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Abstract Water table depth and vegetation are key controls of methane (CH,) emissions from peatlands.
Microtopography integrates these factors into features called microforms. Microforms often differ in CH,
emissions, but microform-dependent patterns of belowground CH, cycling remain less clearly resolved. To
investigate the impact of microtopography on belowground CH, cycling, we characterized depth profiles of

the community composition and activity of CH,-cycling microbes using 16S rRNA amplicon sequencing,
incubations, and measurements of porewater CH, concentration and isotopic composition from hummocks

and lawns at Sallie's Fen in NH, USA. Geochemical proxies of methanogenesis and methanotrophy indicated
that microforms differ in dominant microbial CH, cycling processes. Hummocks, where water table depth is
lower, had higher porewater redox potential (Eh) and higher porewater 8'*C-CH, values in the upper 30 cm than
lawns, where water table depth is closer to the peat surface. Porewater §'3C-CH, and 8D-CH,D values were
highest at the surface of hummocks where the ratio of methanotrophs to methanogens was also greatest. These
results suggest that belowground CH, cycling in hummocks is more strongly regulated by methanotrophy,

while in lawns methanogenesis is more dominant. We also investigated controls of porewater CH, chemistry.
The ratio of the relative abundance of methanotrophs to methanogens was the strongest predictor of porewater
CH, concentration and §'*C-CH,, while vegetation composition had minimal influence. As microbial
community composition was strongly influenced by redox conditions but not vegetation, we conclude that water
table depth is a stronger control of belowground CH, cycling across microforms than vegetation.

Plain Language Summary Northern peatlands are significant sources of the greenhouse gas
methane (CH,) to the atmosphere. Patterns of CH, emissions across peatlands often mirror patterns in water
table level, vegetation cover, and elevation over small spatial scales as these factors influence microbial CH,
production and consumption. We investigated microbial CH, production and consumption across areas in a
northern peatland with varying water table depth and vegetation cover using measurements of belowground
CH, chemistry and microbial DNA sequencing. We observed consistent signals in the belowground
concentration and stable isotope composition of CH,, which can indicate where different microbial processes
are occurring, that suggest slightly elevated areas with lower water table depth are hotspots for CH,
consumption while CH, production is more prominent in areas that are lower and wetter. Overall, both CH,
chemistry and microbial communities were more strongly influenced by changes in moisture than vegetation.
These insights are important for understanding how climate change may impact CH, cycling, as CH, producing
and consuming microbes respond differently to changes in temperature and moisture. Better understanding of
the distribution of CH, production and consumption across the landscape may also help scale predictions of
CH, emissions across larger areas for global modeling efforts.

1. Introduction

Given the disproportionate share of global soil carbon (C) stored in peatlands (Hugelius et al., 2020; Yu, 2012),
factors that control the decomposition and release of peatland C are a pressing concern. Particular attention has
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been given to methane (CH,) emissions from peatlands due to the large global warming potential of CH, (Etminan
et al., 2016). Methane emissions from peatlands are affected by interannual and seasonal climate variability that
regulate ambient air and peat temperature and water table position (Bubier et al., 1995; Crill et al., 1988; Granberg
et al., 1997; Olson et al., 2013), as well as vegetation community composition (Noyce et al., 2014). Water table
depth and vegetation also impact the community composition and/or activity of methanogenic and methano-
trophic microbes (Lamit et al., 2021; Robroek et al., 2015; Siljanen et al., 2011; Urbanova & Barta, 2020) that
regulate CH, emissions by mediating belowground CH,, cycling (Freitag et al., 2010; Rey-Sanchez et al., 2019).

Changes in water table position and vegetation in peatlands often covary across the landscape with changes in
land surface elevation, or microtopography. Across northern peatlands, CH, emissions generally increase along
a landscape gradient from dry, raised hummocks with shrubby vegetation, to lawns with intermediate water table
depth and more abundant sedges, to hollows which are seasonally to permanently inundated (Bubier et al., 1993;
Frenzel & Karofeld, 2000; Kettunen, 2003). The variation in CH, emissions observed between microtopographic
units, called microforms, is attributed to both the increase in the water table level, which promotes anaerobic
methanogenesis and suppresses aerobic methanotrophy (Knorr & Blodau, 2009; Yrjild et al., 2011), and an
increase in sedges (Greenup et al., 2000). Shifts in the abundance of sedges across peatland microforms are
particularly relevant to CH, cycling as sedges have aerenchyma that allow gas exchange between aboveground
shoots to roots tips below the water table. Variation in sedge abundance may substantially alter CH, cycling
across microtopography given sedges' influence on gas transport (Noyce et al., 2014), methanogenic pathways
and substrates (Hines et al., 2008; Saarnio et al., 1997), and methanotrophy (Popp et al., 2000; Strom et al., 2005).

Microform-dependent patterns of belowground CH, cycling and microbial communities remain less clearly
resolved than patterns of CH, fluxes across microforms. Potential rates of CH, production are generally higher in
more saturated lawns and hollows (Frenzel & Karofeld, 2000; Krohn et al., 2017; Zalman et al., 2018), but patterns
in potential CH, oxidation are less clear (Sundh et al., 1994; van Winden et al., 2012). Furthermore, previous
observations of the community composition of methanogens and methanotrophs across peatland microforms
contradict, with some studies finding that microtopography strongly influences microbial community composi-
tion (Asemaninejad et al., 2019; Chronidkova et al., 2019), and others finding few differences between microforms
(Deng et al., 2014; Juottonen et al., 2015; Kip et al., 2012; Marti et al., 2015). One way to resolve the inconsisten-
cies observed in previous studies examining belowground CH, cycling across peatland microforms is to examine
the isotopic composition of CH, in peat porewater. The isotopic composition of porewater CH, provides insight
into dominant belowground microbial processes, as acetoclastic methanogenesis, hydrogenotrophic methanogen-
esis, and methanotrophy have characteristic effects on the C ('2C vs. 13C) and hydrogen ('H vs. 2H, or deuterium,
D) isotope composition of CH, (Chanton et al., 2005; Coleman et al., 1981; Whitcar et al., 1986). There has been
limited use of stable isotopes to characterize belowground CH, cycling across peatland microforms, and to date
these observations only consider C isotopes. In consistently water-saturated peat (0.5-2 m below peat surface),
porewater 8'*C-CH, appears homogenous across hummocks, lawns, and hollows (Dorodnikov et al., 2013), but in
the upper peat column porewater 5'*C-CH, may help illuminate how zones of CH, production and oxidation vary
depending on the location of the water table (Kato et al., 2013). As such, there is a need to further characterize
patterns of porewater 8'3C-CH, and 8D-CH,D across peatland microforms, especially in the upper portion of the
peat column where redox conditions have greater variability across microforms with differing water table depth.

In this study, we investigated belowground CH, cycling in hummocks and lawns of a northern temperate peatland
in order to compare the potential rates and controls of CH, cycling between these microforms. We assessed the
activity and community composition of methanogens and methanotrophs using laboratory incubations, porewater
CH, concentration, 8'3C-CH,, and 8D-CH,D measurements, and 16S rRNA amplicon sequencing. We aimed to
resolve the relationships between water table depth, vegetation, methanogen and methanotroph relative abun-
dance, and porewater CH, concentration and isotopic composition to further elucidate the effect of microtopog-
raphy on belowground CH, cycling.

2. Materials and Methods
2.1. Site Description

Sallie's Fen (43°12.5’N, 71°3.5’W) is located in Barrington, New Hampshire, USA approximately 20 km from the
University of New Hampshire. It is a mineral-poor fen, receiving water from rainfall, run-off, and an ephemeral
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Table 1
Description of Environmental Conditions in the Hummock and Lawn Sample Plots
Redox
Microform Dominant vascular vegetation Water table depth (cm)*  Depth (cm) pHP potential (Eh)®
Hummock (n = 4) Vaccinium oxycoccos, Chamaedaphne calyculata, Acer rubrum 135+ 19245+ 1.5) 10 4.14 +£0.13 124.6 + 13.2
30 434 +£0.12 1157+ 183
60 498 +0.24  107.9 +£25.2
Lawn (n = 4) Vaccinium oxycoccos, Chamaedaphne calyculata, Carex rostrata 8.5+3.1(12.5+0.5) 10 423 +0.24 1172 + 214
30 4.30 +0.15 108.3 +17.2
60 4.57 +£0.19 81.1 +23.8

Note. Values are reported as mean + standard deviation. Water table depth indicates the distance of the water table below the peat surface.

“Top value measured at time of microbial sampling in 2014, value in parentheses reports mean water table depth measured at wells central to the hummock and lawn
plots during 2020 porewater sampling. "Measured during porewater sampling in 2020.

stream that runs along its northern edge. The growing season extends from late April to October, with deciduous
plant senescence beginning in September. The water table at Sallie's Fen sits below the peat surface throughout
the growing season, with an average seasonal depth of 10-25 cm from May to August (Noyce et al., 2014; Treat
et al., 2007), dropping to 40 cm or more below the peat surface in dry years. Average daily growing season
(May to September) temperature and precipitation from 2014 to 2020 was 21.8°C + 4.2°C and 2.9 + 2.7 mm,
respectively (National Centers for Environmental Information, 2020). While overall vegetation is dominated by
moss (primarily Sphagnum spp.), dominant vascular vegetation includes ericaceous shrubs (e.g., Chamaedaphne
calyculata, Vaccinium oxycoccos, V. corymbosum, and Kalmia angustifolia), sedges (Carex rostrata), deciduous
shrubs (e.g., Alnus incana ssp. rugosa), herbaceous perennials (e.g., Eurybia radula, Maianthemum trifolium),
and deciduous trees dominated by red maple (Acer rubrum).

We selected eight sample plots adjacent to an automated chamber system (Bubier et al., 2003; Goodrich
et al., 2011) for analysis of belowground CH, cycling. Mean summer CH, fluxes measured via the automated
system are 335.0 + 182.6 mg CH, m~2 d~! (Goodrich, 2010). These plots consisted of four hummock plots and
four lawn plots (Table 1) contained within an approximately 50 m by 25 m area. The ground surface height of
the hummock plots was 10-20 cm higher than lawn plots. Hummocks and lawns were categorized primarily by
water table depth and secondarily by dominant vegetation. The hummock plots had a deeper water table depth
during both the porewater sampling (ANOVA, F, ; = 8.2, p = 0.02) and microbial sampling (F, ; =7.5, p = 0.03)
campaigns described below. Vegetation cover was determined as percent cover using a 1 m? quadrat that encom-
passed the sampling locations for coring and porewater collection described below. While hummocks and lawns
did not differ significantly in the cover of sedges (F| ; = 1.26, p = 0.3) nor the total cover of shrubs and trees
(Fm = 0.46, p = 0.5), the most prevalent vascular plants in hummocks were ericaceous shrubs and red maple,
while in lawns the dominant vascular plants included C. rostrata but not deciduous trees.

2.2. Incubations

In July 2018, one peat core from a hummock and a lawn plot were extracted to a depth of 70 cm using a 10 cm
diameter polyvinyl chloride (PVC) pipe. Prior to extracting cores, dissolved oxygen was measured at 10, 20, 30,
40, and 60 cm with a Hanna Instruments portable dissolved oxygen meter (HI9142). The water table level was
>10 cm below the peat surface in the hummock selected for coring, so there is no dissolved oxygen measurement
for this depth. Each core was segmented into depth intervals of 10-20, 3040, and 60-70 cm and sub-sampled
in triplicate for both oxic and anoxic incubations. Peat coring for incubation experiments was limited to one core
per microform type to reduce further disturbance to the area containing the active automated chamber system
at Sallie's Fen. As such, comparisons of potential CH, production and oxidation and dissolved oxygen measure-
ments are discussed as differences between the two cores/plots, not between microforms across the study site.

Peat samples were refrigerated overnight and incubation experiments began within 24 hr of field sampling.
Incubations were conducted following the methodology in Perryman et al. (2020). Briefly, for oxic incubations
approximately 35 g of peat was sealed into a 236 ml mason jar outfitted with a silicon septa and sealant. Jars were
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flushed with 0.5% CH, in air to give all oxic incubations a starting headspace concentration of 5,000 ppm CH,
while maintaining an oxic headspace. For anoxic incubations, approximately 15 g of peat was sealed into 200 ml
glass serum vials topped with a silicon septa and crimp top. Serum vials were flushed with ultra-pure N, for 5 min
to generate an anoxic headspace. All incubations were conducted at 21.5 + 1.0°C in dark incubators. Ten ml of
headspace gas was sampled from the oxic incubation using a polypropylene syringe equipped with a three-way
stopcock and replaced with 10 ml of ambient air to maintain constant pressure. Samples were taken at 2, 4, 6, 8,
24, and 48 hr after the start of the incubation period. Sample collection from the anoxic incubations began after
8 hr to allow for the accumulation of detectable CH, in the incubation headspace. Ten ml of headspace gas was
sampled from the anoxic incubations at 8, 24, 48, 72, 96, and 120 hr after the start of the incubation period and
was replaced with 10 ml of N, to maintain constant pressure.

Headspace gas samples were analyzed on a Shimadzu GC- 14A gas chromatograph equipped with a flame ioni-
zation detector (GC-FID). The GC-FID was operated with detector and injector temperatures of 130°C, 50°C
column temperature, and an ultra-high purity nitrogen carrier gas flow rate of 30 mL min~' through a 2-m 1/8
inch o.d. stainless steel packed column (HayeSepQ 100/120). The GC-FID was calibrated using standards of
2.51 ppm CH,, (for the first 48 hr of anoxic incubations) and 1,000 ppm CH, (Scott Specialty Gases, Plumstead-
ville, Pennsylvania; for all oxic incubations and samples from 72 to 120 hr of anoxic incubations). The 2.51 ppm
standard was a breathing air cylinder calibrated against standards from NOAA's Earth System Research Labora-
tory's Global Monitoring Division's Carbon Cycle Greenhouse Gases Group.

Methane consumption was calculated as the linear decrease in CH, concentration over the incubation period.
We restricted our calculations to the linear decrease to reflect substrate saturated conditions in which CH, is
non-limiting to measure maximum CH, uptake under the incubation conditions (Sundh et al., 1995; Whalen
et al., 1992). Similarly, CH, production was calculated using the linear increase in CH, concentration over the
incubation period. Potential CH, oxidation and production rates were normalized to the dry weight of the corre-
sponding peat sample, and converted from ppm CH, h~! to pmol CH, g, ! d~! for data analysis using:

umol CHy g4 'd ' = AXPXRI'XT ' XV X gow ' X24hd™! (1)

where A is the change in CH, concentration (in ppm) per hour, P is pressure in atm, R is the ideal gas constant
(in L atm mol~! K1), T'is the incubation temperature in K, V is the headspace volume of the incubation jar in L,
and g, is the dry weight of peat.

2.3. Porewater Sampling and Analysis

Porewater samples were collected at 10, 30, and 60 cm below peat surface using a 3 mm inner diameter stainless
steel sipper. Porewater samples were collected at all 8 plots on 3 sampling dates in July and August 2020. Due to
variations in the water table and the presence of sapric peat at depth that prevented porewater extraction using a
sipper, all 3 depths were not always retrieved from all 8 plots. Porewater samples were analyzed for pH and redox
potential (Eh) on the day of sampling. Porewater collected for analysis of CH, concentration and CH, isotopes
were refrigerated overnight and analyzed the following day.

Eh and pH were measured at all 3 porewater sampling depths. Redox potential was measured with an OMEGA
ORP-5041 oxidation-reduction potential (ORP) electrode. The ORP electrode was calibrated using a 220 mV
standard solution. Redox potential measurements were corrected for pH by standardizing to a pH of 7 by subtract-
ing 58 mV for every pH unit below 7 (Wetzel, 2001). pH was measured using an Oakton pHTester® 50 calibrated
with a 3-point calibration using standard solutions for pH 4, 7, and 10 provided by the manufacturer. Both the Eh
and pH electrodes were calibrated prior to each sample collection.

For each sample, two 30 ml aliquots of porewater were equilibrated with 30 ml of ambient air in a 60-ml syringe
by shaking each syringe for 2 min (McAuliffe, 1971). The resulting equilibrated gas was analyzed for CH,
concentration using GC-FID as described above, as well as for isotopic analysis. The §'*C-CH, and 8D-CH,D
values of porewater CH, were measured using an Aerodyne dual Tunable Infrared Laser Direct Absorption Spec-
troscopy (TILDAS) analyzer at the University of New Hampshire. These instruments use high resolution infra-
red spectrometry to quantify trace gases such as CH,, CO, N,O, CO,, NO, NO,, and other species (McManus
et al., 2011, 2015). The analyzer utilized here is configured with two 8 micron quantum cascade lasers (QCLs,
Alpes Lasers) and a 200 m multipass absorption cell to simultaneously monitor 2CH,, '*CH,, and CH,D. The
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instrument precision was 0.1 and 3%o for 8'3C-CH, and 8D-CH,D, respectively, at the target methane mixing
ratio (8 ppm). The TILDAS was regularly calibrated with three standard tanks with known isotopic mixing ratios
for both 3CH,/"?CH, and CH,/CH,D. The isotopic composition of the standards tanks was determined using
an Aerodyne calibration system. The spectroscopic isotope ratios of 4 Isometric (now Airgas) methane isotope
standards were measured at diluted concentrations ranging from <1 to 12 ppm. A Keeling plot analysis was used
to determine the relationship between the spectroscopic and standard isotope ratios of the Isometric standards.
The linear relationship was then applied to the corresponding measured spectroscopic isotopic ratios of the UNH
calibration tanks.

The TILDAS was configured with an automated sampling system designed to measure both high concentration
samples as well as samples with CH, concentrations close to ambient levels. Samples can be introduced via
manual injections or from attached flasks. As such, small (5 ml or less) injections of equilibrated porewater
samples are diluted to the target methane mixing ratio with ultra zero air within the instrument via the sampling
system program. Samples of porewater equilibrated gas were measured twice on the TILDAS and the average of
the measurements was used in statistical analysis and data visualization. Some porewater samples with low CH,
concentration (<0.01 mM CH,) required larger volumes of sample than was available to reach the target mixing
ratio for isotopic analysis. These datapoints were removed prior to statistical analysis.

2.4. Microbial Sampling and Analysis

In August 2014, a 70 cm deep peat core from each of the 8 sample plots was collected using a 10-cm PVC corer.
The 10-20 cm, 30-40 cm, and 60-70 cm depth increments from each core were kept on ice in the field, stored
frozen and shipped on dry ice to the US Forest Service Northern Research Station in Houghton, Michigan where
they were stored at —20°C until further processing. DNA extraction, purification, and sequencing were performed
as described in Wang et al. (2019). Briefly, 10 cm? of peat from each sample was subsampled into a 50 ml falcon
tube with twenty 3.2 mm chrome-steel beads and pulverized for 2 min in a modified mini-beadbeater-96. Total
DNA was extracted from 0.5 g of the pulverized peat using the MoBio (now QIAGEN) Laboratories PowerSoil®
DNA Isolation Kit followed by the MoBio PowerClean® kit. Extraction and purification followed the manufac-
turer's protocol with an additional heating step (65°C for 30 min) during DNA extraction after bead beating. PCR
library preparation and sequencing followed standard Joint Genome Institute (JGI) protocols for Illumina MiSeq
community amplicon sequencing (iTag; e.g., Tremblay et al., 2015; https://jgi.doe.gov/user-programs/pmo-over-
view/protocols-sample-preparation-information/), which were slightly modified from Caporaso et al. (2011). The
16S V4 region of bacteria and archaea was amplified using the primers 515F and 806R (Caporaso et al., 2011)
in 25ul reactions (12pl PCR grade H20, 10ul of 5 PRIME HotMasterMix, 1.0 pul BSA, 0.5 pl of each 10uM []
primer, and 1 pl template DNA) using the following thermocycler parameters: initial denaturation at 94°C for
3 min, followed by 30 cycles of 94°C for 45s, 50°C for 60s, and 72°C for 90s, and finally 72°C for 10 min then
holding at 4°C. PCR reactions were performed in triplicate and pooled prior to amplicon clean-up and sequenc-
ing. PCR amplicons for each sample were sequenced using the Illumina MiSeq platform by the US Department
of Energy's JGI. One sample from a hummock at 3040 cm depth failed to sequence and is excluded from the
analyses presented in this study. The raw sequence data have been submitted to the National Center for Biotech-
nology Information Sequence Read Archive under accession number PRINA764764.

Sequence processing and analysis were performed using QIIME 1 1.9.1 (Caporaso et al., 2010) and QIIME 2
2019.4 (Bolyen et al., 2019). Forward and reverse reads of the interleaved raw sequence data were extracted
using the extract_reads_from_interleaved_file.py command from QIIMEIL. Sequences were trimmed to remove
primers and truncated at the length where the median Phred score (quality score) fell below 30 (255 bp for
forward read; 200 bp for reverse read) using DADA?2 (Callahan et al., 2016). The resulting merged sequences had
a 164 bp overlap. Merged sequences were quality filtered and assembled into error-corrected amplicon sequence
variants (ASVs) using DADA?2 (via q2-dada2). Samples were rarefied to the maximum depth possible to retain
all samples (59,181 sequences per sample), maintaining 78.65% of the ASVs. Taxonomy was assigned to ASVs
using the q2-feature-classifier classify-sklearn naive Bayes taxonomy classifier (Bokulich et al., 2018; Pedregosa
et al., 2011) against the Silva v.132 99% OTUs reference sequences (Quast et al., 2013). Sequences classified

99 ¢

as “mitochondria,” “chloroplast,” and/or those not assigned at the phylum level were removed from the data set.
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2.5. Statistical Analyses

Further sequence processing, statistical analysis, and data visualization were performed in R v4.0.3. The level
of significance for all analyses was 0.05. Data and analyses were visualized using ggplot2 (Wickham, 2016).
Sequence read counts were transformed into relative abundances using the make_relative command from the
funrar package (Grenié et al., 2017). ASVs were screened for known methanotrophic and methanogenic lineages
to generate a curated matrix for nonmetric multidimensional scaling (NMDS) and comparison of methanotroph
and methanogen total relative abundance between microforms and depth. Methanotrophs were identified based
on classification into one of the following groups known to be predominantly methanotrophic: order Methyla-
cidiphilales, families Methylococcaceae, Methylocystaceae, and Methylomonaceae, and methanotrophic genera
within the Beijerinckiaceae tamily (Knief, 2015; Smith & Wrighton, 2019). Methanogens were identified based
on classification into one of the following orders known to be dominated by methanogens: Methanobacteriales,
Methanocellales, Methanomicrobiales, Methanosarcinales, Methanomethyliales, and Methanomassiliicoccales
(Evans et al., 2019; Vanwonterghem et al., 2016).

Differences in porewater pH, Eh, dissolved CH, concentration, §*C-CH,, and 8D-CH,D, as well as total methano-
troph relative abundance, total methanogen relative abundance, and the ratio of methanotrophs to methanogens
across depth and microforms were examined by mixed effects models using the ImerTest package (Kuznetsova
et al., 2017). The mixed effects models included depth, microform (hummock vs. lawn), and their interaction as
fixed effects and the plot ID as a random effect. Fixed effects were tested with the Satterthwaite approximation.
Pairwise comparisons were conducted using the emmeans package (Lenth, 2018).

NMDS was performed on the curated matrix of methanotrophic and methanogenic lineages using Bray-Curtis
distance using the vegan package (Oksanen et al., 2019). Biplot vectors of environmental conditions (distance to
water table, percent cover of C. rostrata, percent cover of shrubs and trees, and porewater Eh and pH) were fit
to the NMDS of methanogenic and methanotrophic lineages using the envfit function from the vegan package.
Permutational multivariate analysis of variance (PERMANOVA) was performed using Bray-Curtis distance to
compare dissimilarities of microbial communities within and between depths and microforms, also using the
vegan package.

We used linear mixed effects models (LME) to assess the impact of microbial community composition, vascular
vegetation, and porewater chemistry on porewater 8'3C-CH,, 8D-CH,D, and dissolved CH, concentration. The
LME were performed using the mean CH, isotope values and concentrations from each depth at the 8 sample
plots. LME were constructed using the ImerTest package. The LME tested the individual fixed effects of micro-
bial (relative abundance of methanotrophs, relative abundance of methanogens, ratio of the relative abundance of
methanotrophs to methanogens, and ratio of the relative abundance of acetoclastic methanogens to hydrogeno-
trophic methanogens), vegetation (percent cover of C. rostrata and percent cover of shrubs and trees), and abiotic
(porewater Eh and pH) factors. For the LME models testing the fixed effect of the ratio of the relative abundance
of acetoclastic methanogens to hydrogenotrophic methanogens, we consider both obligate and facultative aceto-
clastic methanogens (families Methanosaetaceae and Methanosarcinaceae, respectively) as acetoclastic. Plot
ID was included as a random effect in all LME. We determined the amount of variance explained by just the
fixed effect (marginal, R? ) and together with the random effect (conditional, R using the MuMIn package
(Barton, 2019). In the main manuscript text and figures we report R? .

The temporal mismatch between the microbial sampling and the porewater sampling may inherently weaken some
of the observed relationships between porewater chemistry and microbial community composition. To lessen
further discrepancy, we ensured that during both sampling intervals the water table was lower in hummocks than
in lawns (Table 1). We recognize there is some variation in the absolute position of the water table between the
two sampling intervals; as such we focus our interpretation on the impact of the relative position of the water
table (hummocks lower than lawns) rather than the absolute position. Both the microbial sampling and the pore-
water sampling were conducted at the peak of the growing season (mid-July to mid-August) limiting the differ-
ences between the two sampling campaigns due to seasonally variable factors like primary productivity and root
exudation that impact CH, cycling by mediating the availability of substrates for CH, production and oxidation
(Chanton et al., 2008). We opted to use the average values from the three porewater collections (i.e., three dates
between July—August for each) when analyzing these data alongside microbial data to limit the influence of possi-
ble intra-seasonal variability in porewater chemistry on the interpretation of our results.
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Figure 1. Depth profiles of potential CH, production rates (a) and potential CH, oxidation rates (b) in the lawn (green symbols) and hummock cores (orange symbols)
extracted in 2018 from Sallie's Fen. Points represent the mean observed value, error bars indicate the standard deviation of the mean of 3 technical replicates from each
core. Panel C displays dissolved oxygen measurements collected at the two plots cored for incubations in 2018. For all panels, horizontal lines represent the water table
depth in each plot at the time of coring and dissolved oxygen measurements.

3. Results
3.1. Potential CH, Production and Oxidation Rates

The lawn and hummock cores displayed differing depth profiles of potential CH, production and oxidation
rates. Production potential increased from 0.36 + 0.11 pmol CH, g,,~' d=! at 60 cm to 3.08 + 0.8 pmol CH,
g4 ' d7'at 10 cm in the lawn core, while in the hummock core potential CH, production rates decreased from
0.56 + 0.21 pmol CH, g,,~! d=! at 60 cm to 0.03 + 0.02 pmol CH, g, ~' d~! at 10 cm (Figure la, Table S1 in
Supporting Information S1). The difference in potential CH, production rates between the lawn and hummock
cores was greatest at 10 cm where the highest rates of CH, production were observed in the lawn core and the
lowest rates CH, production were observed in the hummock core. Mean potential CH, oxidation rates were more
consistent across depth in the hummock core (32.13 + 5.67 pmol CH, g,,~' d~! across all depths), while in the
lawn core mean rates of CH, oxidation decreased with depth from 29.11 + 6.73 ymol CH, g,,~! d=! at 10 cm
to 10.82 + 1.92 pmol CH, g~ d~! at 60 cm (Figure 1b, Table SI in Supporting Information S1). During core
collection, porewater dissolved oxygen concentrations in the hummock were larger than in the lawn in the upper
30 cm (Figure 1c). Maximum dissolved oxygen concentration in the hummock was 2.7 mg L~! at 20 cm, with a
minimum of 0.6 mg L~" at 40 cm. In the lawn maximum dissolved oxygen was 1.3 mg L~" at 10 cm, and dissolved
oxygen was less than 1.0 mg L~! starting at 20 cm, with a minimum of 0.3 mg L' at 60 cm.

3.2. Porewater Chemistry: pH, Eh, Dissolved CH,, and Porewater 6"*C-CH, and 6D-CH,,D

Porewater pH ranged from 3.97 to 5.23 and was not significantly different between microforms but was
significantly different between sampling depths. Across both hummocks and lawns pH increased with depth
(F, 45 =72.3, p <0.001; Table S2 in Supporting Information S1). Porewater Eh ranged from 59.87 to 156.44 mV
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Figure 2. Depth profiles of (a) dissolved CH,, (b) porewater 8'*C-CH,, and (c) porewater SD-CH,D from lawns (green symbols) and hummocks (orange symbols) sites
at Sallie's Fen, in Barrington, NH. Points represent the mean observed value, error bars indicate the standard deviation of the mean.

and was significantly different between both depths and microforms. Eh decreased with depth (F,, = 5.98,
p = 0.005; Table S2 in Supporting Information S1) and was generally higher in hummock profiles than lawn
profiles (F| 5, = 5.84, p = 0.019; Table S2 in Supporting Information S1).

Dissolved CH, concentrations ranged from 1.5 x 1073 to 0.59 mM and differed between sample depths
(F,4 = 18.3, p < 0.001, Table S2 in Supporting Information S1). Dissolved CH, concentration was highest
at 30 cm in both the hummock and lawn plots (Figure 2a). The 8'3C-CH, value of dissolved CH, ranged from
—75.21%0 to —37.46%o0 and differed between hummocks and lawns and by sampling depths. In both hummock
and lawn plots, porewater 613C—CH4 values were highest at 10 cm (Fz’44 =26.1, p <0.001; Figure 2b, Table S2 in
Supporting Information S1). Porewater 8'3C-CH, values were higher across depths in the hummock plots than the
lawn plots (F), ; = 8.9, p = 0.02; Figure 2b, Table S2 in Supporting Information S1). The hummock and lawn plots
also exhibited different patterns in '*C-CH, through the depth profile (F,,, = 3.7, p = 0.03). In the hummock
plots, porewater 8'*C-CH, increased significantly between 60 and 30 cm as well as between 30 and 10 cm. In the
lawn plots, porewater 8'3C-CH, only increased significantly between 30 and 10 cm. Porewater 8D-CH,D ranged
from —365.6%o to —115.5%c. Porewater 8D-CH,D values did not vary between microforms, depth, nor the inter-
action of these factors (Figure 2¢, Table S2 in Supporting Information S1).

Overall, porewater 8'3C-CH, and 8D-CH,D show a weak positive relationship (R*, = 0.11, F, 5 = 6.55,
p = 0.013). Average 5'*C-CH, and 8D-CH,D of porewater from 10 cm in hummocks was higher than the rest of
the sample depths in both hummocks and lawns (Figure 3a). Porewater 8'3C-CH, values increased as dissolved
CH, concentration decreased toward the peat surface (R? = 0.30, F, ,, = 26.2, p < 0.001; Figure 3b). Porewater
8D-CH,D and dissolved CH, concentration also had a negative relationship (Figure S1 in Supporting Informa-
tion S1, Rzm =0.07, F 146 = 5,9, p = 0.02), but the relationship was much weaker than that between porewater
813C-CH, and dissolved CH, concentration.
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Figure 3. Relationship between peat porewater 8'*C-CH,, 8D-CH,D and dissolved CH, concentration from lawns (green symbols) and hummocks (orange symbols)
at Sallie's Fen, Barrington, NH collected July-August 2020. Squares, circles, and triangles represent measurements from 10, 30, and 60 cm, respectively. (a) Average
8'3C-CH, and 8D-CH,D values at each depth in the lawns and hummocks. Each point represents the mean isotopic value from the three sample collections, error

bars represent +1 standard deviation of the mean. (b) Individual measurements of porewater 8'*C-CH, and dissolved CH, from the three sample collections (n = 54,

R, =030, F, = 26.2, p < 0.001).

3.3. Community Composition of Methanogens and Methanotrophs

The dominant methanotrophic genus across all samples was Methylocystis (2.3% + 2.2%), which are members
of the Methylocystaceae family (Figure S2 in Supporting Information S1). The dominant methanogens
across all samples were the hydrogenotrophic genera Methanobacterium (0.34% + 0.4%) and Methanoregula
(0.31% + 0.3%) (Figure S3 in Supporting Information S1). The total relative abundance of methanotrophs and
methanogens varied between sampling depths but not between microforms (Table S2 in Supporting Informa-
tion S1). The relative abundance of methanotrophs was highest at 30 cm (F, , = 4.5, p = 0.027, Table S2 and
Figure S2 in Supporting Information S1). The relative abundance of methanogens was significantly lower at
10 cm than at 30 and 60 cm (F, |, = 11.5, p < 0.001, Table S2 and Figure S3 in Supporting Information S1). The
ratio of the relative abundance of methanotrophs to methanogens varied strongly by depth and was highest at
10 em (F), ;4= 10.3, p = 0.001, Figure 4a, Table S2 in Supporting Information S1), but this depth effect depended
upon microform (Microtopography X Depth, F, ;¢ = 3.9, p = 0.04, Table S2 in Supporting Information S1). In
lawn plots, the ratio of the relative abundance of methanotrophs to methanogens was not significantly different
between depths; however, in the hummocks the ratio of the relative abundance of methanotrophs to methanogens
was significantly higher at 10 cm than 30 and 60 cm. Overall, the highest ratio of the relative abundance of meth-
anotrophs to methanogens was at 10 cm in the hummocks.

The community composition of methanogens and methanotrophs varied significantly between sampling depths
(PERMANOVA, F = 8.33, R? = 0.44, p = 0.002), but not between hummocks and lawns (F = 1.59, R? = 0.04,
p = 0.17, Figure 4b). There was not a significant effect of the interaction of microform and depth on the commu-
nity composition of methanogens and methanotrophs (F = 1.29, R? = 0.07, p = 0.23). Environmental vectors
were fit to the NMDS ordination, and the significance of their fit was tested using permutations of the environ-
mental data. Neither the cover of sedges nor woody vegetation were strong correlates of the NMDS ordination
of methanotrophic and methanogenic lineages. The distance between the sample depth and the water table was
the strongest environmental correlate of the NMDS ordination (p = 0.001), followed by pH (p = 0.001) and Eh
(p = 0.014) which both vary with depth (Table 1). The strong fit between distance to the water table and the
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Figure 4. (a) Depth profile of the ratio of the relative abundance of methanotrophs to methanogens from lawns (green symbols) and hummocks (orange symbols) sites
at Sallie's Fen, in Barrington, NH. Points represent the mean observed value, error bars indicate the standard deviation of the mean. (b) Nonmetric multidimensional
scaling (NMDS) plot of Bray-Curtis distance between samples collected from lawns (green symbols) and hummocks (orange symbols) for methanogenic and
methanotrophic lineages (stress = 0.07). Squares, circles, and triangles represent measurements from 10, 30, and 60 cm, respectively. Community composition of
methanogenic and methanotrophic taxa varied strongly between sample depths (PERMANOVA, F = 8.33, R? = 0.44, p = 0.002). Biplot vectors fit using envfit() reflect
the directions in which environmental measurements correlate most strongly with the ordination configuration, with longer lines representing stronger correlations. For
environmental vectors: Eh = redox potential, WTD = distance below the water table, Sedge = percent cover of C. rostrata, and Woody = percent cover of shrubs and

deciduous trees.

NMDS ordination reflects overall trends in the relative abundance of methanogens and methanotrophs. The rela-
tive abundance of methanogens increased with depth below the water table (R*, = 0.41, F,; = 15.7, p < 0.001,
Figure S4 in Supporting Information S1), and the ratio of the relative abundance of methanotrophs to methano-
gens increased with proximity to the water table (R, = 0.32, F, ,, = 9.65, p = 0.0055, Figure S4 in Supporting
Information S1). There was no significant linear relationship between the depth below the water table and the
relative abundance of methanotrophs (R?, = 0.1, F, ,; = 0.3, p = 0.64, Figure S4 in Supporting Information S1).

3.4. Controls of Porewater CH, Concentration and Isotopes

We used linear mixed effects models (LME) to identify potential controls of porewater §'*C-CH,, 8D-CH,D, and
dissolved CH, concentration. We grouped potential controls into three categories: microbial (relative abundance
of methanotrophs, relative abundance of methanogens, ratio of the relative abundance of methanotrophs to meth-
anogens, and ratio of the relative abundance of acetoclastic methanogens to hydrogenotrophic methanogens),
vegetation (proportion of sedge and woody vegetation cover), and abiotic (Eh and pH). A full summary of the
results for all LME can be found in Table S3 in Supporting Information S1.

Microbial controls had the strongest relationships with porewater 8'*C-CH,. Mean porewater 8'3C-CH, increased
as the ratio of the relative abundance of methanotrophs to methanogens increased (R?, = 0.44, p = 0.0017,
Figure 5a.). Conversely, we found a negative relationship between porewater 8'*C-CH, and the ratio of the relative
abundance of acetoclastic methanogens to hydrogenotrophic methanogens (R?, = 0.34, p = 0.005; Figure 5b).
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Figure 5. Scatter plots of porewater 8'3C-CH, and the (a) ratio of the relative abundance of methanotrophs to methanogens; MOB:MG, (b) ratio of the relative
abundance of acetoclastic methanogens to hydrogenotrophic methanogens; AM:HM, (c) percent of sedge cover in the corresponding sample plot, and (d) percent of
woody vegetation cover in the corresponding sample plot. R? and p values represent the results of LME. Plotted porewater 8'3C-CH, represent the mean value observed
over the 3 sample collections. Green points represent lawns and orange plots represent hummocks. Squares, circles, and triangles represent measurements from 10, 30,

and 60 cm, respectively.

Abiotic factors also had significant relationships with porewater 8'*C-CH, (Figure S5 and Table S3 in Supporting
Information S1), with porewater &'*C-CH, increasing as Eh increased (R?, = 0.27, p = 0.016) and pH decreased
(R?,, = 0.25, p = 0.012). There was not a significant relationship between porewater §'*C-CH, and the propor-
tion of sedge nor woody vegetation cover (Figures 5c and 5d). We also did not observe significant relationships
between porewater 8D-CH,D and any of the potential microbial, vegetation, or abiotic controls.

Microbial controls also had the strongest relationships with dissolved CH, concentration. Dissolved CH, concen-
tration had a positive relationship with the relative abundance of both methanotrophs (R?, = 0.24, p = 0.009)
and methanogens (R?, = 0.16, p = 0.015) and a negative relationship with the ratio of the relative abundance of
methanotrophs to methanogens (R? = 0.17, p = 0.03). There were no significant relationships between dissolved
CH, concentration and any of the potential vegetation or abiotic controls.

4. Discussion
4.1. Contrasting Dominant CH, Cycling Processes in Hummocks and Lawns

Using profiles of potential CH, production and oxidation from incubations, dissolved CH, concentration, and
porewater 8'*C-CH, and 8D-CH,D as a proxy for methanogenic and methanotrophic activity, we observed diverg-
ing CH, cycling processes in the hummock and lawn plots. The hummock core had high CH, oxidation potential
across depth (Figure 1b), while in the lawn core potential CH, oxidation nearly doubled from 30 to 10 cm (Table
S1 in Supporting Information S1). These results are consistent with previous work that observed higher rates of
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potential CH, production in the surface peat of saturated microforms and higher rates of potential CH, oxidation
at depth in more aerated hummocks (Juottonen et al., 2015). Taken together, our incubation results show that
methanotrophs readily oxidized CH, across depth in the hummock core, while in the lawn core methanotrophs
responded to substrate availability (e.g., high rates of CH, production), closer to the peat surface. While our infer-
ences about CH, production and oxidation potential from incubations are limited due to our sample size, we were
able to make inferences about processes based on these incubations. Furthermore, incubations indicate potential,
not realized, rates of CH, production and oxidation. As such, additional measurements were needed to solidify
our inferences about in situ processes across microforms. We more deeply explored patterns of methanogenic and
methanotrophic activity using porewater geochemical proxies, which were more highly replicated across the site
and more reflective of in situ activity.

While the hummocks and lawns had similar profiles of dissolved CH, concentration (Figure 2a), porewater
813C-CH, values from the hummocks and lawns indicate differing dominant microbial CH, cycling processes
occurring in situ across depth between these microforms. Porewater 8'*C-CH,, did not differ between hummocks
and lawns at 60 cm, as previously observed in a Finnish boreal peatland where porewater §'*C-CH, did not vary
between hummocks, lawns, and hollows below 50 cm (Dorodnikov et al., 2013). However, above 60 cm porewa-
ter §!°C-CH, was significantly higher in hummocks than lawns (Figure 2b), which may be due to increased meth-
anotrophy in the hummocks as oxidation causes residual CH, to become enriched in *C (Coleman et al., 1981).
Porewater §'*C-CH, in the lawn plots was ~10%o lower than in hummocks at both 10 cm (—=59.29%o0 + 6.23%o
and —49.56%o + 8.42%o, respectively) and 30 cm (—67.58%0 + 4.16%0 and —58.89%0 + 3.24%o, respectively)
and more reflective of methanogenesis than methanotrophy (Chanton et al., 2005; Whiticar, 1999).

While porewater 5D-CH,D values lacked clear trends with respect to microtopography and depth (Figure 2c), they
were informative for further differentiating dominant CH,-cycling processes when interpreted alongside porewa-
ter 813C-CH,. In hummocks, mean porewater 8D-CH,D increased ~60%o from 30 to 10 cm. This increase in
porewater 8D-CH,D coincided with a ~10%o increase in porewater §'3C-CH, (Figure 3a, Table S1 in Supporting
Information S1). Dual isotopic enrichment of '*C and D in dissolved CH, in the surface of the hummocks further
supports that CH, is oxidized in situ in the aerated upper portion of the peat profile in hummocks (Coleman
et al., 1981; Whiticar, 1999). This dual isotopic enrichment was not observed in the lawns where the patterns of
porewater 8'3C-CH, and 8D-CH,D observed across depth indicate that methanogenesis dominates the isotopic
signal (Figure 3a, Chanton et al., 2005).

Our geochemical observations indicate that differences in water table position across hummocks and lawns
strongly influence belowground CH, cycling by mediating belowground redox conditions. Redox potential was
higher throughout the profile in hummocks than in lawns (Table 1, Table S2 in Supporting Information S1), and
Eh also had a significant positive relationship with porewater 8'3C-CH, (Table S3 and Figure S5 in Supporting
Information S1). Prior research on controls of CH, cycling in northern peatlands indicates that Eh is a strong
control of methanotrophy (Perryman et al., 2020; Rupp et al., 2019); therefore, the more oxidizing conditions
in hummocks may be promoting greater methanotrophic activity than in lawns. While the porewater sampling
for this study targeted the peak of the growing season at Sallie's Fen, Kato et al. (2013) measured porewater
8'13C-CH,, across hummocks and more saturated hollows in an alpine wetland in both summer and fall and simi-
larly observed that surface porewater 8'3C-CH, was larger in the hummocks (~—50%o to —55%o) than the hollows
(~—60%0 to —65%0). Consistent with our study, the difference in porewater CH, isotope composition between
microforms observed by Kato et al. (2013) was largely driven by the position of the water table. Shoemaker
et al. (2012) observed that porewater §'*C-CH, ranged from approximately —54 to —63%o in samples collected
from Sallie's Fen in July through December. While this range is in good agreement with the average porewa-
ter §'3C-CH, values we observed at the peak of the growing season (Table S2 in Supporting Information S1),
Shoemaker et al. (2012) reported too few fall (n = 3) and winter (n = 2) measurements to make further compar-
isons to our observations.

The influence of vegetation on belowground CH, cycling is less clear in our data set. The 8'3C-CH, measure-
ments did not indicate that the increased dominance of sedges in the lawn plots enhanced rhizospheric CH, oxida-
tion (Figure 4c) as suggested by prior work in northern peatlands (Popp et al., 2000; Rupp et al., 2019; Strom
et al., 2005), possibly because of the low (<30%) density of sedges in the lawn plots. As sedges are codominant
with other vegetation in the lawn plots used in this study (Table 1), the potential oxidizing effect of sedges may
be outweighed by the higher water table position that is promoting methanogenesis at the peat surface in the lawn
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plots (Figures 1-3). While the difference in sedge abundance between the hummocks and lawns at Sallie's Fen
may be too limited to affect rates of rhizospheric CH, oxidation, Hines et al. (2008) observed that even slight
changes to the abundances of sedges over small spatial scales (~2 m) can significantly impact rates of acetate
and CH, production. Our observation of high rates of CH, production (Figure 1a) and porewater §'3C-CH, and
8D-CH,D values more indicative of acetoclastic methanogenesis (Figure 3a) near the peat surface in the lawns
may reflect some difference in the quantity and quality of methanogenic substrates between the hummocks and
lawns due to variation in sedge abundance.

In summary, our geochemical observations suggest that belowground CH, cycling in hummocks is more strongly
regulated by methanotrophy, while in lawns methanogenesis is more dominant. While we did not directly meas-
ure the response of belowground CH, cycling in hummocks and lawns to warming, our results could inform
inferences on how peatland CH, cycling may respond to rising temperatures. Previous evidence from both labo-
ratory (Dunfield et al., 1993) and field (Pedersen et al., 2018) experiments indicates that CH, production is more
temperature sensitive than CH, oxidation. As such, our findings suggest that net CH, emissions may respond to
warming differently across microforms based on variation in the microbial processes regulating belowground
CH, cycling.

4.2. Depth Stratification of Microbial Community Composition Across Microforms

Our analysis of 16S rRNA amplicon sequences indicates that the total relative abundances (Figures S2—-S3 and
Table S2 in Supporting Information S1) and community composition (Figure 4b) of known methanogenic and
methanotrophic lineages do not vary between hummocks and lawns at Sallie's Fen. This result is consistent
with previous work showing that microtopography has limited influence on methanogenic and methanotrophic
abundance and diversity in Scandinavian (Marti et al., 2015) and Patagonian peatlands (Kip et al., 2012). In
studies comparing CH, cycling across multiple sites, inter-site variation in methanogen and methanotroph
community composition is often larger than variation between microforms within the same field site, possi-
bly due to site-specific geoclimatological conditions (Marti et al., 2015) or substrate availability unrelated to
microform-specific vegetation inputs (Juottonen et al., 2015). Differences in microbial community composi-
tion across microforms may also be more pronounced when microforms have more distinct vegetation commu-
nities. For example, Chronidkova et al. (2019), found that hummocks dominated by blueberry (V. myrtillus),
Eriophorum dominated lawns, and Sphagnum-dominated hollows found in spruce swamp forests in the Czech
Republic harbored unique microbial communities, including methanotrophs and methanogens. Furthermore,
Lamit et al. (2021) observed that changes in CH,-cycling microbial lineages in a vegetation removal experiment
were mediated by water table depth. For example, sedge removal generally decreased methanotroph relative
abundance, but removing Ericaceae increased methanotroph relative abundance under high water table condi-
tions but reduced methanotroph relative abundance under low water table conditions (Lamit et al., 2021). The
hummocks and lawns at Sallie's Fen have similar dominant vascular vegetation (Table 1), and so the linkage
between aboveground vegetation and belowground microbial communities is less clear at our study site.

We do find that the relative abundance and community composition of methanotrophs and methanogens varies
strongly between sample depths (Figures S2-S3 in Supporting Information S1, Figure 4b), and that this varia-
tion is related to environmental conditions like pH, Eh, and the distance from the water table (Figure 4b, Figure
S4 in Supporting Information S1). As methanotrophs and methanogens occupy distinct redox niches (Bodelier
et al., 2013; Conrad, 2007; Knief, 2015), vertical stratification of methanotrophs and methanogens is commonly
observed in peatlands. For example, microbial functional groups were vertically stratified across hummocks
and hollows in a poor fen in Ontario (Asemaninejad et al., 2019), where the surface (0-5 cm) of hummocks was
characterized by aerobic methanotrophs while the lower depths (30-35 cm) of saturated hollows were character-
ized by methanogens. We observed vertical stratification in the total relative abundance of methanotrophs and
methanogens across all plots, regardless of microtopography, with methanotroph relative abundance peaking
near the maximum seasonal depth of the water table (approximately 30 cm), below which methanogens become
significantly more abundant (Figure S3 in Supporting Information S1).

Notably, we did find that the surface peat of hummocks had a significantly larger ratio of the relative abundance
of methanotrophs to methanogens than lawns (Figure 4a, Table S2 in Supporting Information S1). The difference
in the ratio of the relative abundance of methanotrophs to methanogens at 10 cm between microforms is due
to the lower relative abundance of methanogens at this depth in hummocks than lawns (0.031% + 0.038%. vs.
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0.23% =+ 0.14%, respectively, Figure S3 in Supporting Information S1), consistent with our observations of lower
water table depth in hummocks (Table 1) and a decrease in the relative abundance of methanogens with distance
above the water table (Figure S4 in Supporting Information S1). As such, the lower water table position in the
hummocks promotes conditions more favorable to aerobes than anaerobes at the peat surface, further skewing the
microbial community towards methanotrophs.

4.3. Controls of CH, Cycling Across Microforms: Water Table Depth Versus Vegetation

Identifying controls on the isotopic composition of CH, can provide important insight into the processes regulat-
ing CH, cycling, as §!*C-CH, integrates a variety of fractionating biological and transport processes. Our results
indicate that the ratio of the relative abundance of methanotrophs to methanogens is the strongest predictor of
porewater 8'3C-CH, (Figure 5a, Table S3 in Supporting Information S1), with porewater 8'*C-CH, increasing
as the ratio of methanotrophs to methanogens increased. We found a similarly strong relationship between pore-
water 8!*C-CH, and the ratio of acetoclastic to hydrogenotrophic methanogens (Figure 5b); however, our results
show porewater §'*C-CH, decreasing as the ratio of the relative abundance of acetoclastic to hydrogenotrophic
methanogens increased. This result is opposite of the expected relationship, as acetoclastic methanogenesis yields
higher 8'*C-CH, values than hydrogenotrophic methanogenesis (Chanton et al., 2005; Whiticar, 1999), and likely
reflects the larger total relative abundance of methanogens at depth (Figure S3 in Supporting Information S1).
Microbial community composition has been similarly identified as a predictor of CH, cycling in other northern
peatlands. In thawing permafrost peat, the relative abundance of the methanogen Candidatus “Methanoflorens
stordalenmirensis” was a key predictor of CH, isotopes (McCalley et al., 2014). In temperate bogs, both the ratio
of the relative abundance of methanogens to methanotrophs (Rey-Sanchez et al., 2019) and gene-to-transcript
abundance ratios of methanogens and methanotrophs (Freitag et al., 2010) have been shown to be strong controls
of CH, emissions. Our results further support that microbial community composition is a key regulating factor in
peatland CH, dynamics across peatland types, climatic zones, and microtopography.

We did not observe any significant relationships between vascular vegetation composition and porewater
dissolved CH, concentration or isotopic composition (Figures 5c and 5d, Table S2 in Supporting Information S1),
consistent with our finding that vascular vegetation had no clear influence on methanogen and methanotroph
community composition. Prior work at our study site similarly found little influence of vegetation composi-
tion on seasonal and interannual patterns of belowground CH, concentration (Shoemaker et al., 2012). We did
observe strong relationships between porewater §'*C-CH, and Eh and pH (Table S3 and Figure S5 in Supporting
Information S1), consistent with the strong vertical stratification we observed in methanogen and methanotroph
community composition driven by microbial redox niches. Our observations suggest that while vegetation plays
a minimal role in regulating belowground CH, cycling across microforms at our study site, redox conditions
controlled by the depth of the water table strongly influenced belowground CH, cycling. This conclusion holds
across our geochemical and microbial observations, in which hummocks, which had a lower water table position
(Table 1) and higher Eh (Table 1, Table S2 in Supporting Information S1) also had higher porewater §'3C-CH,
values (Figure 2b) and a larger methanotroph to methanogen ratio at the peat surface than lawns (Figure 4a). Our
results indicate that there can be strong differences in belowground CH, cycling between microforms with vary-
ing water table depth in the absence of distinct vegetation communities.

The temporal mismatch between the sampling campaigns included in this study introduces additional uncer-
tainty to our results. While the absolute position of the water table in hummocks and lawns varied across
sampling events, the water table depth during all sampling intervals was lower in hummocks than lawns (Table 1,
Figure Ic). As such, the impact of water table position on porewater CH, dynamics and microbial community
composition was likely consistent between years. Furthermore, we conducted all sampling campaigns during
the portion of the growing season (July-August) when CH, emissions have been observed to be at their seasonal
maximum at Sallie's Fen across many studies (e.g., Carroll & Crill, 1997; Frolking & Crill, 1994; Goodrich
et al., 2011; Treat et al., 2007), suggesting there is long-term interannual stability in the balance of CH, produc-
tion, oxidation, and subsequent emission even if there is variation in seasonal water table levels, temperature,
precipitation, etc. between years. Despite the temporal mismatch, we observed consistent patterns across our
geochemical and microbial observations that informed our interpretation of controls on belowground CH, cycling
across microforms.
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Differentiating the dominant controls of belowground CH, cycling and CH, emissions is important for improving
process-based wetland CH, models. While vegetation did not have a clear influence on belowground CH, cycling
at our study site, vegetation likely exerts a strong control on peatland CH, emissions and variations in CH, emis-
sions across microforms at Sallie's Fen. Previous work across northern peatlands supports the strong influence of
vegetation on CH, emissions (e.g., Bubier et al., 1995; Frenzel & Karofeld, 2000; Moore et al., 2011), particu-
larly of sedges with aerenchymous tissues that transport CH, to the atmosphere (Noyce et al., 2014; Waddington
et al., 1996). Often the relationship between aboveground vegetation and CH, emissions is mediated by other
environmental factors including water table depth (Treat et al., 2007). Our results further support that water table
depth plays a key mediating role in whole-ecosystem CH, dynamics by changing the depth-distribution of CH,
production and oxidation across microforms. In peatlands where vegetation is less distinct across microforms as
at Sallie's Fen (Table 1), water table depth is likely the dominant factor influencing belowground CH, cycling.
As such, while differences in vegetation communities may be important for CH, emissions due to their influence
on gas transport, factors that shape microbial redox niches may be more influential drivers of belowground CH,
cycling across peatland microforms.

5. Conclusions

We observed consistent geochemical signals indicating that belowground CH, cycling in hummocks is more
strongly regulated by methanotrophy, while in lawns methanogenesis is more dominant. While there was no
significant difference in the relative abundance nor community composition of methanogens and methanotrophs
between hummocks and lawns, we did observe strong vertical stratification of these microbial communities across
microforms driven by the position of the water table. Notably, there was a larger ratio of the relative abundance
of methanotrophs to methanogens in the surface peat of hummocks than in lawns where the water table is closer
to the peat surface. The ratio of the relative abundance of methanotrophs to methanogens was a strong predictor
of porewater CH, chemistry, suggesting that the difference in water table position across microforms influences
whether CH, production or oxidation more strongly regulates belowground CH, cycling. Conversely, vegetation
composition lacked a clear influence on porewater CH, chemistry and microbial community composition across
microforms at our study site, likely due to the lack of distinct vegetation communities in hummocks and lawns.

Our results present two important considerations for understanding how peatland CH, cycling will respond to
climate and environmental change. First, the difference we observed in which microbial process regulates below-
ground CH, cycling suggests that hummocks and lawns may respond asymmetrically to warming, as previ-
ous work indicates that methanogenesis and methanotrophy have differing temperature responses. Second, our
results suggest that, when differences between vegetation communities are relatively subtle, water table exerts
a primary control of belowground CH, cycling across peatland microforms. The differences in regulating
microbial processes across microforms and the controls of belowground CH, cycling are critical to consider for
process-based models. Overall, our work further highlights the need to incorporate microtopography in attempts
to scale up model predictions of peatland CH, emissions from plot to landscape level.
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