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Abstract Northern peatlands are a globally significant source of methane (CH4), and emissions are
projected to increase due to warming and permafrost loss. Understanding the microbial mechanisms behind
patterns in CH4 production in peatlands will be key to predicting annual emissions changes, with stable carbon
isotopes (δ13C‐CH4) being a powerful tool for characterizing these drivers. Given that δ

13C‐CH4 is used in top‐
down atmospheric inversion models to partition sources, our ability to model CH4 production pathways and
associated δ13C‐CH4 values is critical. We sought to characterize the role of environmental conditions,
including hydrologic and vegetation patterns associated with permafrost thaw, on δ13C‐CH4 values from high‐
latitude peatlands. We measured porewater and emitted CH4 stable isotopes, pH, and vegetation composition
from five boreal‐Arctic peatlands. Porewater δ13C‐CH4 was strongly associated with peatland type, with δ

13C
enriched values obtained from more minerotrophic fens (− 61.2 ± 9.1‰) compared to permafrost‐free bogs
(− 74.1 ± 9.4‰) and raised permafrost bogs (− 81.6 ± 11.5‰). Variation in porewater δ13C‐CH4 was best
explained by sedge cover, CH4 concentration, and the interactive effect of peatland type and pH (r

2 = 0.50,
p < 0.001). Emitted δ13C‐CH4 varied greatly but was positively correlated with porewater δ

13C‐CH4. We
calculated a mixed atmospheric δ13C‐CH4 value for northern peatlands of − 65.3± 7‰ and show that this value
is more sensitive to landscape drying than wetting under permafrost thaw scenarios. Our results suggest northern
peatland δ13C‐CH4 values are likely to shift in the future which has important implications for source
partitioning in atmospheric inversion models.

Plain Language Summary Peatlands are abundant across the boreal‐Arctic landscape and are
important sources of methane, a powerful greenhouse gas. The amount of methane emitted into the
atmosphere depends on multiple factors including the organic material being decomposed and the
microbial processes (“pathways”) that produce methane. The different pathways of methane production
leave distinct fingerprints (“stable carbon isotopes”) on methane that provide information on how that
methane was formed and help to trace methane in the atmosphere back to its ground source. We looked at
how stable carbon isotopes change across five northern peatland locations and wanted to know what
controls those changes. We found that stable carbon isotopes differ between bogs and fens and are further
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controlled by soil pH and the abundance of sedge vegetation present. We used this information to test how
stable carbon isotopes from northern peatlands might change as the landscape becomes wetter or drier due
to the impacts of climate change. We found that peatland stable carbon isotopes are most sensitive to
potential landscape drying opposed to wetting which has important implications for improving methane
emission models.

1. Introduction
Northern peatlands store ∼20% of the Earth's soil carbon (Hugelius et al., 2020), and are globally significant yet
uncertain sources of methane (CH4). The rates and sources of CH4 emission from northern peatlands are
vulnerable to climate warming and permafrost thaw‐driven transitions in landscape composition (Turetsky
et al., 2020; Varner et al., 2022). Relatively minor changes in CH4 emissions from peatlands alter the radiative
forcing impact (i.e., climbing warming potential) on decadal scales (Frolking et al., 2006), making it critical to
better constrain current and future estimates of CH4 emissions. However, estimates of current annual CH4
emissions vary among different modeling approaches, which also limits our ability to predict future CH4
emissions. Bottom‐up global and regional models that use field data or process‐based models tend to find higher
annual emissions (Bansal, Post van der Burg, et al., 2023; Bloom et al., 2017; Peltola et al., 2019; Treat
et al., 2018) than top‐down inversion models that use atmospheric CH4 concentrations, chemical transport
models, and stable carbon isotopes (δ13C‐CH4) to trace annual CH4 emissions to ground sources (Basu
et al., 2022; Bruhwiler et al., 2021; Oh et al., 2023). Improving our understanding of the underlying mechanisms
controlling δ13C‐CH4 values could help bridge the gap between modeling approaches and reduce annual emission
uncertainties. Top‐down models use δ13C‐CH4 to separate contributions of atmospheric CH4 from fossil fuel
combustion and biogenic (i.e., microbial) sources, including peatlands (Basu et al., 2022; Oh et al., 2023; Stevens
& Engelkemeir, 1988). Some process‐based bottom‐up models use δ13C‐CH4 to partition the underlying
mechanisms of CH4 production and consumption, leading to more accurate simulations of CH4 emissions (Deng
et al., 2017). Only a handful of bottom‐up models (empirical and process‐based) simulate δ13C‐CH4 values which
can then be used to improve top‐down models (e.g., Ganesan et al., 2018; Oh et al., 2022).

Microbial CH4 production pathways produce CH4 with different δ
13C values that fall within distinctive ranges

(Popp et al., 1999; Whiticar et al., 1986). Acetoclastic methanogenesis, the fermentation of acetate into CH4 and
CO2, typically produces δ

13C values between − 70 and − 30‰ and occurs in environments with labile organic
substrates, such as graminoid‐dominated, nutrient‐rich peatlands and wetlands (e.g., fens, swamps, and marshes)
with Carex and Eriophorum species. Hydrogenotrophic methanogenesis, the reduction of CO2 with H2, produces
more depleted δ13C values between − 100 and − 60‰ and is often dominant in environments with less labile
organic substrates, few vascular plants, lower water table levels, and lower redox conditions (Conrad, 2020; Hines
et al., 2008; Hodgkins et al., 2014). These environments include Sphagnum‐dominated bogs and elevated
permafrost bogs such as palsas and permafrost peat plateaus (Olefeldt et al., 2021a, 2021b). Notably, other
production pathways, such as methylotrophic methanogenesis can also make up a portion of emitted CH4 (Dalcin
Martins et al., 2017) with a different range of δ13C‐CH4 that falls within the range of hydrogentrophy (− 83‰ to
− 72‰; Penger et al., 2012), but the relative importance of methylotrophy remains unconstrained (Conrad, 2020).
The δ13C value of porewater CO2 can be used alongside δ

13C‐CH4 to calculate the apparent fractionation factors
(α) for methanogenesis, which provides additional insights into microbial production pathways (Chanton
et al., 2005). δ13C‐CH4 values are also altered by CH4 consumption (methanotrophy), which enriches isotopic
values (Coleman et al., 1981). Plant‐mediated diffusion of CH4 also fractionates isotopes, leading to depleted
values in emitted CH4 compared to porewater (Chanton et al., 2005; Popp et al., 2000). However, the hydrogen
isotopic value of CH4, deuterium (δD‐CH4), can be paired with δ

13C‐CH4 to partition fractionation effects of
oxidation and plant transport (Chanton et al., 2005) and more accurately assess patterns in CH4 cycling. Despite
the influence of oxidation and plants on δ13C‐CH4 values, patterns in both porewater and emitted δ

13C‐CH4
values tend to show distinct differences between bog and fen habitats that suggest a shift from predominantly
hydrogenotrophic to acetoclastic production (Hines et al., 2008; Hornibrook, 2009; McCalley et al., 2014).
However, the reported range of emitted δ13C‐CH4 values for northern peatlands remains broad, and partly
overlapping between peatland types, making it challenging to scale values across large areas, identify key
environmental drivers of source changes, and use in inversion models to partition CH4 sources.
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Historically, the mixed atmospheric δ13C‐CH4 value used for microbial wetland sources was simplistically
represented by a value of ∼− 60‰ for the entire globe (Bousquet et al., 2006; Houweling et al., 2000; Mikaloff
Fletcher et al., 2004; Monteil et al., 2011; Rigby et al., 2012). More recently, models have differentiated wetland/
peatland δ13C‐CH4 values across latitudes (boreal‐Arctic: − 68 ± 4‰, Tropics: − 57 ± 3‰; Oh et al., 2022;
Ganesan et al., 2018), better representing latitudinal differences in C3 and C4 plant distribution and related
isotopic fraction of plant organic matter (Brownlow et al., 2017). However, the empirical data used to model high‐
latitude δ13C‐CH4 values supporting these studies are based on limited field measurements from northern
peatlands and the modeled spatial variation of δ13C‐CH4 values is not well constrained (Ganesan et al., 2018; Oh
et al., 2022). Furthermore, warming and permafrost thaw can alter landscape hydrology and vegetation (Lawrence
et al., 2015; Turetsky et al., 2020; Zhang et al., 2022) and thus change the CH4 production and consumption
pathways, shifting δ13C‐CH4 values. However, these changes are not currently considered in most δ

13C‐CH4
models, and more field‐based measurements are required to improve our understanding of the controls on
northern peatland δ13C‐CH4 values and related spatial patterns.

We visited five northern peatland complexes across four countries, with sites located within the sporadic and
discontinuous permafrost zones (10 to <50% and 50%–90% landscape permafrost cover, respectively), repre-
senting a range of climates and permafrost characteristics. We collected data on vegetation composition, atmo-
spheric CH4 and δ

13C‐CH4 fluxes, porewater pH, and porewater CH4 and CO2 concentrations and stable isotope
composition (δ13C‐CH4, δD‐CH4, and δ

13C‐CO2). Our first objective was to model the variation in stable isotopes
of porewater and emitted CH4 across diverse peatland habitats. We hypothesized that variation in δ

13C‐CH4
values would be best explained by vascular plant cover and peatland type, broadly defined by permafrost pres-
ence, hydrology, and vegetation characteristics (Olefeldt et al., 2021a, 2021b). For our second objective, we then
sought to use these model results to assess the sensitivity of northern peatland atmospheric values to vegetation
shifts and soil wetting and drying scenarios associated with projected permafrost thaw.

2. Study Locations and Methods
2.1. Study Locations and Peatland Classification

Peatlands within each of the five study locations were classified according to Olefeldt et al. (2021a, 2021b) and
were split into three classes based on permafrost presence, hydrology (i.e., soil saturation and water table), and
vegetation type; the combination of which lends to different CH4‐emitting potentials (Kuhn et al., 2021). The
three peatland types characterized in this study include permafrost‐free fens, permafrost‐free bogs, and
permafrost‐affected bogs (i.e., bogs underlain by permafrost in the top 2 m; Olefeldt et al., 2021a, 2021b).
These three wetland types represent a gradient of increasing possibility of external hydrological inputs.
Permafrost bogs have the smallest inputs of external surface water due to their raised (or perched) nature and
receive water mainly from rain (i.e., ombrotrophic). Permafrost‐free bogs have slightly more hydrological
(near‐surface) connections than permafrost bogs but remain mostly ombrotrophic. Fens are minerotrophic (i.e.,
influenced by groundwater inputs) peatlands with greater water exchange and less acidity than bogs and
permafrost bogs. Vegetation in these peatlands depends on nutrient status and hydrologic connectivity, with a
dominance of graminoids, forbs, and trees in nutrient‐rich fen ecosystems and more dominant ever‐green shrubs
and mosses in nutrient‐poor bog systems (Olefeldt et al., 2021a, 2021b; Rydin et al., 2013) (Figure S1 in
Supporting Information S1). Permafrost bogs often have the lowest water tables of the peatland types due to the
presence of permafrost in the near‐surface which causes the surface to be elevated. Permafrost bogs are
dominated by lichens, Sphagnum mosses, woody/ericaceous shrubs, and on occasion, trees (Olefeldt
et al., 2021a, 2021b).

We visited each of the five northern field sites once in July, between 2015 and 2019 (Figure 1; Table S1 in
Supporting Information S1). The peatland complexes span mean average annual temperatures (MAAT; 1970–
2000) of − 5.2 to − 0.6°C (Fick & Hijmans, 2017), have mean annual precipitation (MAP) between ∼270 and
∼390 mm, and are located across sporadic and discontinuous permafrost zones (Table S1 in Supporting Infor-
mation S1). Detailed site descriptions are provided in the respective literature for Abisko (Hodgkins et al., 2014;
McCalley et al., 2014), the Alaska Peatland Experiment (APEX; Kane et al., 2010), Kaamanen (Heiskanen
et al., 2021), Lutose (Heffernan et al., 2022), and Smith Creek (Schulze et al., 2023). Brief descriptions are
provided below and in Table S1 of Supporting Information S1:

Oliver Sonnentag, Merritt R. Turetsky,
Mark P. Waldrop
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Abisko (68.35°N, 19.05°E): Stordalen Mire, located near Abisko in northern Sweden, is a thawing permafrost
peatland. The peatland complex is composed of elevated, treeless permafrost palsas (i.e., permafrost bogs;
dominated by dwarf shrubs, feather mosses, and lichen), Sphagnum‐dominated bogs, and sedge (predominantly
Eriophorum angustifolium)‐dominated fens. The average peat depth at the site is 1–3 m (Åkerman & Johans-
son, 2008). The MAAT at the site has steadily been increasing and is often above 0.0°C (average 0.3°C; 1991–
2015) and MAP over that same period is ∼340 mm (Kuhn et al., 2018).

APEX (64.70°N, 148.31°W): The Alaska Peatland Experiment (APEX) is located near the Bonanza Creek Long‐
Term Ecological Research Forest, near Fairbanks, Alaska, USA. The site is classified as a permafrost‐free rich
fen, dominated by sedge (Carex atherodes), marsh cinquefoil (Potentilla palustris), water horsetail (Equisetum
fluviatile), and brown mosses (Drepanocladus aduncus and Hamatocaulis vernicosus). Also part of the APEX
suite of sites is a black spruce dominated permafrost bog underlain by relatively thin and young (Holocene aged)
permafrost, with adjacent thermokarst bogs resulting from surface permafrost thaw over the past several hundred
years. Peat depth at the site is ∼1–2 m (Euskirchen et al., 2024; Kane et al., 2010). MAAT and MAP at APEX are
− 2.3°C (1970–2000) and 269 mm (1917–2000), respectively (Hinzman et al., 2006).

Kaamanen (69.14°N, 27.27°E): Kaamanen is a patterned mesotrophic patterned fen located in northern Finland,
comprising low‐lying flarks (wet fen habitats) and elevated strings (bog‐like habitats). Fens at the site have high
water tables and are dominated by sedge species (Eriophorum angustifolium, Trichophorum cespitosum, Carex
spp.) and brownmosses (e.g., Scorpidium scorpioides). The bog‐like elevated strings are dominated by Ericaceae
shrubs, feather mosses, and Sphagnum mosses, have lower water table depths, and frozen ground is present for
most of the growing season (Heiskanen et al., 2021). The peat depth at the site is 1–2 m (Piilo et al., 2020). MAAT
and MAP at the site are − 0.7°C (1970–2000; − 0.4°C for 1981–2010) and 472 mm, respectively (Pirinen, 2012).

Smith Creek (63.15°N, 123.26°W): The Smith Creek peatland complex is located near Pehdzeh Ki (also referred
to as Wrigley), Northwest Territory, Canada. The site is a permafrost peatland complex with a mix of treed,
permafrost peat plateaus (i.e., permafrost bogs) and permafrost‐free, saturated fens and bogs. Vegetation on the
permafrost bogs is characterized by open canopy, stunted black spruce (Picea mariana), Labrador tea (Rhodo-
dendron groenlandicum), woody shrubs, lichens (Cladonia spp.), and patches of dry‐adapted Sphagnum fuscum.
Fens at this site have water tables above the ground surface and are dominated by open water, but also patches of
Carex spp. and Potentilla palustris (marsh cinquefoil). Bogs are dominated by Sphagnum fuscum and Sphagnum
divinum/medium (not differentiated), bog‐rosemary (Andromeda polifolia), leatherleaf (Chamaedaphne caly-
culata), and hare's tail cottongrass (Eriophorum vaginatum). Newly formed “thermokarst wetlands” at the site
have higher water tables than bogs and are composed of Sphagnum riparium and rannock rush (Scheuchzeria

Figure 1. The five study locations (orange circles) across the northern region. Permafrost zones, indicated by blue shadings,
are from Brown et al. (2002). Representative photos of the five study sites are shown to the right of the map.
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palustris). We classified these newly formed thermokarst wetlands as fens under the definitions by Olefeldt
et al. (2021a, 2021b). Peat depth at the site is ∼1.5 m (Schulze et al., 2023). MAAT and MAP are − 5.1°C and
∼360 mm, respectively (1970–2000).

Lutose (59.49°N, 117.18°W): The Lutose field site is located in northern Alberta, Canada. The site comprises
similar peatland types and vegetation as the Smith Creek Site (∼700 km away; see description above). The site is
located at the southern extent of permafrost in boreal Western Canada, an area where total permafrost loss from
plateaus is projected to occur by 2050 (Chasmer & Hopkinson, 2017). Peat depth at the site is 5–6 m (Heffernan
et al., 2020). MAAT and MAP are − 1.6°C and 391 mm, respectively (1970–2000).

2.2. Field Sampling of Porewater Chemistry and Emitted Isotopes

Individual plots (∼1 × 1 m) at each site were classified into the BAWLD peatland types described above (Olefeldt
et al., 2021a, 2021b). Sampling locations were chosen to cover a range of vegetation and microhabitat covers and
were limited by boardwalk location when boardwalks were present. The number of porewater sampling locations
(145) was greater than the number of chamber flux sampling locations (15; see Table S2 in Supporting Infor-
mation S1). For vegetation percent cover, individual species were estimated across 16 sub‐squares within the
1 × 1 m quadrat at each plot. Species were then coarsely classified as lichen, Sphagnummoss, other moss species,
shrub, vascular plants (i.e., graminoids; herein referred to as sedges), tree, or other (mostly forbs). Percent cover
of muck (i.e., bare peat) and open water were also recorded. Summaries of the average vegetation cover for each
peatland type across the five circumpolar locations are provided in Figure S1 of Supporting Information S1.

Porewater samples were taken from 145 plots every 10 cm at depths between 0 and 60 cm below the peat surface
(Figure S2 in Supporting Information S1; Table S2 in Supporting Information S1), for quantification of pH,
dissolved concentrations of CH4 and CO2, and their respective isotopes (δ

13C‐CH4, δD‐CH4, and δ
13C‐CO2).

Porewater samples were collected using a 3 mm inner diameter perforated stainless steel sipper inserted
immediately before sampling. Porewater samples were collected in depth order from the shallowest to deepest
sample and between samples 60 mL of porewater was collected and discarded to ensure all sampled water (see
below) was from the correct depth. Due to variations in the water table depth across peatland types and individual
plots, all six depths were not always sampled as we only sampled below the water table (Figure S2 in Supporting
Information S1). For paired porewater samples and flux measurements, porewater samples were taken adjacent to
collars to not disturb the area within the collars. Porewater pH was measured on‐site with an Oakton Waterproof
pHTestr 10 (Eutech Instruments, Woburn, MA). For porewater CH4 concentrations, two 30 mL samples of
porewater were equilibrated with 30 ml of ambient air in a 60 ml polypropylene syringe by shaking each syringe
for ∼2 min (Bansal, Creed, et al., 2023). Equilibrated headspace air samples were injected into pre‐evacuated
30 ml vials equipped with rubber butyl septa and crimp caps for storage before analysis. A subset of pore-
water gas samples (n= 25) at all sites except for Abisko were sampled for δD‐CH4. For paired dissolved CH4 and
CO2 samples, 25 ml of porewater from each sampled depth was injected into a pre‐evacuated 30‐ml vial acidified
with 1 ml of 20% H3PO4. Limited measurements were taken at Abisko and included pH, vegetation, porewater/
emitted δ13C‐CH4 and CH4 concentrations, but did not include CO2 concentrations/isotopes or δD‐CH4.

Emitted CH4 fluxes and associated δ
13C‐CH4 were measured at a subset of pre‐established plots across all lo-

cations (n = 15 and 13 for CH4 flux measurements and emitted δ
13C‐CH4 measurements, respectively). Emitted

fluxes were measured using a static chamber with headspace sampling with a plastic syringe every 20 min over an
hour. Flux measurement set‐ups previously existing at each site were adopted at all sites (Heffernan et al., 2022;
Heiskanen et al., 2021; Schulze et al., 2023; Turetsky et al., 2008). The different chamber volumes at each site
(size range: 48–144 L) were accounted for in flux calculations. At all locations, chambers were gently placed on
pre‐installed collars while standing on boardwalks to minimize disturbance to the soil. Chambers were sealed to
the collars by filling the collar grooves with water after placing the chamber. δ13C‐CH4 fluxes were determined by
leaving the chamber on for 40–60 min to ensure sufficiently high concentrations for analysis (see below). In
Abisko, flux and emitted isotope data were measured with autochambers attached to a quantum cascade laser
spectrometer (Aerodyne; full methods described in McCalley et al., 2014). Abisko autochamber data presented
here represent the July 2015 monthly averages per peatland type. The δ13C‐CH4 isotopic value of the chamber
samples was compared to an ambient air sample collected at the plot before chamber closure to determine the net
isotopic value using Keeling plots following calculations described by Fisher et al. (2017).
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2.3. Analysis of Porewater Chemistry and Emitted Isotopes

Paired porewater δ13C‐CH4 and δ
13C‐CO2 values and headspace CH4 and CO2 concentrations were analyzed at

Florida State University (FSU), via a continuous‐flow Hewlett‐Packard 5890 gas chromatograph (Agilent
Technologies) with a column temperature of 40°C coupled to a Finnigan MAT Delta isotope ratio mass spec-
trometer (GC‐IRMS) via a Conflo IV interface system (Thermo Scientific) (Hodgkins et al., 2015). Headspace
concentrations were converted to dissolved forms based on headspace‐to‐water volume ratios and the proportion
of formerly dissolved gas in the headspace after acidification (“extraction efficiency”; Corbett et al., 2013;
Hodgkins, 2016). We used an extraction efficiency of 0.95 for CH4 while total dissolved inorganic carbon
(∑CO2) extraction efficiency was determined based on dissolved bicarbonate standards (Hodgkins, 2016).
Porewater CO2 concentrations represent ∑CO2 but are herein referred to as CO2. Methane concentrations from
the chamber headspace (emitted fluxes) were determined via analysis with a gas chromatograph equipped with a
flame ionization detector (GC‐FID, Shimadzu GC‐14A) at the University of New Hampshire (UNH) following
Treat et al. (2007). Paired porewater δ13C‐CH4 and δD‐CH4 were determined using an Aerodyne dual Tunable
Infrared Laser Direct Absorption Spectroscopy (TILDAS) at UNH as described by Perryman et al. (2022) and
Robison et al. (2022). Porewater δ13C‐CH4 values from Abisko were only run at UNH. A previous comparison of
δ13C‐CH4 values from the same samples between FSU (GC‐IRMS) and UNH (TILDAS) analytical methods were
highly correlated (linear regression, r2 = 0.80, P < 0.0001, n = 64; Bennett, 2020). The δ13C‐CH4 of chamber
headspace and ambient air samples used to calculate emitted δ13C‐CH4 were also determined via TILDAS
following Perryman et al. (2023).

We used the paired δ13C‐CH4 and δ
13C‐CO2 to calculate apparent fractionation factors (αC; Equation 1) to further

distinguish CH4 production pathways by accounting for the co‐production (acetoclastic methanogenesis) or
utilization (hydrogenotrophic methanogenesis) of CO2 following the methods used by Hodgkins et al. (2014)
based on Whiticar et al. (1986), wherein αC is calculated as follows:

αC = (δ13C − CO2 + 1,000)/(δ13C − CH4 + 1,000) (1)

2.4. Scaling and Sensitivity Analysis

To estimate current and potential future atmospheric δ13C‐CH4 values from northern peatlands, we applied the
measured fluxes and their δ13C‐CH4 values from each peatland type to their respective areas in BAWLD (Olefeldt
et al., 2021a, 2021b). Notably, the BAWLD land cover classification includes a fourth wetland type, tundra
wetlands, which are similar in function, vegetation, and water table depth to fens, but are underlain by permafrost
and can have less than 40 cm of peat (Olefeldt et al., 2021a, 2021b). For the sensitivity analysis, we applied fen
fluxes and δ13C‐CH4 values from this study to tundra wetlands. We determined the atmospheric δ

13C‐CH4 value
under two time frames with differing flux magnitudes‐ July and the growing season (∼June‐August). July esti-
mates incorporate fluxes measured in this study while growing season estimates incorporate the average growing
season flux for each peatland type as synthesized by Kuhn et al. (2021). We kept δ13C‐CH4 values constant across
the season to test the role of landcover change. A handful of site‐level studies have, however, shown that δ13C‐
CH4 values can vary across the growing season (e.g., McCalley et al., 2014; Throckmorton et al., 2015), but no
consistent seasonal patterns have been observed yet. Thus, any potential changes between July and growing
season results in our study reflect the magnitude of CH4 emissions and not changes in isotopic values.

We calculated the current northern peatland emitted isotopic values by first multiplying CH4 flux magnitudes by
associated peatland areas and dividing this output for each peatland type by total peatland emissions to determine
the proportion of CH4 in the atmosphere from each peatland type (Equation 2). Peatland types were split into bogs
(permafrost bogs and non‐permafrost bogs) and fens. We then multiplied the δ13C‐CH4 values by these pro-
portions to arrive at a mixed atmospheric value (Equation 3):

R = (FPeatType × APeatType)/Totalem (2)

Atm δ13C − CH4 = ( ( (δ13C − CH4(bogs) × Rbogs) + (δ13C − CH4( fens) × Rfens)))/100 (3)

where R is the emission ratio for each peatland type, FPeatType is the measured daily flux for each peatland type
(mg CH4 m

− 2 d− 1), APeatType is the area of each peatland type (m
2; determined by Olefeldt et al., 2021a, 2021b),

Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007837

KUHN ET AL. 6 of 17

 21698961, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007837 by L
uonnonvarakeskus, W

iley O
nline L

ibrary on [26/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and Totalem is total CH4 emissions from peatlands (mg CH4 d
− 1). Atm δ13C‐CH4 is the mixed peatland isotopic

value in the atmosphere. δ13C‐CH4 (bogs) and δ
13C‐CH4 (fens) were determined by first averaging replicates

from individual plots then, by averaging values across all bog and fen plots, respectively. Uncertainty of the
atmospheric mixed value was calculated using the 95% confidence intervals for the δ13C‐CH4 values.

To test the influence of permafrost thaw and potential shifts in landscape wetting and drying on growing season
peatland atmospheric values, we ran a sensitivity analysis looking at shifts in peatland type areas and sedge cover.
We altered the areas of the peatland types in BAWLD to reflect potential landcover transitions driven by warmer
temperatures and permafrost thaw. Warming and permafrost thaw can lead to a wetter landscape through the
thawing and subsequent karsting of ice‐rich permafrost causing wetland expansion (Turetsky et al., 2020).
Further, glacial meltwater contributions can also lead to wetland expansion (Turetsky et al., 2020). In our
landscape thawing and wetting scenarios, raised permafrost bogs thaw and are converted to tundra wetlands and
fens. Alternatively, permafrost thaw can lead to a drier landscape through the draining of tundra wetlands un-
derlain by permafrost, transitioning the ecosystem to drier, bog‐like peatlands (Lawrence et al., 2015). Climate
change can also lead to more evaporation and less precipitation, lowering water tables, and shifting vegetation
communities (Zhang et al., 2020), leading fens to act more functionally like bogs. Thus, in our landscape thawing
and drying scenarios, permafrost bogs, tundra wetlands, and fens are converted to bogs (see Table S5 and Figure
S7 in Supporting Information S1).

We ran the sensitivity test with five peatland area scenarios including; no change in current areas, 10% and 20%
drier, and 10% and 20% wetter peatland landscapes (Table S3, Figure S3 in Supporting Information S1). Within
each of the change in area scenarios, we also assessed the sensitivity of porewater δ13C‐CH4 values to changes in
sedge cover using a linear mixed effects model (see below) with the interactive effects of peatland type and sedge
cover (±20%, 40%, 60%, 80% change in relative sedge cover; Tables S4 and S5 in Supporting Information S1).
While this model was not the highest‐performing model it represents the best‐ model with predictor variables that
can be remotely sensed (Table S6 in Supporting Information S1). We then used the modeled porewater δ13C‐CH4
values to predict emitted values based on a linear relationship between porewater values and emitted values.
Notably, these scenarios serve as a sensitivity analysis to test the effects of potential shifts in peatland types and
sedge cover on δ13C‐CH4 values and do not represent modeled/predicted land cover changes (Figure S9 in
Supporting Information S1).

2.5. Statistical Analysis

All statistical analyses were performed in R statistical software (R Core Team, 2023). Statistical tests were
performed using linear mixed‐effects models (R Package 3.3.3; Lme4 Package (Bates, 2010)). We included
random effects of the individual plots and circumpolar location to account for multiple sampling depths per plot
and nested variation within the five locations, respectively. Each linear mixed‐effect model was compared to the
respective null model, which only included the random effects, using an ANOVA (“anova” command) to test for
significance (significance level = 0.05). If significant, individual peatland type pairs were then compared using a
post‐hoc, parametric t‐test (Tukey's adjustment). Model performance for predicting porewater δ13C‐CH4 was
conducted using size‐corrected Akaike information criterion (AICc; “AICcmodavg” package; Mazerolle &
Mazerolle, 2017). All data and model residuals followed approximate normal distributions. Results are presented
as mean ± standard deviations unless otherwise noted.

3. Results
Our multi‐site data set of porewater chemistry shows large variations and differences in stable CH4 isotope values
among peatland types, indicating different CH4 production pathways. Dissolved porewater CH4 concentrations
ranged between 0.01 and 1.32 mM and did not differ across peatland types (P = 0.28, Figure 2a; n = 291; Tables
S7 and S8 in Supporting Information S1) or by peatland type interacting with depth (P = 0.4; Figure 2a).
Porewater δ13C‐CH4 ranged from − 99.9‰ to − 35.9‰ and was δ13C enriched in fens (mean ± standard devi-
ation; − 62.9 ± 9.4‰) compared to bogs (− 74.1 ± 9.3‰) and permafrost bogs (− 81.6 ± 11.5‰, P < 0.001;
n = 291; Figure 2b), indicating a potentially greater importance of acetoclastic methanogenesis (potential
oxidation effects withstanding) in fens than in bogs. This pattern held when we included values from the literature
(P < 0.001, n = 43; Figure 3).
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For the subset of samples (n= 193) used to determine the best predictive model for porewater δ13C‐CH4, peatland
type explained 27% of the variation in porewater δ13C‐CH4 (P < 0.001) and was the best individual predictor
variable (Table S6 in Supporting Information S1). Sampling depth was not a significant predictor variable on its
own (P = 0.3; Table S6 in Supporting Information S1), nor while interacting with peatland type (P = 0.21; Table
S6 in Supporting Information S1). Within all peatland types, porewater δ13C‐CH4 was positively correlated with
pH (r2 = 0.21, P < 0.0013) and percent sedge cover (r2 = 0.14, P < 0.001; Figure S4 in Supporting Informa-
tion S1). The interactive effects of sedge cover and peatland type and pH and peatland type explained 35% and
44% of the variation, respectively (P < 0.001, each). Porewater CH4 concentration on its own only explained 4%
of the variation in porewater δ13C‐CH4 (P < 0.001); however, a combination of porewater CH4, sedge cover, and
the interactive effect of peatland type and pH explained half the variation in δ13C‐CH4 (r

2 = 0.50, P < 0.001) and
was the best performing model (AIC analysis; Table S6 in Supporting Information S1).

Figure 2. Porewater chemistry across peatland types from all five locations including (a) dissolved CH4, (b) δ
13C‐CH4,

(c) δ13C‐CO2, and (d) the fractionation factor (αC), defined as (δ
13C‐CO2 + 1,000)/(δ

13C‐CH4 + 1,000). Colored points
represent individual measurements across multiple plots at depths between 0 and 60 cm. Statistical differences (denoted by
the letters) were determined using mixed linear regression with individual plots and circumpolar location as random factors
to account for multiple samples at each depth and plot and natural variation within the location (significance level 5%;
Tukey's HSD: P < 0.05). When letters differ between boxes in each row this indicates significant differences. Boxes show
25th to 75th percentiles. Whiskers indicate 10th and 90th percentiles and black points outliers. Horizontal lines denote
medians. Sample sizes are indicated next to the letters.
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Porewater CO2 concentrations varied between 0.6 and 11.4 mM. Concentrations were similar across the peatland
types, with an exception for bogs, which had slightly lower concentrations (2.25 ± 1.34) compared to fens
(3.79 ± 2.00, P < 0.01), but similar concentrations to permafrost bogs (2.25± 1.34, P = 0.54, n= 242; Figure S5
in Supporting Information S1). Porewater δ13C‐CO2 values ranged from − 28.2 to 0.02‰
(average = − 14.5 ± 4.6‰) and were statistically more similar across the peatland types with minor difference
between permafrost bogs and bogs (P = 0.03, n = 242; Figure 2c).

The apparent fractionation factor (αC), which further distinguishes CH4 production pathways by accounting for
the co‐production (acetoclastic methanogenesis; lower αC) and/or utilization (hydrogenotrophic methanogenesis;
higher αC) of CO2 (Hodgkins et al., 2015; Whiticar et al., 1986), followed similar patterns to δ

13C‐CH4, with
higher αC values in permafrost bogs and bogs (1.07, each) and lower values in fens (1.05, P < 0.001, n = 240;
Figure 2d). δD‐CH4 varied from − 442.9‰ to − 231.0‰ (n = 25; Figure 3). The greatest change in δD‐CH4 was
between 10 and 30 cm below the peat surface for two fens at the APEX site (∼− 250 and − 375‰, respectively;
Figure S6 in Supporting Information S1). However, we found no significant differences between peatland types in
our study (P = 0.44, n = 24; Figure 3 and Figure S5 in Supporting Information S1) or those in the literature
(P = 0.14, n = 43; Figure 3), nor did we find a significant relationship with depth (P = 0.50, n = 24).

Average emitted δ13C‐CH4 fluxes varied between − 85.6‰ and − 46.7‰ (mean ± 95% CI of plot aver-
ages= − 67.9± 7.3‰) and differed between fens and permafrost bogs/bogs (P= 0.01 n= 10). Emitted δ13C‐CH4
fluxes closely correlated with average porewater δ13C‐CH4 for those respective sites (r

2 = 0.60, P = 0.008,
n = 11; Figure 4). Methane fluxes ranged from 1 to 617 mg CH4 m

− 2 d− 1 with the greater fluxes from fens
(253.0± 220 mg CH4 m

− 2 d− 1; n= 6) than from bogs (87.3± 81.6 mg CH4 m
− 2 d− 1; n= 4) and permafrost bogs

(2.2 ± 1.0 mg CH4 m
− 2 d− 1; n = 2; Figure S7 in Supporting Information S1). Due to a small sample size, we did

not perform statistical analysis between peatland types.

Figure 3. Relationships of δ13C‐CH4 and δD‐CH4 in a subset of peat porewater samples for different types of peatlands across
four of the locations sampled in this study (δD‐CH4 samples were not taken at Abisko) compared to peatland values from
other studies (open shapes). The symbols are plot‐specific means, and error bars denote standard error for individual peatland
types in each location. “PermBog” = Permafrost Bog. The ellipses represent the 95% confidence interval. Boxplots on the x
and y axes show the distribution of δ13C‐CH4 and δD‐CH4 by peatland type, respectively.
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When accounting for differences in area, flux magnitude, and emitted isotopic values for fens and bogs, mixed
atmospheric peatland values for July and growing season were − 63.6 ± 7‰ and − 65.3 ± 7‰, respectively
(simple scaling; Figure 5). The modeled growing season value, which accounted for the average sedge cover in
each peatland type, was more depleted than the simple scaling estimate by 1.4‰ (Figure 5). Under the sensitivity
analysis scenarios, the mixed atmospheric value of peatland CH4 became enriched when fen area and sedge cover
increased, with value changes of 0.7–3.5‰ under 10%–20% wetter scenarios (Figure 5). However, values
changed more under the drying scenarios wherein the landscape shifted toward more bogs with less sedge cover,
depleting values by 1.1–5.7‰ (10%–20% drier scenarios; Figure 5). The atmospheric value was highly sensitive
to changes in sedge cover and changed the current peatland area atmospheric value 5.3‰ (64.1–69.4‰) when
relative sedge cover was changed between − 80 and +80% for each peatland type.

4. Discussion
4.1. Drivers of Peatland Porewater δ13C‐CH4 Values

Analysis of our multi‐site data set of 240 porewater samples showed that δ13C‐CH4 and αC values correlate with
peatland types across the five northern locations. We found that porewater δ13C‐CH4 differs significantly between
fens and bogs/permafrost bogs (Figure 2), which is in line with results from previous northern peatland studies
(Blaser & Conrad, 2016; Chanton et al., 2006; Corbett et al., 2015; Heffernan et al., 2022; Hodgkins et al., 2014;
Hornibrook, 2009; McCalley et al., 2014; Whiticar, 1999). Fens in our study had a mean porewater δ13C‐CH4
value (− 61.2‰) that fell within the expected range of acetoclastic methanogenesis (− 70 to − 30‰), while
permafrost bogs and bogs (herein referred to as bogs) had mean porewater values (− 74.1‰ and − 81.5‰,
respectively) falling within the expected range of hydrogenotrophic methanogenesis (− 100 to − 60‰; Figure 2).

Differences in apparent CH4 production pathways between fens and bogs were further supported by αC values
(Figure 2), with larger isotopic fractionation between CO2 and CH4 in bogs indicating higher contribution of

Figure 4. Relationship between below‐ground and emitted δ13C‐CH4. The red dotted line represents the 1:1 line while the
black line represents the regression slope. Points represent average emitted fluxes from individual plots (y‐axis) or the
average value across all porewater depths at that plot (x‐axis). Kaamanen data was not included here due to limited samples
and high instrument error for emitted isotopes. “Permbog” = permafrost bog. The sampling depths ranged from 10 to 50 cm
for fens, 10–60 cm for bogs, and 10–30 cm for the Smith Creek permafrost bog.
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hydrogenotrophic methanogenesis than in fens. Our αC values fall within the previously established ranges re-
ported across a latitudinal transect in Alaska (Chanton et al., 2006), and previously reported values for sites in this
study, including at Lutose, Alberta (Heffernan et al., 2022) and Abisko, Sweden (Stordalen Mire; Hodgkins
et al., 2014) (Table S9 in Supporting Information S1), which matches findings from previous studies (Galand
et al., 2010; Keller & Bridgham, 2007; Kelly et al., 1992). While earlier studies highlighted the increasingly
dominant role of hydrogenotrophic methanogenesis with depth in the peat profile (Chasar et al., 2000; Hornibrook
et al., 1997), here peatland type explained more variation in δ13C‐CH4 than sampling depth, which on its own was
a non‐significant predictor (Table S6 in Supporting Information S1). It's possible that our sampling design did not
capture a large enough depth gradient to see shifts to hydrogenotrophic production. For example, we only sampled
10–60 cm below the surface and some sites have peat depths greater than 200 cm (Lutose; Heffernan et al., 2022),
similar to depth profiles in Chasar et al. (2000) and Hornibrook et al. (1997).

Figure 5. Sensitivity analysis of atmospheric growing season peatland δ13C‐CH4 values to potential shifts in peatland type
areas and sedge cover. Zero changes in sedge cover and wetness represent the current peatland types, determined by
vegetation surveys in this study. The increases and decreases in peatland wetness represent potential shifts in bogs versus fen
areas (see also Figure S9 in Supporting Information S1). Estimates of current peatland δ13C‐CH4 values are represented by
black points. Circles represent the output from the mixed model and the triangle represents the output from the simple,
means‐weighted scaling approach. On the x‐axis, positive values represent a potential shift toward more fens while negative
values represent a shift toward more bogs. Colors represent relative changes in sedge cover respective to each peatland type.
The dotted lines represent the commonly used, simplified isotopic signature (i.e. value) for northern peatlands (− 60‰) and
the suggested signature for the boreal‐Arctic region (Oh et al., 2022; Ganesan et al., 2018; − 68‰). Peatland areas are from
Olefeldt et al. (2021a, 2021b).
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Peatland type was the best individual predictor of porewater δ13C‐CH4, but pH, sedge cover, and porewater CH4
improved model performance (r2= 0.50). Our results are in line with previous studies that found that nutrient‐rich
wetlands with more vascular plants and higher pH stimulate the production of labile organic substrates for
acetoclastic methanogenesis, which would be more prevalent in fens (Heffernan et al., 2022; Hines et al., 2008;
Hodgkins et al., 2014; McCalley et al., 2014). Notably, the interactive effects of pH and peatland type explained
even more variation (44%) in porewater δ13C‐CH4 than peatland type alone, reflecting the range of pH conditions
within peatland types and the potential impact on CH4 cycling. While the connection between pH and CH4
production is complex (Conrad, 2020), the positive relationship between pH and δ13C‐CH4 in our study could
suggest inhibitory effects of low pH on acetoclastic methanogenesis. Similar observations have been linked to
both the pooling of and the poor dissociation of acetate in low pH conditions (Hines et al., 2008; Lansdown
et al., 1992), the absence of acid‐tolerant acetoclastic methanogens (Horn et al., 2003), and the correlation be-
tween low pH and the presence of decomposition‐inhibiting phenolic compounds (Tahvanainen &
Haraguchi, 2013).

While our results demonstrate the potential for porewater pH to predict δ13C‐CH4, it is difficult to extrapolate
below‐ground measurements across large areas. When we only consider models that include parameters that can
be remotely sensed or mapped at region scales, peatland type and sedge cover were the best predictors of
porewater δ13C‐CH4 (interactive effect; r2 = 0.38). Previous scaling efforts have used soil pH and soil organic
carbon maps to predict δ13C‐CH4 values (Ganesan et al., 2018; Oh et al., 2022), but often these maps are low in
resolution (e.g., 30 arc seconds to 0.5 by 0.5°) and are based on limited or highly localized field samples (Chen
et al., 2022), inadequately capturing the high variability in soil conditions (Hugelius et al., 2020). Given peatlands
can vary at meter scales, above‐ground approaches to scaling may be more reliable. As remote‐sensing products
increase in resolution (Bartsch et al., 2023), our results suggest that using above‐ground metrics of peatland type
and sedge cover to model peatland δ13C‐CH4 could be a viable alternative to using pH and soil carbon‐based
mapping products.

4.2. Effect of Oxidation and Intra‐Site Comparisons of Methane Isotopes

There was little evidence that CH4 oxidation led to the observed separation in δ
13C‐CH4 between peatland types,

as indicated by the lack of porewater samples that are enriched in both δ13C‐CH4 and δD‐CH4 (top right quadrant
on Figure 3; Chanton et al., 2005). Although higher water tables and lower redox conditions have been linked to
higher CH4 oxidation rates in saturated fens in subarctic Sweden (Perryman et al., 2020), these isotopic oxidation
effects did not appear to separate the different peatland types (Figure 3). Apart from two fens in APEX, Alaska,
δD‐CH4 values for all peatland plots were within the same range (∼− 450 to − 350‰). The two APEX plots had
enriched δD‐CH4 values towards the surface (− 375‰ at 30 cm to − 230‰ at 10 cm; Figure S8 in Supporting
Information S1), suggesting an oxidation effect. A sedge rhizosphere oxidation effect has been demonstrated in
mesocosms representative of the APEX site (Rupp et al., 2019), which supports sedge cover as being a significant
driver of δD‐CH4 and δ

13C‐CH4 enrichment in the APEX fens included in this study.

A comparison of porewater δ13C‐CH4 and δD‐CH4 signatures in our study and those reported in the literature
(Bellisario et al., 1999; Chanton et al., 2006; Hodgkins, 2016; Popp et al., 1999; Waldron, Hall, & Fal-
lick, 1999; Waldron, Lansdown, et al., 1999), suggests that δ13C‐CH4 can be used effectively to distinguish
between bogs and fens, due to the strong role of methanogenesis pathway in shifting δ13C signatures
(P < 0.001; Figure 3). In contrast, there appears to be little distinction in δD‐CH4 between peatland types
(P = 0.14) in our study. While δD‐CH4 signatures can be indicative of differences in CH4 production
pathways (Chanton et al., 2005; Whiticar, 1999; Whiticar et al., 1986), δD‐CH4 is also impacted by other
factors including latitudinal or evaporative changes in δD of water, a hydrogen precursor to the hydrogen in
methane (Chanton et al., 2006; Douglas et al., 2021; Waldron, Hall, & Fallick, 1999; Waldron, Lansdown,
et al., 1999), and also the concentration of di‐hydrogen in the soils (Burke, 1993). Waldron, Hall, and Fal-
lick (1999) and Waldron, Lansdown, et al. (1999), suggested that some of the justification for the observation
that the δD of CH4 was a good indicator of the difference between acetate‐formed CH4 versus CO2 reduction
CH4 is because CH4 samples that were representative of the CO2 reduction pathway were often from the
marine environment where the δD‐H2O is close to 0%, the signature of ocean water. Methane representative
of acetate fermentation was more likely sampled from terrestrial environments where the δD‐H2O was
depleted relative to marine H2O (Waldron, Hall, & Fallick, 1999; Waldron, Lansdown, et al., 1999). For
terrestrial environments at high latitudes, the effect would be even more pronounced (Waldron, Hall, &
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Fallick, 1999; Waldron, Lansdown, et al., 1999). Thus in our opinion, for these reasons, δD‐CH4 is a less
reliable indicator of pathway and wetland type than δ13C‐CH4.

Interestingly, our observed patterns in peatland CH4 isotopes differed from intra‐site comparisons of isotopes
from northern lake CH4 bubbles. Wik et al. (2020) found that the CH4 isotopes in bubbles from distinct lake types
(thermokarst, peatland, glacial/post‐glacial) were separated based on δD‐CH4 but not based on δ

13C‐CH4.
Douglas et al. similarly found that δD‐CH4 varied more than δ

13C‐CH4 in high‐latitude inland waters, opposite of
wetlands, potentially driven by variable and potentially more dominant oxidation in inland waters (2021). Further,
the range of δ13C‐CH4 values from lake bubbles (∼− 80 to − 50‰) overlaps with peatland porewater δ13C‐CH4
values in our study (− 99.9‰ to − 35.9‰). These results indicate that while δ13C‐CH4 can potentially be used to
distinguish between peatland types, it may be harder to confidently separate peatland and lake emissions in
northern regions.

4.3. Emitted Isotope Patterns and Atmospheric Values

We found a positive relationship between porewater δ13C‐CH4 and emitted δ
13C‐CH4 (r

2 = 0.60; Figure 4),
despite having a limited sample size (n = 11). There was no discernible evidence of consistent oxidation or plant‐
transport effects on emitted isotopes across peatland types as indicated by bog and fen points that fall both below
and above the 1:1 line. Our findings differ from previous northern studies that observed emitted values for bogs
and fens falling predominantly below the 1:1 line, indicating a fractionation effect from plant transport (Horn-
ibrook, 2009; Marushchak et al., 2016). The differences could potentially be explained by higher rates of
oxidation or less vascular plant cover in our study plots. For example, as highlighted previously, δ13C‐CH4 and
δD‐CH4 values suggest oxidation is responsible for enriched δ

13C‐CH4 values compared to porewater values.
However, only one of the two APEX fen plots is above the 1:1 line, which also suggests that plant transport can
mask the signal of oxidation in emitted δ13C‐CH4 values. While more measurements of emitted isotopes are
required, our results suggest that emitted δ13C‐CH4 values reflect below‐ground patterns and have the potential to
be used to predict emissions values from this region.

Our chamber measurements showed a wide range in emitted δ13C‐CH4 values from fens (− 42‰ to − 80.5‰) and
bogs (− 72‰ to − 97‰). It is notable that chamber‐based measurements are limited by small area coverage and
potential changes in isotopic value during the enclosure period due to pressure changes and ebullition (Horn-
ibrook, 2009); thus, large spatial coverage is required to constrain uncertainty (Fisher et al., 2017). Despite the
limitations of chamber measurements, emitted δ13C‐CH4 differed between fens and bogs in our study (P < 0.01).
When we accounted for the area, flux magnitude, and emitted isotopic value of CH4 from fens and bogs, we found
a peak season (July) atmospheric value of − 63.6 ± 7‰ and a growing season value of − 65.3 ± 7‰ (simple
scaling approach; Figure 5). Our growing season value estimate is on the outer range of reported aircraft mea-
surements for wetlands over northern Europe (− 70.5 ± 2.7 ‰; Fisher et al., 2017), but is within the suggested
δ13C‐CH4 atmospheric value range for all northern peatlands (− 68 ± 4‰; Ganesan et al., 2018; Oh et al., 2022)
and is similar to reported values from aircraft measurements over Saskatchewan peatlands (− 66.8± 1.6‰;Miller
et al., 2014). Despite overlapping uncertainty, our average isotope values match previous studies and similarly
suggest that northern peatland values are more depleted than the historically used − 60‰ value (Bousquet
et al., 2006; Houweling et al., 2000; Mikaloff Fletcher et al., 2004; Monteil et al., 2011; Rigby et al., 2012)
(Figure 5).

4.4. Sensitivity of Northern Peatland δ13C‐CH4 Atmospheric Values to Change

Currently, fens and wet tundra are the dominant source of peatland/wetland CH4 emissions in the boreal‐Arctic
region (Kuhn et al., 2021), but that may change as permafrost thaws, altering the distribution of soil moisture (i.e.,
hydrology) and vegetation cover across peatlands. In our sensitivity analysis, δ13C‐CH4 values were enriched
slightly (0.7–3.5‰ enrichment) under the wetting scenarios wherein fen and sedge area increased. However,
values changed more under the drying scenarios wherein bog area expanded and sedge cover was reduced (1.1–
5.7‰ depletion; Figure 5). Under all scenarios, values were more depleted than the historically used wetland
values of − 60‰. For the wetting scenarios, modeled values were enriched (− 66 to − 63‰) compared to the
suggested value for the boreal‐Arctic region of − 68‰ (Ganesan et al., 2018; Oh et al., 2022). Under the drying
scenarios, modeled values were near or more depleted than − 68‰ (− 72.4 to − 67.8‰; Figure 5). Notably, the
sedge cover estimates used in our models are dependent on ground‐based vegetation surveys; to improve
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estimates of emitted δ13C‐CH4 values, we need high‐resolution remote sensing products to quantify sedge cover
over larger areas. However, our results demonstrate that as the northern region experiences accelerated rates of
permafrost thaw we are likely to see changes in the δ13C‐CH4 values of northern peatlands. We suggest these
changes need to be reflected in spatial δ13C‐CH4 products like those developed by Oh et al. (2022) and Ganesan
et al. (2018) to improve inversion model estimates of annual CH4 emissions.

5. Future Research Directions and Conclusions
Our results suggest broadly defined peatland types explain some of the variation in porewater δ13C‐CH4, but
including variation in pH and sedge cover within the peatland types helps improve model performance. We
additionally show that the atmospheric δ13C‐CH4 value of northern peatlands is sensitive to thaw‐driven hy-
drological shifts and associated changes in peatland types and sedge cover across the landscape. However, more
plot‐level measurements of emitted δ13C‐CH4 are needed to confidently partition δ

13C‐CH4 values from northern
peatlands and constrain the atmospheric value. Notably, our work establishes differences in δ13C‐CH4 values
during July only and does not cover potential changes in production pathways and values over the entire growing
season or year, which could be significant (Chang et al., 2021; Marushchak et al., 2016; Throckmorton
et al., 2015). Further, our study represents snapshots across single years. Annual changes in temperature and
precipitation could alter observations of δ13C‐CH4 and should be considered in future studies. Still, our work
reinforces the need to develop models that incorporate differences in δ13C‐CH4 values between and within
peatland types and to also consider how climate change will impact landscape composition and thus impact δ13C‐
CH4 values. Here we provide evidence that peatland type and sedge cover may be valuable predictors for northern
peatland δ13C‐CH4 values.

Data Availability Statement
All data are available on the EMERGE database (https://emerge‐db.asc.ohio‐state.edu/datasources/0154_A2A_
Summary_Files). The Boreal‐Arctic Wetland and Lake Data set (BAWLD) is available at the Arctic Data Center
(https://doi.org/10.18739/A2C824F9X).
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