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Abstract Despite their importance for global CH4 biogeochemistry, there is limited evidence on seasonal
patterns in CH4 stable isotope composition from peatlands. We conducted a 2.5‐year study investigating
seasonal changes in CH4 fluxes and dual‐stable isotopes (δ

13C, δ2H) in an ombrotrophic peat bog in Northern
England. We performed chamber flux measurements and incubation experiments to quantify CH4 and CO2
fluxes, CH4 isotopes, and CH4 production and oxidation potential. CH4 fluxes varied significantly across
seasons and years, with exceptionally high emissions (>45,000 μmol m− 2 h− 1) recorded in summer 2016,
contrasting with median fluxes of 10.6–91.8 μmol m− 2 h− 1. Fluxes correlated with soil temperature and soil
solution DOC and color, but not with water table depth, which had limited variability. Laboratory CH4
production potentials peaked below the water table at 30–40 cm depths, while oxidation potential decreased
with depth. Carbon and hydrogen isotope δ‐values ranged from − 88.4‰ to − 73.2‰ and − 345.3‰ to
− 275.6‰, respectively and showed opposing trends as δ13C increased with CH4 flux while δ

2H decreased. This
is consistent with increasing fluxes being driven by acetoclastic methanogenesis. Our results highlight that
seasonal shifts in CH4 emissions are accompanied by changes in isotopic signatures, even without major
changes in water table or CH4 oxidation. Incorporating temporal variability into isotope‐based CH4 source
attribution may therefore improve constraints on peatland emissions in global CH4 budgets.

Plain Language Summary Peatlands are large sources of the potent greenhouse gas methane (CH4).
Understanding the conditions that affect the release of CH4 from peatlands is key to understanding the global
CH4 cycle. Measuring ratios of C and H isotopes in atmospheric CH4 is commonly used to attribute emissions as
they depend on the pathway by which the methane was generated. The isotope ratios of peatland CH4 emissions
are often assumed to be constant over time. We measured CH4 fluxes and their stable carbon (δ

13C) and
hydrogen (δ2H) isotopes over 2.5 years from a peat bog. CH4 emissions varied strongly across seasons,
including exceptionally high fluxes during summer 2016. CH4 emissions correlated with soil temperature and
soil water chemistry but not water table depth, which remained relatively stable. The carbon and hydrogen
isotope values showed opposite trends: δ13C increased and δ2H decreased as CH4 fluxes increased. This
indicates that higher emissions were mainly driven by the conversion of acetate to CH4. Our findings show
seasonal changes alter both CH4 emissions and their isotopic fingerprints, even when water tables and therefore
oxygen availability are relatively stable. This suggests that considering seasonal variability in isotopes could
improve the accuracy of global peatland CH4 emission estimates.

1. Introduction
Natural wetlands are the largest source of methane (CH4) emissions globally, estimated to account for around
20%–30% of total emissions (Kirschke et al., 2013; Saunois et al., 2025), and their contribution is projected to
increase considerably under future climate scenarios (Dean et al., 2018; Koffi et al., 2020; Zhang et al., 2017).
Despite a solid body of research, their contribution to changes in the global CH4 budget over the past decades
remains ambiguous, with large uncertainties in emissions (Saunois et al., 2025; Turner et al., 2017), though recent
studies indicate that their contribution to total emissions has been increasing (Ciais et al., 2026; Drinkwater
et al., 2023; Oh et al., 2022; Peng et al., 2022). Part of this uncertainty is due to the large seasonal and inter‐annual
variability in emissions as well as high spatial heterogeneity (Lai, 2009; Limpens et al., 2008; Turetsky
et al., 2014; Yuan et al., 2024). Stable isotope analysis is commonly employed to constrain regional to global scale
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methane budgets (e.g., Deng et al., 2017; Dlugokencky et al., 2011; Kirschke et al., 2013; Lan et al., 2021; Oh
et al., 2022; Umezawa et al., 2012) as source categories differ in their 13C/12C and 2H/1H ratios (Levin et al., 1993;
Sherwood et al., 2017; Whiticar, 1999). However, seasonal variation of stable isotope emission signatures is only
rarely incorporated into current biogeochemical models (e.g., Oh et al., 2022).

Peatland CH4 fluxes and their isotope signatures are determined by a complex interplay of soil, meteorological,
vegetation, and landscape factors. Compared to CO2 fluxes, they are considered poorly predictable on local to
global scales. Water table depth (WTD) and soil moisture are known to strongly affect CH4 emissions as they
determine the depth of the oxic and anoxic zones of the peat (Basiliko et al., 2007; Smith et al., 2003), and
therefore, microbial CH4 production and oxidation at different depths. Lower WTD may also lead to an
enrichment in CH4 isotope signatures due to isotopic fractionation during CH4 oxidation in more aerated peat.
Temperature is another key driver of CH4, with higher temperatures promoting microbial methanogenesis across
a wide range of ecosystems (Yvon‐Durocher et al., 2014). Temperature is also thought to change the relative
activity between microbial CH4 production and oxidation, with methanogens being more temperature sensitive
than methanotrophs (Le Mer & Roger, 2001; Winden et al., 2012), thus potentially not only altering net emissions
but also shifting CH4 isotope signatures. Vegetation cover also influences CH4 fluxes, as it affects both inputs of
carbon (C) into the peat and the potential pathways of CH4 release into the atmosphere. In addition to diffusive
release into the atmosphere and ebullition through bubbles, CH4 can pass through the aerenchyma of many
wetland vascular plants (e.g., sedges), which act as conduits for gases (Bridgham et al., 2013). Plants also provide
labile C to soil microbes, thus increasing microbial activity, changing microbial substrates, and microbial
communities (Chowdhury & Dick, 2013).

Microbial CH4 in wetlands is produced by methanogenic archaea by one of two main metabolic pathways:
acetoclastic methanogenesis, using acetate as substrate, and hydrogenotrophic methanogenesis, using CO2 and H2
as substrate. Both forms occur in freshwater wetland systems, with acetoclastic methanogenesis considered to
dominate CH4 emissions (Kotsyurbenko et al., 2004; Whiticar, 1999). These two pathways have distinct stable
isotope signatures, with CH4 formed through acetoclastic methanogenesis being more enriched in

13C and more
depleted in 2H (δ13C = − 60‰ to − 50‰ and δ2H = − 400‰ to − 250‰) compared to hydrogenotrophic
methanogenesis (δ13C = − 110‰ to − 60‰ and δ2H = − 250‰ to − 170‰) (McCalley et al., 2014).

Northern peatlands are a major contributor to global wetland CH4 emissions (Melton et al., 2013). Their stable
carbon isotope values are typically in the range of − 59‰ to − 74‰ δ13C (Feinberg et al., 2018). However, few
studies have investigated their seasonal variations and most studies are limited to a few samplings. Chasar (2000)
found variations in isotopic values from June–September in a Minnesota peat bog but not a fen. In Finnish
wetlands, Fisher et al. (2017) have found increasingly lower values from summer to autumn, while Sriskan-
tharajah et al. (2012) have found slightly higher values after the spring melt. Fluctuations throughout the course of
a growing season were observed by McCalley et al. (2014) using continuous measurements in a Swedish bog and
fen. The few studies that have measured δ2H in peatlands included only limited samplings and did not investigate
seasonal trends. Reported values of direct measurements include − 300‰ for a peat bog inWest Virginia (Wahlen
et al., 1990), and − 338.5 ± 8.3‰ for a peat bog in North West England (Takriti et al., 2023), while Menoud
et al. (2022) reported values of − 346 ± 6.7‰ for polar swamps and − 271 ± 4.4‰ for a temperate swamp in
Sweden. Atmospheric models usually do not include δ2H data, even though they may help to constrain source
estimates (Dlugokencky et al., 2011; Ganesan et al., 2019; Mannisenaho et al., 2023). Moreover, isotopic
measurements in wetlands are often limited to the growing season, while nongrowing season CH4 emissions can
contribute significantly to total annual emissions (Treat et al., 2018). As stable isotopes are key for tracing the
sources of CH4 emissions to the atmosphere, this lack of understanding limits the ability to constrain peatland
emissions and understand their responses to environmental drivers.

The overarching aim of this study was to investigate temporal changes in stable isotope ratios of peatland CH4
fluxes. Specifically, we combined CH4 flux measurements with dual stable isotope analysis as well as laboratory
incubations of peat soils to (a) investigate seasonal variations in wetland δ13C‐CH4 and δ

2H‐CH4 emission values;
(b) investigate relative changes in microbial CH4 production and oxidation inferred from isotope data and lab-
oratory incubations in response to environmental drivers. We hypothesized that (a) there would be a seasonal
pattern in flux rates driven by changes in temperature and water levels; (b) CH4 production would be more
temperature sensitive than CH4 oxidation and δ

13C‐CH4 and δ
2H‐CH4 would therefore be positively correlated

with peat temperature; (c) Decreasing water table levels would increase CH4 oxidation and lead to an enrichment
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in both δ13C‐CH4 and δ
2H‐CH4 values. We also investigated the relationship between CH4 and CO2, that is,

ecosystem respiration (Reco) as a more readily available indicator of carbon cycling and decomposition processes
in peatlands.

2. Materials and Methods
2.1. Study Area

The study was undertaken at a temperate ombrotrophic blanket peat bog in Northern England, UK (54°41′44.2″N,
2°23′16.5″W) within the Moor House National Nature reserve. Long‐term‐monitoring environmental data are
available for the site through the UK Environmental Change Network (ECN) (Rennie et al., 2020), and it has been
shown to be an important source of CH4 emissions in the UK (McNamara et al., 2008; Ward et al., 2007, 2013).

The mean annual temperature and precipitation are 5.8°C, and 2,148 mm, respectively (UK Environmental
Change Network). The nature reserve has an altitude ranging from 290 to 850 m with the study site located on a
relatively water saturated level area at an elevation of 565 m. It is acidic (pH of 3.0–4.2), oligotrophic, and
ombrogenous, receiving water and nutrients from rainfall. Mean peat depth in the area is around 2 m (Rose
et al., 2016). The vegetation community is classified as a Calluna vulgaris–Eriophorum vaginatum blanket mire,
Empetrum nigrum ssp. nigrum sub‐community M19b according to the UK National Vegetation Classification
(NVC) (Rodwell, 1993). Plant species composition at each flux measurement location was determined as the
approximate area of coverage according to the DAFOR scale (Hurford et al., 2006), see Table S1 and Figure S2 in
Supporting Information S1.

2.2. Flux Measurements

In June 2015, five locations were randomly selected from an area measuring around 100 m2 for flux measure-
ments (Figure S1 in Supporting Information S1). A gas sampling collar, 30 cm in diameter and 10 cm high, was
permanently installed in each location (1–5). Collars were placed onto the soil and inserted up to a depth of around
5 cm into the uneven surface to form a level base. Flux measurements of CH4 and CO2, that is, ecosystem
respiration, were taken weekly from June 2015 to October 2016, after which measurements continued every
2 weeks until October 2017. Flux chamber measurements were conducted using a Los Gatos Ultraportable
Greenhouse Gas Analyzer (UGGA; Los Gatos Inc., San Jose, USA): Collars were sealed with opaque 19 L dome‐
shaped chambers and the CH4 and CO2 concentrations in the chamber were measured for a minimum of 5 mi-
nutes. Flux rates were calculated from the rate of gas concentration change as described by McEwing et al. (2015)
based on a minimum of 30 s of continuous measurements. To ensure consistent treatment and quality of data, we
adapted the DEFRA SP1210 protocol for the analysis of flux chamber data (Evans et al., 2017): Linear regressions
of CH4 or CO2 over time were excluded from further analysis if they had both an R2 < 0.7 and a change in
concentration of >0.01 ppm and >1.5 ppm for CH4 and CO2, respectively. Measurements with a lower change in
concentration were not excluded as R2 approaches 0 as the flux approaches 0. In addition, measurements visibly
influenced by ebullition events or technical errors were excluded. After quality control, 371 measurements of CH4
and 349 measurements of CO2 fluxes were included in our analysis.

2.3. Isotope Measurements

Isotope samples were collected in September 2015, monthly from January 2016 to January 2017, and additionally
in March and October 2017 on a total of 16 dates. At the end of the flux measurements, chambers were left on the
collars for a total of 1 hr to allow gas concentrations to build up to the necessary concentration for isotopic
analysis. After 1 hr, 20 mL samples of headspace gas were extracted from each chamber with a syringe through
septa and filled into evacuated 12 mL Exetainer vials (Labco Ltd., Ceredigion, UK) for C and H isotope analysis.
A further 10 mL of gas was added to 3 mL Exetainer vials for CO2 and CH4 concentration analysis. Syringes were
purged with ambient air between each sample. Stable isotope analysis of CH4 was performed at the UC Davis
stable isotope facility as described in Yarnes (2013). CH4 concentrations were measured by gas chromatography
using an Autosystem XL GC (Perkin Elmer, Waltham, MA, USA) as described in Case et al. (2014). CH4
concentrations were too low for H isotope analysis at six time points, which were excluded from further analysis.
All stable isotope values reported in this study are presented using the δ‐notation, in per mille (‰), relative to the
international standards Vienna Peedee Belemnite (VPDB) for C and Vienna Standard Mean Ocean Water
(VSMOW) for H (Takriti et al., 2023).
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2.4. Soil Moisture, Water Table Depth, Temperature, and Water Chemistry

Soil physical parameters, soil solution chemistry, and meteorological data were measured as part of a long‐term
monitoring program by the UK ECN in a topographically similar area around 20 m away from the flux chambers
(Figure S1 in Supporting Information S1). For this study, we used ECN data on air and soil temperature, and for
exploratory analysis, soil solution pH, dissolved organic carbon (DOC), and soil solution color. For a detailed
description of the data, see Rennie et al. (2020). In short, soil temperature was recorded using 108‐LC temperature
probes (Campbell Scientific, Loughborough, UK) at 10 and 30 cm depth. Samples for soil solution DOC and soil
solution color from 10 to 50 cm depth were collected and analyzed every 2 weeks. DOC concentration was
measured by combustion using a TOC‐L (Shimadzu, Tokyo, Japan) and water color by absorbance using a Cary
60 UV‐Vis Spectrophotometer (Agilent, Santa Clara, CA, USA) at wavelength 436 nm at CEH UK Centralised
Analytical Chemistry facility, Lancaster. Additionally, soil moisture, in the form of volumetric water content, was
measured at 7 and 18 cm depths at the same location using CS616 soil moisture probes (Campbell Scientific).
WTD was measured using a Level TROLL 400 Data Logger (In‐Situ, Fort Collins, CO, USA). Automated WTD
measurements were highly correlated with values from five nearby manual dip wells (R2= 0.94), indicating good
representativeness of the measurements for the area. All automated measurements were recorded hourly.

2.5. Methane Production and Oxidation Potential

To determine the CH4 production and oxidation potential in the peat profile during the transition from
nongrowing to growing‐season, laboratory incubations of peat cores collected monthly from March–September
2016 were performed: Three 100 cm cores were collected at each sampling event using a Russian peat corer. To
reduce damage to the peat from repeated sampling, each core was collected at 1 m distance from a central point
and the sampling position rotated by 45° at each sampling event (Figure S1 in Supporting Information S1). Peat
cores were divided into 10 cm segments, placed into self‐sealed bags, transported to the laboratory and stored at
4°C until incubation. Incubations were started within 5 days of sampling. Incubation experiments were conducted
on core segments at seven depth intervals (0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 50–60 cm, 70–80 cm, and
90–100 cm). Laboratory incubations to determine CH4 production and oxidation potential were adapted from
Sundh et al. (1995) and Kettunen et al. (1999). In brief, peat samples were homogenized and 25 g aliquots were
placed into 250mLKilner jars with septa in the lids and amended with 25mL de‐ionized water to achieve a slurry.
Two sets of samples were prepared for CH4 production and oxidation potential. For CH4 production incubations,
jars were flushed with N2 gas for 120 s and then immediately sealed and injected with 40 mL N2 gas to obtain
excess pressure to compensate for gas removed during headspace sampling. For CH4 oxidation, incubation
samples were treated similarly, but synthetic compressed air (20.69% O2, <1 ppm CO2, <2 ppm H2O, <0.1 ppm
NOx,<0.1 ppm total hydrocarbons) was used instead of N2 gas. In addition, oxidation samples were injected with
5 mL 100,000 ppm CH4 gas (CK Special gases LTD, Leicestershire, UK) to obtain an initial concentration of
around 1,600 ppm CH4. During incubation, samples were stored on a rotary shaker at 20°C in the dark. This
temperature was chosen as it is close to the optimum for soil microorganisms (Pietikäinen et al., 2005) to ensure
sufficient microbial activity and provide consistent conditions across all incubations. To assess the rate of change
of CH4 concentration, 5 mL headspace samples were collected using a syringe at 4 timepoints: the start of the
incubation and then after 1, 3, and 7 days. Samples were transferred into evacuated 3 mL Exetainer vials and CH4
concentrations were measured by gas chromatography as described above. Production and oxidation rates were
calculated from linear regressions as described by Sundh et al. (1995). Regressions of CO2 production rates were
used for quality control and regressions with R2 < 0.9 excluded from the analysis. Potential CH4 production and
oxidation rates were normalized to sample dry weight.

2.6. Statistical Analysis

Mean flux rates between chamber locations varied by up to three orders of magnitude. For visualization and
computing correlations with environmental variables, flux rates were transformed using the inverse hyperbolic
sine (ihs), defined as sin− 1 x= log(x+ √(x2+ 1)). This is an alternative to taking the logarithm, which allows for
the inclusion of zero and negative values (Burbidge et al., 1988; Johnson, 1949). Soil solution chemistry data
measured every 2 weeks was interpolated to obtain weekly values using Stineman interpolation (Stineman, 1980).
Similarly, gaps in soil moisture data due to instrument failure of up to 6 hr were interpolated. To test for delays in
the response of GHG fluxes to environmental conditions, we used cross‐correlation with a maximum time lag of
14 days. All environmental variables correlated most strongly with fluxes on the day of measurement; thus, fluxes
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were matched with environmental variables at the time of measurement. To determine the association between
fluxes and environmental variables at the chamber level, we used repeated measures correlation (rmcorr)
(Bakdash &Marusich, 2017; Bland &Altman, 1995). Rmcorr accounts for nonindependence among cases (in this
study the flux chamber locations) with repeated observations. It provides a best fit regression line for each
chamber with a common slope but varying intercepts. Analogous to a Pearson correlation coefficient, the rmcorr
coefficient (rrm) is bounded between − 1 and 1 and represents the strength of the association between two variables
(Bakdash & Marusich, 2017). Pearson correlation coefficients were calculated for variables measured without
spatial replication. For the analysis of CH4 production and oxidation potentials, one‐way ANOVA followed by
Tukey's HSD test was used. Where necessary, data were ihs‐transformed to meet the assumptions of ANOVA.

Stable isotope values of CH4 were determined from the five samples collected at each time point. Sample CH4
concentrations above atmospheric background ranged from ∼0.7 to 311 ppm (median 4 ppm) To calculate the
emission source isotope values from the sampled mix of emitted and atmospheric background CH4, we used
Miller‐Tans plots: the product of CH4 concentration and isotope δ‐value are plotted against CH4 concentration
and the source isotope signature is given by the slope of a regression (Miller & Tans, 2003). For the regression, we
used York's method to obtain unbiased estimates of the regression parameters that allow for errors in both var-
iables and produce an uncertainty estimate that is based on the empirical instrument precision (Wehr &
Saleska, 2017; York, 1968). Uncertainty is given as the standard error of the regression slope.

All statistical analysis and data visualization were performed in R version 4.5.1 (R Core Team, 2025) with the
additional use of the rmcorr (Bakdash & Marusich, 2024), IsoplotR (Vermeesch, 2018), multcomp (Hothorn
et al., 2008), imputeTS (Moritz & Bartz‐Beielstein, 2017), scipub (Pagliaccio, 2024), patchwork (Peder-
sen, 2025), ggpubr (Kassambara, 2025), ggokabeito (Barrett, 2021), scales (Wickham et al., 2025) and tidyverse
(Wickham et al., 2019) packages.

3. Results
3.1. CH4 Fluxes, Ecosystem Respiration, and Environmental Factors

Flux rates of CH4 showed substantial variation between chamber locations and across seasons, with values
ranging from − 0.6 μmol m− 2 h− 1 in March 2016 to 45,000 μmol m− 2 h− 1 in the summer of 2016 (Figure 1a).
Median fluxes ranged from 10.6 to 91.8 μmol m− 2 h− 1. Peak fluxes in all chamber locations occurred between
June and November each year; notably higher fluxes were observed in 2016 with flux rates in all locations
reaching values 3 to 8 standard deviations above their respective means in that year alone (Figure S3 in Sup-
porting Information S1).

Ecosystem respiration (Reco), that is, dark chamber CO2 emissions, ranged from 6 μmol m− 2 h− 1 to
23,900 μmol m− 2 h− 1, with median values of 1,520 μmol m− 2 h− 1 to 2,560 μmol m− 2 h− 1, and followed a similar
seasonal pattern as CH4 (Figure S4 in Supporting Information S1). CO2 and CH4 fluxes were significantly
correlated with each other (Figure 2).

WTD was consistently high, ranging from − 22 cm to+7 cm relative to the peat surface with a mean annual depth
of − 2 cm over the three years covered by this study (Figure 1c). Similarly, soil moisture at 18 cm depth was
consistently high ranging from 91% in September 2016 to 97% in February 2016 with a mean of 95% (Figure S5 in
Supporting Information S1). Mean air temperatures for the years 2015, 2016, and 2017 were 5.8, 6.1, and 6.4°C,
respectively. However, air and soil temperatures were highest during the summer period of 2016, coinciding with
the highest CH4 and CO2 fluxes (Figure 1b, Figure S6 in Supporting Information S1). Across all chamber lo-
cations, there was a positive nonlinear relationship between both CH4 and CO2 fluxes and soil temperature at
30 cm depth (Figure 2a), whereby ihs(CH4) increased by 0.360 for every 1°C increase. Water tables showed a
unimodal relationship with CH4 fluxes: highest fluxes were measured between WTD of − 7 cm to +3 cm and
decreased at both lower and higher values (Figure S7 in Supporting Information S1). Exploratory analysis
revealed that soil solution color showed a positive correlation with CH4 flux and was highly correlated with soil
temperature, while soil moisture showed a negative correlation and was also highly negatively correlated with soil
temperature (Table 1). Soil variables measured at multiple depths showed similar patterns. Temperature at 30 cm
and soil solution chemistry at 10 cm were the strongest predictors of CH4 fluxes, while CO2 fluxes were most
strongly correlated with temperatures at 10 and 30 cm depth (Table S2 in Supporting Information S1).
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3.2. Methane Isotope Ratios

Both values for δ13C and δ2H varied across time and ranged from − 88.4‰ to − 73.2‰ and − 345.3‰ to
− 275.6‰, respectively (Figures 1d and 1e). Notably, δ13C and δ2H showed opposing trends with respect to the

Figure 1. Time series of (a) CH4 flux at five chamber locations, (b) air temperature and soil temperature at 30 cm depth,
(c) WTD with positive values indicates water levels above the soil surface, (d–e) δ13C and δ2H of emitted CH4 ± SE.
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CH4 flux rate: δ
13C increased with CH4 flux, leading to generally higher values in summer/autumn, while δ

2H
decreased with CH4 flux, leading to generally higher values in winter/spring (Figure 3). There was no relationship
between δ13C and δ2H (Figure S8 in Supporting Information S1).

Correlation analysis was performed for the subset of 16 samplings with isotope measurements (Table 2). Similar
trends as in the whole data set were observed; δ2H decreased significantly with soil temperature and soil solution
color.

3.3. Methane Production and Oxidation Potentials

Potential production rates of CH4 were variable, ranging from − 2.3 nmol CH4 m
− 2 h− h to 369 nmol CH4 m

− 2 h− h

(Figure 4). Rates changed over the 7‐month sampling period, with production rates in April significantly higher
than those in other months, except for March and September (Tukey HSD, p < 0.05). When standardizing
measurements across sampling times by calculating standard scores, production rates were seen to be signifi-
cantly higher at 30–40 cm depth compared to other depths, except for 90–100 cm. Oxidation potentials ranged
from − 3.3 CH4 m

− 2 h− h to 2.3 CH4 m
− 2 h− h and there was significantly less oxidation in September than in

March as well as a significant decrease with depth in the peat profile (Figure S9 in Supporting Information S1).

Figure 2. Repeated measures correlation between CH4 flux and (a) soil temperature at 30 cm depth (rrm = 0.54, p < 0.001)
(b) Reco, that is, dark chamber CO2 flux (rrm = 0.59, p < 0.001). Fluxes of CH4 and CO2 were transformed using inverse
hyperbolic sine (ihs) transformation.

Table 1
Correlations of GHG Fluxes and Environmental Parameters

ihs(CO2 flux) Soil temperature Water table Soil moisture Soil solution DOC Soil solution color pH

ihs(CH4 flux) 0.59*** 0.54*** n.a. − 0.57*** 0.39*** 0.61*** n.a.

ihs(CO2 flux) 0.72*** n.a. − 0.62*** 0.39*** 0.61*** n.a.

Soil temperature − 0.24* − 0.90*** 0.38*** 0.74*** − 0.26*

Water table 0.24 0.01 − 0.05 0

Soil moisture − 0.48*** − 0.77*** 0.42**

Soil solution DOC 0.77*** − 0.50***

Soil solution color − 0.63***

Note. Values are repeated measures correlation coefficients for correlations with ihs(CH4 flux) and ihs(CO2 flux) and Pearson correlation coefficients among other soil
parameters. Soil temperature and soil moisture measured at 30 and 18 cm, respectively; soil solution DOC, soil solution color, and soil pH measured at 10 cm depth,
respectively. See Table S2 in Supporting Information S1 for additional depths. Significance given as *p < 0.05, **p < 0.01, ***p < 0.001; n.a. Indicates nonlinear
relationships between variables.
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4. Discussion
Seasonal and interannual variations in peatland CH4 emissions arise from
changes in methanogenic and methanotrophic activity. Stable isotopes are key
tracers of CH4 production and oxidation processes. Here, we used a combi-
nation of CH4 flux and dual stable isotope (δ

13C‐CH4, δ
2H‐CH4) measure-

ments as well as laboratory incubations and environmental data collected over
a 28‐month period to investigate seasonal variation in CH4 biogeochemistry
of a temperate peatland. We hypothesized that as temperature and water table
altered the relative activity of aerobic and anaerobic microbial activity in the
peat, CH4 fluxes and their isotopic ratios would co‐vary across seasons.

4.1. Fluxes and Environmental Drivers

Net emissions of CH4 varied strongly between seasons and years. Our sam-
pling covered a period of unusually high fluxes in 2016 with peak emissions
around one order of magnitude above those of the years 2015 and 2017.
Values of up to 45,000 μmol m− 2 h− 1 were recorded, exceeding maximum
values found in a large data set for temperate and boreal peatlands (Turetsky
et al., 2014) and considerably higher than what has previously been found in
UK peatlands (Levy et al., 2012). Unusually high CH4 fluxes have also been
found in other peatlands in northern England between 2015 and 2017
(Heinemeyer, 2023) as well as in the wider boreal‐arctic region in 2016 due to
anomalously high temperatures (Yuan et al., 2024). As expected, fluxes were
related to temperature, which is an established driver of wetland CH4 emis-
sions (Yvon‐Durocher et al., 2014). Previous studies on the same peatland
have found increases in emissions in response to increases in air and soil
temperatures (Ward et al., 2007, 2013), as well as a stronger positive tem-
perature response of methanogens compared to methanotrophs (Winden
et al., 2012). Temperatures at our site also exceeded the long‐term average
during the late summer in 2016 (Figure S6 in Supporting Information S1) and
were likely an important driver behind the high observed CH4 fluxes, while
other factors may have contributed to the high emissions. The annual period
of highest CH4 emissions extends from around June to November each year
and is therefore delayed relative to the annual summer or growing season

and air temperatures. This is likely because CH4 fluxes are largely driven by soil temperature below the
WTD and there is a lag between changes in air and soil temperatures (Figure 1b), which increases with depth

Figure 3. Regression of CH4 isotopic value against ihs(CH4) flux for (a) δ
13C

(p = 0.04) and (b) δ2H (p = 0.009).

Table 2
Correlation Coefficients of CH4 Stable Isotope Values, Mean CH4 Fluxes, and Soil Parameters for the Subset of Samplings Where Stable Isotope Samples Were
Collected

δ2H ihs(CH4 flux) Soil temperature Water table Soil moisture Soil solution DOC Soil solution color pH

δ13C 0.01 0.52* 0.11 0.23 − 0.1 0.04 0.16 − 0.06

δ2H − 0.77** − 0.73* 0.43 0.67 0 − 0.75* 0.15

ihs(CH4 flux) 0.82*** 0.01 − 0.87*** 0.72** 0.88*** − 0.51*

Soil temperature − 0.18 − 0.85*** 0.69** 0.89*** − 0.36

Water table 0.17 − 0.21 − 0.18 − 0.02

Soil moisture − 0.73** − 0.90*** 0.74**

Soil solution DOC 0.89*** − 0.52*

Soil solution color − 0.57*

Note. *p < 0.05, **p < 0.01, ***p < 0.001; n.a. indicates nonlinear relationships between variables.
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(Dawson & Fisher, 1964). Soil temperatures at 30 cm depth, the zone of highest methane production potential,
were permissive of CH4 production year‐round and would only briefly drop below 4°C in winter.

WTD is a key driver of CH4 fluxes in peatlands (Evans et al., 2021; Moore & Roulet, 1993), though its effect
depends on local conditions at the plot‐scale (Dinsmore et al., 2009). However, variations in WTD during this
study were <30 cm and showed limited seasonal variation. Thus, conditions conducive to methanogenesis and
limited methane oxidation were maintained throughout the year (Figure 1c). This is supported by historic data
from the same catchment showing high water tables either above or within 5 cm of the mire surface 83% of the
time (Evans et al., 1999). While CH4 emissions are generally expected to increase with rising water table, we
observed relatively lower fluxes during both times of lower water table and inundation (Figure S7 in Supporting
Information S1), similar to results reported for bogs by Turetsky et al. (2014). A reduction in emissions during
inundation may be due to a decrease in substrate availability as a result of reduced plant inputs as well as soil
temperature (Strack et al., 2004). The positive relationship between CO2 and CH4 emissions also indicates that the
system did not experience prolonged periods of oxidizing conditions characterized by low CH4 and high CO2
fluxes (Figure 2b).

Figure 4. Potential CH4 (a) production and (b) oxidation within the peat profile of three replicate peat cores; mean values are connected by continuous lines. Sampling
dates of peat cores during the 2016 growing season are shown at the top of panels. Note that rates for (a) are plotted on an inverse hyperbolic sine scale to visualize a large
range of values. Negative values indicate CH4 removal, positive values CH4 release.
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Emissions were also related to water chemistry (Table 1). DOC provides substrate for microorganisms and
has been previously shown to positively correlate with both CH4 and CO2 emissions (Liang et al., 2024;
Pastor et al., 2003; Zhang et al., 2022). The correlation between CH4 flux and soil solution color is more
ambiguous, as increases in soil solution color, resulting from the release of tannins during decomposition,
possibly integrate factors such as temperature, decomposer activity, and hydrology, rather than being a direct
cause of increased methanogenesis. However, the optical properties of soil solution in peatlands can serve as a
useful proxy of ecosystem processes (Hansen et al., 2016) and Liang et al. (2024) have found that CH4 emissions
in a saltmarsh increased with the humification index.

There was a high degree of variability in CH4 fluxes between chamber locations, particularly during the summer
and autumn where fluxes varied by up to two orders of magnitude (Figure 1a, Figure S10 in Supporting Infor-
mation S1). Part of this variability may be due to the differences in microtopography, microclimate, and vege-
tation between individual locations, which were not captured by our analysis. For instance, the locations with the
highest CH4 emissions had the highest abundance of graminoids (Figure S2, Table S1 in Supporting Informa-
tion S1), which are known to positively correlate with CH4 fluxes (Gray et al., 2013; Limpens et al., 2008; Ward
et al., 2013).

4.2. Methane Production and Oxidation Potentials

The laboratory peat incubations revealed no clear seasonal pattern in CH4 production and oxidation potentials,
although the highest production rates were observed in April (Figure 4). However, across all incubations, pro-
duction potentials were highest between 30 and 40 cm depth, while oxidation potentials decreased below the
water table (Figure S9 in Supporting Information S1). This is consistent with previous research showing the
highest CH4 production potential just below the average WTD (Sundh et al., 1994). Care must be taken when
extrapolating from such incubation experiments to field conditions as only potential rates are measured. In some
cases, net fluxes showed the opposite sign expected during anoxic or oxic conditions. Potential explanations for
this include, for example, anaerobic CH4 oxidation or, conversely, release of residual CH4 from the sample.
However, our results indicate that WTD remained consistently above the main zone of methanogenesis in the peat
profile and that the maximum CH4 production potential in the peat column was substantially higher than the
maximum CH4 oxidation potential throughout the measured period. This suggests that conditions at the study site
favored methanogenesis throughout the season with relatively limited potential for CH4 oxidation and associated
stable isotope fractionation (Sundh et al., 1994, 1995).

4.3. Methane Isotope Ratios

We expected to find seasonal variations in the stable isotope composition of CH4 primarily in response to changes
in the relative magnitude of CH4 production and oxidation processes. Stable isotope composition is the result of
biological and physical processes interacting during CH4 formation and release: fractionation during acetoclastic
or hydrogenotrophic methanogenesis leads to a pathway‐specific pattern of depletion in δ13C and δ2H; frac-
tionation during microbial oxidation leads to an enrichment in isotope signatures; transport through aerenchyma
leads to a depletion in isotope signatures. The balance between production and oxidation in particular can be
affected by factors such as temperature, substrate availability, and seasonal changes in plant mediated pathways
(Le Mer & Roger, 2001). We found that while both δ13C and δ2H‐values varied over time, they showed opposing
trends: δ2H had a strong negative relationship with CH4 emission flux, while δ

13C showed an increase with CH4
flux (Figure 3). Fractionation during CH4 oxidation or transport is expected to shift isotope values in the same
direction. However, changes in methanogenic pathways have opposing effects on C and H isotopes: acetoclastic
methanogenesis is associated with a relative enrichment in 13C but a relative depletion in 2H, compared to
hydrogenotrophic methanogenesis (Chanton et al., 2005). Therefore, our results indicate that increases in CH4
emissions are primarily driven by acetoclastic methanogenesis. Similar observations have been made in other
ecosystems. In both subtropical marine (Burke et al., 1988) as well as freshwater sediments (Burke et al., 1992), a
negative relationship was observed between δ13C and δ2H of CH4 with the highest δ

2H values observed during the
colder months of the year. In an ombrotrophic peat bog, a shift from hydrogenotrophic methanogenesis in May to
acetoclastic methanogenesis in July and September was found by Keller and Bridgham (2007), similar to what is
suggested by the opposing relationships of δ13C and δ2H with CH4 flux in this study. Such seasonal changes in
metabolic pathways are likely the result of changes in substrate availability as well as environmental conditions.
Acetoclastic methanogenesis is driven by plant inputs of labile C during the growing season, and senescent plant
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tissues after the growing season (Galand et al., 2005; Sun et al., 2012). Hydrogenotrophic methanogens become
relatively more prominent when there is a lack of plant inputs and during colder winter months (Sun et al., 2012).

It is acknowledged that peatlands are heterogenous ecosystems and stable isotope values can vary not only over
time but also with location. Measurements from a set of flux chambers may therefore not be representative of the
entire ecosystem (Fisher et al., 2017). Furthermore, CH4 production in peatlands is considered to be predomi-
nantly the result of acetoclastic methanogenesis (Kotsyurbenko et al., 2004), with the proportion of hydro-
genotrophic methanogenesis increasing with peat depth (Chanton et al., 2005; Popp et al., 1999). There is
evidence that methylotrophic methanogenesis may also occur in temperate peatlands, though this is rarely
considered (Zalman et al., 2018). Methylotrophic methanogenesis results in strong 13C fractionation and
comparatively low δ13C values (Penger et al., 2012). Our results are therefore still consistent with an increase in
emissions driven by acetoclastic methanogenesis.

4.4. Implications of Seasonal Variability

Wetland stable isotope signatures follow regional and latitudinal patterns (Feinberg et al., 2018; Oh et al., 2022)
and can vary on smaller scales between wetland types (Hornibrook & Bowes, 2007; Takriti et al., 2023). Time
series of CH4 stable isotope values from wetland sites are relatively rare (e.g., McCalley et al., 2014), and single
measurements should be considered as a snapshot of conditions at a specific point in time. Temporal changes in
isotope values of CH4 emissions due to shifts in the fraction of CH4 oxidized are included in some biogeochemical
models, for example, Oh et al. (2022). However, there is currently insufficient knowledge on how temporal shifts
in metabolic pathways affect the isotopic signature of wetland emissions. Our study, which found temporal
variations of 15‰ δ13C and 89‰ δ2H from a single peatland site, therefore points toward a critical gap in our
understanding of CH4 biogeochemistry. Recent research reiterates the importance of stable isotopes in con-
straining CH4 budgets (Basu et al., 2022; Oh et al., 2026), which requires accurate representation of both spatial
and temporal variability. While inferring broader patterns is beyond the scope of this study, together with findings
from other systems (Burke et al., 1988, 1992), it suggests a need for future research to investigate the prevalence
and underlying drivers of such variability in wetland ecosystems.

5. Conclusions
We have found CH4 emissions in a temperate ombrotrophic peat bog to be highly variable and strongly driven by
soil temperature, with unusually high fluxes in the summer and autumn of 2016. Such extreme events are difficult
to capture in short term or infrequent sampling campaigns, but understanding their causes may be key for pre-
dicting the response of peatlands to climate change as well as the large interannual variability observed in global
peatland emissions. Long‐term measurement campaigns that can capture such rare events are therefore critical for
understanding what are likely to be nonlinear responses in peatland ecosystems and how they may relate to
climate change. We found that the isotopic values of CH4 emissions vary in opposite directions for δ

13C and δ2H
with total flux. This suggests that in the absence of strong variation in WTD, changes in isotope values are due to
shifts in metabolic pathways where emission rate increases are driven by a higher proportion of acetoclastic
methanogenesis. Our results demonstrate the value of dual‐isotope measurements in investigating CH4 biogeo-
chemical processes, as changes in the more commonly used δ13C measurements alone may be attributed solely to
changes in CH4 oxidation. Our results further have important implications for atmospheric inversion models that
use stable isotopes to constrain CH4 emission sources as well as for understanding biogeochemical processes as
isotope signatures from peatlands are often assumed to be constant or change primarily in response to changes in
WTD. However, if temporal patterns such as those in this study are confirmed in wetland systems more broadly,
then this information may improve the ability of biogeochemical models to constrain CH4 emissions at regional or
global scales.
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this study as well as code for analysis and visualization are published on Zenodo. Data are available at https://doi.
org/10.5281/zenodo.18391367 (Takriti et al., 2026); R code is available at https://doi.org/10.5281/zenodo.
18392614 (Takriti, 2026).
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