
was measured on filtered, un-acidified samples with the Shimadzu
TOC-VCPH Total Organic Analyzer. DOC and DIC standard errors
are reported and were derived from multiple injections of the same
sample.

Absorption and EEMs scans were measured on filtered sam-
ples using a Horiba Aqualog, which characterizes both colored and
fluorescent dissolved organic matter (DOM) using absorption and
fluorescence spectroscopy. Specific ultraviolet absorbance (SUVA)
was calculated by dividing the UV absorbance of a sample at 254 nm
by the DOC concentration (Chin et al., 1994; Weishaar et al., 2003).
SUVA,;, is a measure of the aromaticity of chromophoric DOM
(Chin et al., 1994; Weishaar et al., 2003). For EEMs, wavelengths
were scanned from 230 to 700nm in 2nm increments. Data were
corrected for inter-filter effects and normalized using the raman
area method. Fluorescence index (FI) was calculated by taking the
ratio of 4, 470-520nm at 4, of 370nm (Cory & McKnight, 2005;
McKnight et al., 2001). FI can be used to assess autochthonous
versus allochthonous changes in DOM (Hood et al., 2005; Miller &
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McKnight, 2010), since terrestrially derived DOM tends to be en-
riched in high molecular weight components compared to microbi-
ally derived DOM (Romera-Castillo et al., 2014). For both SUVA,,

and Fl, no replicates were run.

2.6 | Microbial community analyses

Samples from the soil core collected during S2 (described in
Section 2.3) were placed in sterile vials for 16S rRNA sequencing and
placed on ice for transport to the laboratory to be stored in a -80°C
freezer until DNA extraction and sequencing. For DNA extraction,
soil samples were homogenized with 100mL of 1x PBS. DNA was
extracted from all samples using the Qiagen DNeasy Power Soil Pro
kit. The extracted DNA was sent to UCONN Core Sequencing facil-
ity for amplicon sequencing of the 16S rRNA gene in the V3-V4 re-
gion. After receiving forward and reverse sequences from UCONN,
they were quality checked, and only the forward sequence reads
were further processed. The forward sequence reads were pro-
cessed using a MOTHUR pipeline (Schloss et al., 2009). Forward se-
quences were trimmed to 130-200bp range, ambiguous nucleotides
were removed, and then operational taxonomic units (OTUs) with a
3% dissimilarity were created. OTUs were then aligned and classified
using the Silva138 database (Quast et al., 2013). Sequence data from
this study are available in the National Center for Biotechnology
Information under BioProject number PRJNA1019769.

2.7 | Dataanalyses

We report the mean and standard deviation for CH, and CO, fluxes,
DOC, and DIC concentrations. Keeling plots were fitted with model
Il regression using the R package “Imodel2” (Legendre, 2018) to cal-
culate the 8°C-CH, and §3C-CO, of soil efflux (Pataki et al., 2003).
The 95% confidence intervals associated with the regression were
reported in Figure S2 and were calculated using a bootstrapping
method. Selected microbial taxa associated with aerobic methane
oxidation (e.g., Methylobacter, Methylocystis), anaerobic methane ox-
idation (Methanomicrobia), hydrogenotrophic methanogenesis (e.g.,
Methanomicrobiales, Methanobacteriales), methylotrophic metha-
nogenesis (Methanomassiliicoccales, Methanofastidiosa), and sulfate
reduction (Desulfosarcina) were identified and summed for each cat-
egory (Table S1; Figures S3-S5).

3 | RESULTS

3.1 | Soil and pore water characteristics

We found very high levels of CH, concentrations in the soil pro-
file up to ~145,000pmolmol'1, and CO, concentrations up to

500,000 pmolmol’1 (Figure 1ab). CH, concentrations generally
peaked at -56cm and declined closer to the soil surface, but CO,
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FIGURE 1 Depth profiles of pore water (a) CH, and (b) CO, concentrations, as well as pore water and surface water (c) salinity and (d)
sulfide (SZ') during each of the six campaigns. For water samples: FW, surface water at St. Jones River; HT, tidal creek at high tide; LT, tidal
creek at low tide; PW, pore water at low tide. For phenophase: D, dormancy; G, greenup; M, maturity; S, senescence; 1: first campaign

during a phenophase; 2: second campaign during a phenophase.
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FIGURE 2 Relationship between pore water sulfide
concentrations and mean soil CH, concentrations for all campaigns
and all depths. The p-value of the slope is .01.

concentrations did not appear to have a consistent pattern with
depth. Overall, soil gas concentrations were higher in the maturity
and senescence canopy phenophases than in greenup and dormancy.

Pore water salinity ranged from 6.6 to 14.5ppt and generally
increased closer to the soil surface (Figure 1c). The pore water typ-
ically had higher salinity than the river and the tidal creek at high
tide but was similar to the tidal creek's salinity at low tide. Sulfide
was present in the soil pore water in concentrations ranging from
0 to 1.2mM (Figure 1d) and was generally higher later in the grow-
ing season (Figure 1d). Sulfide was positively correlated with CH,
concentration, illustrating that CH, concentrations increase even in
the presence of sulfate reduction (Figure 2; p-value=.01; intercept
standard error=17,503; slope standard error=26,869).

Mean  soil-atmosphere CH, fluxes ranged from
21.8+12.8nmolm™?s™ during G1 to 84.3+684.4nmolm™?2s™!
during S2 (Figure 3a). The annual mean of CH, fluxes was
41.2+291.5nmolm™?s™. Soil-atmosphere CH, fluxes showed a
seasonal pattern with higher fluxes (~23% to 105% higher than the
annual mean) during S1 and S2 and lower fluxes during D1 and G1
(~36%-47% lower than the annual mean). Mean CO, fluxes ranged
from 0.81+0.44 umol m2s! during D1 to 3.33+1.5 pmol m2s?
during G1 (Figure 3c). The annual mean of CO, fluxes was
1.92+1.3pmolm™2s™. CO, fluxes peaked earlier in the growing
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FIGURE 3 Mean+SD of (a) CH, and (c) CO, soil-atmosphere fluxes during each campaign. Panels (b, d) show the relationship between
the mean concentration of CH, and CO, at 15.5cm depth compared to the corresponding mean soil-atmosphere flux for each campaign.
Note that horizontal error bars for panels b and d are sometimes too small to be discernable.

season (G1) compared to CH, fluxes. When comparing the gas
concentration nearest the surface (at -15.5cm) to the soil-atmo-
sphere fluxes, we found an apparent significant relationship for
CH, (p=.03, r?=.66, y=0.001x +28) with higher gas concentra-
tions near the soil surface corresponding to higher soil-atmo-
sphere CH, fluxes (Figure 3b), which was not the case for CO,
(Figure 3d).

3.2 | CH,and CO, stable isotopes and radiocarbon

The §C-CH, within the soil ranged from -68.8%o to -46.4%o
with similar trends with depth across the six campaigns (Figure 4a).
Generally, the heaviest 613C-CH4 during each campaign was lo-
cated at -40cm. The §"°C-CH,, from soil-atmosphere fluxes had a
broader range of values from -80.1%. to -17.7%. but were gener-
ally between -60%o0 and -40%o (Figure 4a). The 613C—CO2 for both
the depth profiles and the soil surface fluxes were heavier than the
corresponding 613C—CH4 values. Depth profiles of 613C—CO2 had lit-
tle variation and ranged from -19.6%o. to -12.2%o. (Figure 4b). The
613C-CO2 from the soil-atmosphere flux had a broader range from

-31.0%0 to —2.4%0. There was no significant relationship between &
3C-CH, and §"3C-CO, (Figure 4c) for both soil-atmosphere fluxes
and concentrations.

The depth profiles of A™C-CH, show that CH, within the
soil is usually modern or recently produced (Figure 5a), par-
ticularly during S2 where CH, had values between +53%. and
+66%0. However, we did find older CH, within the soil profile
with A™C as low as -517%o. Similarly, A**C-CO, depth profiles
showed that CO, within the soil is modern or recently pro-
duced, with some older CO, (A'C=-156%o) (Figure 5b). Soil-
atmosphere CO, fluxes had modern or recently produced CO,,
but were generally slightly older than the CO, within the soil
profile (Figure 5b). The oldest soil-atmosphere CO, flux had
a value of -161%o.. For both soil-atmosphere fluxes and con-
centrations of CO,, AC-CO, during greenup and maturity was
slightly older than during senescence. We found no significant
relationship between the age of CH, concentrations and the age
of CO, concentrations at corresponding depths and time points
(Figure 5c). We also measured the bulk soil AYC, which ranged
from +218%o to -111%o, with a profile that captured the atmo-
spheric A™C bomb curve.
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FIGURE 4 Plots showing (a) 8**C-CH, and (b) §'*C-CO, of

the depth profiles and the soil surface fluxes, as well as (c) the
relationship between 613C—CH4 and 613C—C02. Data at Ocm in plots
(a, b) represent soil surface fluxes to the atmosphere. Plot (b) inset
shows the §'C-CO, of the soil flux. The winter profile represents
the isotopic values of CO, and CH, between the 28 September-1
October 2020 and the 22-26 March sampling events when the
passive gas sampler was left to equilibrate over the winter.
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Surface water DOC concentrations

1.06 mM with the highest concentrations within the tidal creek

Surface and pore water carbon chemistry

ranged from 0.40 to

during low tide (Figure 6a). Pore water DOC concentrations
were, on average, ~200% higher than the surface waters, rang-
ing from 1.28 to 3.09 mM. The highest concentrations oc-
curred earlier in the growing season (G1, M1), while the lowest
occurred during D1 and S1. Similar to DOC, surface water DIC
concentrations were lower than the pore water, ranging from
1.99 to 5.33mM (Figure 6b). Pore water DIC ranged from 11.5
to 29.1 mM. There is a seasonal progression in the DIC con-
centrations, with the lowest values found during S1, increasing
in S2, and peaking during D1, after which the concentrations
decreased through greenup (G1), maturity (M1, M2), and early
senescence (S1).

We also analyzed SUVA,, and Fl, which are indicators of how
processed the carbon is and whether the carbon is more terrestri-
ally derived versus microbially derived. SUVA,, is lower in the sur-
face waters compared to the soil pore waters (Figure 6c). Surface
water SUVA,., ranged from 2.40 to 3.91, while soil pore water
ranged from 3.68 to 19.2. The highest values occurred during D1
and M2, while the lowest occurred during G1 and M1. Fl values in
the surface waters ranged from 1.17 to 1.28, while the pore water
was between 1.22 and 1.32 (Figure 6d). These values indicate
that the carbon in the surface and pore waters are terrestrially
derived because they are at or above 1.2 (Cory & McKnight, 2005;
McKnight et al., 2001).

3.4 | Microbial community composition

While 16S rRNA does not represent metabolism, it is highly con-
served for both methanogens and sulfate reducers and is a reliable
approximation. Taxa associated with aerobic and anaerobic meth-
ane oxidation were found in the soil profile, with taxa associated
with aerobic methane oxidation more prevalent near the soil surface
(0-25cm; Figure 7a). Taxa associated with anaerobic methane oxida-
tion pathways were found deeper in the soil profile, increasing to
0.74% at -40cm before declining with depth. We also found taxa
associated with two methanogenesis pathways: hydrogenotrophic
and methylotrophic (Figure 7a). Both taxa associated with hydrog-
enotrophic methanogenesis and with methylotrophic methanogen-
esis were found in the soil profile. The percentage of taxa associated
with hydrogenotrophic methanogenesis increased with depth to
0.77% at -40cm, before steadily declining to 0.28% at -70cm.
Taxa associated with methylotrophic methanogenesis were found
between -20 and -70cm, with the highest percentage (0.17%) at
-65cm.

We also assessed the percentage of taxa associated with
sulfate reduction, which were found in higher percentages than
the methanogens and the methanotrophs (Figure 7b). More
taxa associated with sulfate reduction were found closer to
the soil surface with a peak of 11% at -10cm. Their abundance
dropped from -20 to -70 cm when compared to the near-surface

abundances.
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FIGURE 5 Radiocarbon depth profiles of (a) CH, and (b) CO,. Panel (b) also shows the AC-CO, of surface soil CO, fluxes to the
atmosphere which are plotted at 0cm. Panel (c) shows the relationship between AMC—CH4 and A14C—C02. Panel (d) shows the age-depth
profile of bulk soil A¥C. Note that not all AMC—CO2 has a corresponding AMC—CH4 because some sampling events did not yield enough CH,

for radiocarbon analyses.

4 | DISCUSSION

4.1 | CH, production within the soil

Our results challenge the current paradigm that assumes that sulfate
reduction suppresses CH, production in salt marshes. Here, we pre-
sent unexpectedly high CH, concentrations alongside high sulfide
concentrations within the soil, demonstrating that CH, production
(i.e., methanogenesis) co-occurs with sulfate reduction. This finding
challenges the assumption that acetoclastic and/or hydrogenotrophic
methanogenesis are the primary pathways for CH, production in salt
marshes. The coexistence of high CH, concentrations alongside sulfate

reduction, the significant positive relationship between CH, concen-
tration and S?” (Figure 2), and the presence of methylotrophic metha-
nogenic taxa in the soil profile provide evidence for the co-occurrence
of methylotrophic methanogenesis. Therefore, our results contribute
to the growing evidence that salt marsh CH, dynamics are more com-
plex than previously thought because multiple methanogenesis path-
ways coexist that may be difficult to disentangle (Seyfferth et al., 2020;
Xiao et al., 2018; Zhuang et al., 2018). This challenge leads to “cryptic
CH, cycling” where not all fluxes and pathways are currently measured
oridentified (Krause & Treude, 2021; Xiao et al., 2018), but there is evi-
dence of critical components of important biogeochemical processes
as described below.
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FIGURE 6 Depth profiles and surface water concentrations of (a) DOC, (b) DIC, (c) SUVA,,, and (d) FI during each of the six campaigns.
DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; Fl, fluorescence index; FW, freshwater at St. Jones River; HT, creek
surface water at high tide; LT, creek surface water at low tide; PW, soil pore water; DOC and DIC standard errors in panels (a, b) represent

instrument measurement error.

Two lines of evidence, as discussed in the following paragraphs on
the natural abundance of stable isotopes and microbial community
composition, point toward two co-occurring methanogenesis path-
ways at our study site: methylotrophic and hydrogenotrophic. Depth
profiles of 613C—CH4 ranged from -68.8%o to -46.4%., which falls
within isotopic values associated with hydrogenotrophic (-110%o. to
-60%o; Whiticar, 1999) and acetoclastic methanogenesis (-70%o to
-50%o; Whiticar, 1999). The range of §'3C-CH, values from methy-
lotrophic methanogenesis within natural settings is uncertain, but
laboratory cultures have shown enrichment factors similar to those
for hydrogenotrophic methanogenesis (Krzycki et al., 1987; Londry
et al., 2008; Penger et al., 2012; Summons et al., 1998). Therefore,
isotopic data alone suggest multiple methanogenesis pathways, but
is insufficient to parse out the contributions of each pathway to the
CH, pool.

We identified the presence of taxa associated with methy-
lotrophic and hydrogenotrophic methanogenesis with 16S rRNA
sequencing. While these methanogenic taxa were found through-
out the soil profile, they generally increased with depth, particularly
below -15cm, where the percentage of taxa associated with sulfate

reduction started to decline. The presence of the taxa associated
with hydrogenotrophic methanogenesis has been found in coastal
wetlands (Sadnchez-Carrillo et al., 2021; Xiang et al., 2015; Yuan
et al., 2019). However, few studies have assessed the presence of
methylotrophic methanogens within soils because they have been
thought to be less important than acetoclastic and hydrogeno-
trophic methanogens (Séllinger & Urich, 2019). The presence of
taxa associated with methylotrophic methanogens lends support to
the hypothesis that methylotrophic methanogenesis can contribute
to high CH, production within the soil at our study site (Seyfferth
et al., 2020).

While the importance of methylotrophic methanogens to
global CH, cycling is uncertain (Séllinger & Urich, 2019), these
microorganisms play an important role in CH, dynamics of S. al-
terniflora salt marshes. S. alterniflora contributes substrates (i.e.,
TMA; Wang & Lee, 1994, 1995) and precursors to substrates (i.e.,
dimethylsulfoniopropionate, which can be used to produce di-
methlysulfide [DMS]; Kiene & Visscher, 1987; Larher et al., 1977)
that methylotrophic methanogens can use to produce CH,.
Furthermore, methanol, another non-competitive substrate,
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FIGURE 7 Percentage of taxa by depth associated with metabolic pathways. Panel (a) shows methanogenic (hydrogenotrophic,
methylotrophic) and methane oxidation (aerobic, anaerobic) pathways, while panel (b) shows taxa typically associated with sulfate reduction.

forms through plant lignin and pectin degradation (Donnelly &
Dagley, 1980; Schink & Zeikus, 1980). We highlight that methy-
lotrophic methanogens do not compete with sulfate reducers for
substrate, unlike hydrogenotrophic and acetoclastic methanogens
(Whiticar, 1999); therefore, methylotrophic methanogens enable
high CH, production alongside high sulfate reduction. Several
studies have shown that S. alterniflora invasion resulted in higher
levels of CH, production (Xiang et al., 2015; Yuan et al., 2016;
Zeleke et al., 2013), which has been attributed to an increase in
TMA, a non-competitive substrate, and shifts in the dominant
methanogen community from either Methanosaetaceae (includes
acetoclastic methanogens) or Methanococcales (includes hydrog-
enotrophic methanogens) to methylotrophic methanogens within
Methanosarcinaceae (Yuan et al., 2014, 2016, 2019). Our findings
from a native S. alterniflora marsh underscore the importance of
re-evaluating tidal salt marshes' contribution to CH, budgets,
particularly for marshes vegetated by species that contribute
non-competitive substrates for methanogenesis.

While 16S rRNA identified the presence of taxa associated with
methylotrophic and hydrogenotrophic methanogenesis, taxa as-
sociated with acetoclastic methanogens were not identified. One
reason may be insufficient acetate available for acetoclastic metha-
nogenesis. This finding requires a closer look at the §'*C-CH, depth
profiles, particularly at ~40cm where the ES”C—CH4 is isotopically
heavier than expected if CH, was produced via hydrogenotrophic
and/or methylotrophic methanogenesis (Figure S6). One possibility
for isotopically heavier CH, could be fractionation due to the diffu-
sion of lighter CH, toward the soil surface, leaving behind a higher

proportion of heavier isotopes. Another possibility is methane oxi-
dation. Concurrent with isotopic enrichment at -40cm is a peak in
the abundance of taxa associated with anaerobic methanotrophs.
Studies have highlighted that sulfate-driven anaerobic oxidation of
CH, likely contributes to some portion of CH, oxidation in coastal
wetlands (La et al., 2022; Segarra et al., 2013; Wang et al., 2019).
While our isotopic and 16S rRNA data suggest that anaerobic CH,
oxidation occurs at the site, more information regarding substrate
availability and microbial activity is needed to identify anaerobic
methanotrophs' role in salt marsh soils.

4.2 | Radiocarbon dating of CH, and CO,

Within the soil profile, **C values for CH, are modern, particularly
during late senescence, when all four depths had A”C-CH4 >0, indi-
cating that most of this C was fixed from atmospheric CO, between
1950 and present. The shift from older (pre-1950) A14C—CH4 values
earlier in the growing season to entirely > modern (post 1950) in
late senescence corresponds to when both soil and ecosystem CH,
fluxes are at their highest and most variable at the site (Capooci &
Vargas, 2022b; Vazquez-Lule & Vargas, 2021). We postulate that
S. alterniflora die-off during senescence contributes to increased
amounts of labile organic matter and microbial substrates. Research
has shown that DMS concentrations in S. alterniflora marsh pore wa-
ters peaked during plant die-off (Tong et al., 2018). Furthermore, in
another S. alterniflora marsh, TMA concentrations were eight times
higher in the fall than in the summer, corresponding to a nearly
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sixfold increase in CH, production potential (Yuan et al., 2016).
While we did not measure seasonal changes of pore water TMA or
DMS concentrations, the increase in soil and ecosystem CH, fluxes,
as well as the presence of taxa associated with methylotrophic
methanogenesis, provides further evidence for CH, production via
methylotrophic methanogens.

Similar to A14C—CH4, AMC—CO2 also followed a general seasonal
pattern, becoming slightly heavier during senescence, particularly
at -15.5cm. This likely reflects the input of new labile organic mat-
ter and a subsequent increase in the proportion of CO, produced
from new organic matter versus older organic matter. S. alterniflora
has been shown to decompose in three phases (Hicks et al., 1991;
Lee et al., 1980; Valiela et al., 1985; White & Howes, 1994). The
first two phases can contribute to increases in sugars and DOC in
the fall (Pakulski, 1986), as well as higher concentrations of biode-
gradable DOC from senescent material (Shelton et al., 2021; Wang
et al., 2014). While soil-atmosphere CO, fluxes and belowground
concentrations start to decline during senescence, the input of new
labile materials likely contributes to young CO, in the soil, resulting in
an increasingly modern AMC—COZ. Conversely, the oldest AMC—CO2
values were generally observed during maturity, suggesting that
microbes could access older pools of carbon, likely due to high
production rates depleting the easily accessible labile carbon from
current growth and the previous senescence. Our findings show that
A14C—CO2 exhibits a seasonality indicative of plant phenology's role
in providing substrates for the soil microbial community.

While the depleted AMC—CO2 could be attributed to seasonal
dynamics of older versus newer carbon availability in the soil, there
are three older than expected A”C-CH4 values. These values are
older than the surrounding organic matter. Since subsurface gas
sampling was from a passive gas sampler that remained in place, the
old AMC—CH4 or the substrate used to produce it likely originated
from elsewhere within the marsh, suggesting substantial unmea-
sured lateral fluxes. Sampling was done in an area where the soil
pore waters exchange with creek waters during very high tides, such
as after large storm events and during high spring tides (Seyfferth
et al., 2020). As a result, the soils become strongly anaerobic, with
redox values as low as -200mV (Seyfferth et al., 2020). Sample
collection for AMC—CO2 and AMC—CH4 during M1 and S1 occurred
2 days after a storm event and a new moon, respectively, resulting in
replenishment of the soil pore water. The mixing of tidal or rainwa-
ter with the stagnant pore water establishes hydrological connec-
tivity between less connected pore spaces where old labile C could
be physically protected (Franklin et al., 2021; Strong et al., 2004)
to more connected pore spaces that have substrates available to
process the old C. Furthermore, increased hydrological connectiv-
ity due to spring high tide in S1 could contribute to a less reducing
environment (Cook et al., 2007) that provides more favorable condi-
tions for oxidizing old carbon, likely leading to the production of old
A14C—CH4. Our measurements of older A14C—CH4 after spring tides
and rain events highlight the importance of better understanding
how interactions between hydrological patterns and redox condi-
tions influence salt marsh C dynamics.

4.3 | The complex fate of CH,

Our results show a large, recently produced soil CH, pool with a
fast turnover time, suggesting a complex fate for CH,. CH, produced
within the soil profile can take many paths, including diffusion into
the atmosphere (e.g., Li et al., 2018; Vazquez-Lule & Vargas, 2021),
storage within the soil (e.g., Bartlett et al., 1987; Seyfferth
et al., 2020), and/or lateral export into adjacent tidal creeks (e.g.,
Fettrow et al., 2023; Santos et al., 2019; Trifunovic et al., 2020).
CH, can also be oxidized to CO, (e.g., Nielsen et al., 2018; Segarra
et al., 2013) or incorporated into the DIC pool and contribute to
lateral C export (e.g., La et al., 2022). Plant-mediated transport and
ebullition can also be a pathway to support emissions CH,, into the at-
mosphere. However, plant-mediated CH, transport is highly variable
at our study site ranging from negligible to contributing up to 70% of
overall soil-atmosphere fluxes (Hill & Vargas, 2022). While detecting
ebullition can be difficult, sporadic, instantaneous ebullition events
can contribute to a CH, pulse that is >2500% higher than the aver-
age soil-atmosphere fluxes at the site (Capooci & Vargas, 2022b).
Here, we focus our discussion on three fates for CH,: diffusion into
the atmosphere, CH, oxidation, and lateral transport to the adjacent
tidal creek (Figure 8).

First, soil-atmosphere CH, fluxes are generally low and
have high variability throughout the year. Daily mean flux during
the campaigns ranged from 1.9+1.1 pmoICH4m'2day'1 to
7.28+59.1 pmoICH4m’2day'1. Our measurements fall on the lower
end of the range (-93 to >94,OOOpmoICH4m’2day'1) reported by
Al-Haj and Fulweiler (2020). While we found that CH, fluxes to the
atmosphere increase with increasing soil CH, concentration, there
are several factors that limit the role of CH, fluxes in CH, transport.
CH, diffusion through water-filled pore spaces is slow. Tidal influ-
ence at SS is limited to the first few centimeters of the soil; there-
fore, CH, produced in the saturated zone would need to diffuse
through water-filled pore spaces to reach the atmosphere. Previous
research at the site found that CH, fluxes tend to peak during low
to rising tides, suggesting that physical forcing contributes to fluxes
(Capooci & Vargas, 2022b; Fettrow et al., 2023). Furthermore, CH,,
fluxes were likely impacted by aerobic CH, oxidation at the anoxic-
oxic interface. Taxa associated with aerobic CH, oxidation were
found near the soil surface at our site, particularly at -15cm, and
could contribute to the discrepancy between the high CH, concen-
trations at deeper depths and the low fluxes from the soil surface.
Thus, the combined effects of slow diffusion rates and the presence
of taxa associated with aerobic CH, oxidation near the soil surface
likely contributed to low CH, fluxes from the soil surface, despite
high CH, production within the soil profile.

Second, we found isotopic and microbial evidence of CH,
oxidation, but the pathways and definite role of CH, oxidation
on CH, dynamics warrant further study. Our results show that
CH, oxidation is possible (613C—CH4 values up to -18%.). Still, it
is not a consistently dominant process that could explain the de-
coupling between high CH, concentrations within the soil and
relatively low CH, fluxes from soils to the atmosphere. During
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CH, oxidation, 2¢ s preferentially oxidized, resulting in the re-
sidual CH, becoming more enriched in 13C (Barker & Fritz, 1981;
Coleman et al., 1981; Silverman & Oyama, 1968). When compar-
ing the mean §'*C-CH, at -15.5cm to the mean §'*C-CH, of CH,
flux from the soil surface (-59%o + 5%o vs. —48%o + 14%.), we find
that, on average, CH, fluxes are 11%o + 16%. isotopically heavier
compared to CH, at -15.5cm. This isotopic difference is compa-
rable to sedimentary CH, and CH, fluxes from a swamp forest
(Happell et al., 1994). When plotting the §'*C-CH, versus §D-CH,
for data collected in July 2021 (Figure S7; Supplementary Text S1),
there is a trend toward CH, oxidation as 8D-CH, values become
heavier (Whiticar, 1999). Furthermore, we found the presence of
taxa associated with aerobic CH, oxidation in the top 15 cm of the
soil, indicating that some proportion of CH, is likely aerobically
oxidized at the anoxic-oxic interface. Aerobic methanotrophs
have been found near the soil surface in several coastal brackish
marshes (McDonald et al.,, 2005; Moussard et al., 2009; Steinle
et al., 2017) and have been shown to have the highest oxidation
potential at the anoxic-oxic interface due to the presence of O,
within the oxic zone and the diffusion of CH, from the anoxic zone
(Amaral & Knowles, 1994; Buchholz et al., 1995; King, 1990, 1994,
Segers, 1998).

The heaviest soil-atmosphere 613C—CH4 fluxes occurred during
D1 and G1, indicating that the proportion of CH, oxidation is higher
during the winter and the early growing season. The CH, oxida-
tion signal in these fluxes is likely due to aerobic CH, oxidation
near the soil surface. Aerobic methanotrophs are less sensitive to

temperature than methanogens (Q,, of 1.9 vs. 4.1; Segers, 1998)
and can oxidize CH,, in temperatures ranging from -1 to 30°C (King
& Adamsen, 1992). Subsequently, the rate of CH, production de-
creases more drastically than the rate of CH, oxidation in soils,
thereby shifting the balance of the two processes toward oxidation
in cooler months. Furthermore, water can hold more oxygen when
temperatures are cooler, potentially contributing to increased CH,
oxidation in the winter. As a result, soil-atmosphere 613C-CH4 fluxes
more clearly demonstrate the presence of CH, oxidation during D1
and G1 than during periods where high CH, production can obscure
the presence of CH, oxidation. At high CH, concentrations, the iso-
topic shift due to CH, oxidation is more difficult to detect (Whiticar
& Faber, 1986), mainly because the fractionation factors associated
with aerobic CH, oxidation are smaller than those for hydrogeno-
trophic methanogenesis (Happell et al., 1994; Preuss et al., 2013;
Whiticar & Faber, 1986). Therefore, using natural abundance iso-
topes to discern the occurrence of CH, oxidation within these soils
requires more targeted approaches such as inhibition experiments,
tracer experiments, and microbial activity measurements to eluci-
date the role of CH, oxidation in CH, dynamics.

While the §"*C-CH,, flux data showed that CH, oxidation could
influence potential soil-atmosphere CH, emissions, 613C-CO2
data resemble soil CO, and DIC isotopic values, which makes it
hard to detect the importance of CH, oxidation on the CO, pool
(Supplementary Text S2; Figure S8). Soil CO, produced from CH,
oxidation is isotopically depleted due to microbial preference
for 12C (Barker & Fritz, 1981; Coleman et al., 1981; Silverman &
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Oyama, 1968), contributing isotopically light CO, into the soil
CO, and DIC pool. However, due to the size of the CO, and the
DIC pool (of which CO, is a part), as well as inputs of DIC from
the tidal creek and continual production of CO, from organic
matter, the isotopic signature from CH, oxidation could get ob-
scured (Whiticar & Faber, 1986). That said, several studies have
shown that anaerobic CH, oxidation may contribute to the DIC
pool in coastal wetlands (La et al., 2022) and marine environments
(Chen et al., 2010; Haese et al., 2003; Yoshinaga et al., 2014).
Furthermore, there is evidence that while anaerobic oxidation of
CH, contributes upwards of 8.6% to the pore water DIC pool, be-
tween 71% and 96% of the CH, gets consumed in the process,
illustrating that large amounts of anaerobic CH, oxidation mini-
mally impacts the DIC pool (La et al., 2022). Our results show that
513C-DIC has an excess of isotopically light DIC during some peri-
ods of the year (Figure S9). Therefore, we postulate that while ex-
cess DIC can come from a variety of sources (e.g., organic matter
production, plant and microbial respiration, tidal exchange), the
high CH, concentrations, low CH, fluxes, and isotopically heavy
613C—CH4 at the site suggest that CH, oxidation contributes to the
DIC pool.

Third, we found evidence of potential lateral movement of CH,
produced in the soil into nearby tidal channels. The variability in
concentrations and quality of DOC within the creek water and soil
pore water indicates that the DOC pool is more terrestrially derived
(Cory & McKnight, 2005; McKnight et al., 2001). The high seasonal
variability in SUVA,;, suggests a highly dynamic pore water DOM
pool, reflecting dynamic lateral and/or vertical hydrologic inputs
from the tidal creek. Previous research showed that the first 10cm
are likely to be influenced by diurnal tidal cycles and therefore are
hydrologically connected to the tidal creek (Guimond et al., 2020),
while the pore waters below 10 cm experience tidal exchange during
spring-neap cycles, likely enabling more microbial processing of
DOC and higher SUVA,;,. Furthermore, the CH, and CO, within
the soil are generally recently produced suggesting high turnover
and low residence times within the soil. A previous study at the site
demonstrated that the tidal channels are supersaturated with CH,
(up to 6000pmo|mo|'1) and represent a hotspot for CH, water-at-
mosphere fluxes (Trifunovic et al., 2020). One potential explanation
for the high turnover in the soil pore water and high CH, concen-
trations in the creek is tidal pumping, which is the exchange of pore
water in the sediments with the surface water from the creek via
tides (Gleeson et al., 2013; Li et al., 2009; Robinson et al., 2007;
Santos et al., 2012). Tidal pumping imports substrates into the pore
waters and exports biogeochemical reaction products to the tidal
creek (Bouillon et al., 2007; Gleeson et al., 2013; Maher et al., 2013;
Santos et al., 2021). We postulate that tidal pumping occurs during
spring-neap tidal cycles enabling the build-up of reaction products
such as CH, and DIC. Studies have shown that DIC export via tidal
pumping occurs in coastal systems (e.g., Borges & Abril, 2012; Call
et al., 2015; Tamborski et al., 2021). This hypothesis is further sup-
ported by similar §*3C-CH, and §'*C-CO, values for both water-
atmosphere and soil-atmosphere fluxes (Supplementary Text S2;

Table S2). Therefore, we report different lines of evidence to sup-
port the importance of hydrologic connectivity to lateral export of

CH, from sediments to adjacent tidal channels.

5 | CONCLUSION

Through combined concentration, flux, isotopic, pore water and
organic carbon chemistry, and microbial community composition
data, we identified that CH, dynamics within a tidal salt marsh are
biogeochemically heterogeneous, with multiple avenues for CH,
production and fate. Two co-occurring methanogenesis pathways,
methylotrophic and hydrogenotrophic, were identified in the marsh.
Once produced, CH, had several fates, with soil-atmosphere fluxes,
methane oxidation, and lateral transport into the tidal creek likely
playing key roles in the CH, cycle. These pathways and fates likely
co-occur and vary in importance over tidal and seasonal cycles. For
example, methylotrophic methanogenesis may be more prevalent in
the fall, when S. alterniflora die-off contributes substrates used by
methylotrophic methanogens. We hope that this study motivates
future research to quantify the rates, magnitudes, and underlying
processes that regulate and contribute to salt marsh CH, dynamics
to close the carbon budget in these and other tidal wetlands.
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