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Abstract Peatlands have accumulated vast quanti-

ties of organic carbon over thousands of years but it is

unclear how these sensitive ecosystems will respond to

future climate change. If emissions of methane from

peatlands increase, then they may contribute increas-

ingly towards climatic warming due to the higher

greenhouse warming potential of this gas. We inves-

tigated the radiocarbon concentration of methane

emissions from a temperate bog over 1.5 years, which

we supported with measurements of the surface flux of

methane and carbon dioxide. The radiocarbon content

of methane emissions varied greatly, frommodern (i.e.

fixed from the atmosphere within recent decades)

to * 1400 years BP. Flux rates of methane were

spatially and temporally highly variable. A vegetation

clipping experiment showed that plants had a great

influence on the carbon isotope composition and flux

of methane emitted from the peat surface, consistent

with earlier studies showing the key role of plants in

peatland methane emissions. When plants were

absent, emission rates were 70–94% lower and the

radiocarbon age of methane emissions was much

younger and less variable. Our radiocarbon measure-

ments show that at this peatland, plant-associated

methane emissions contain carbon originally fixed

from the atmosphere up to hundreds of years earlier,

consistent with a contribution from plant mediated

transport of methane sourced from sub-surface layers.

Keywords Methane � Radiocarbon � Peatland �
Climate change � Vegetation � Carbon dioxide

Introduction

Northern peatlands have been estimated to contain

1016 to 1105 Gt of organic carbon (C) and to sequester

around 60 Mt C year-1 from the atmosphere (Nichols

and Peteet 2019). The rate of peat accumulation

represents the balance between photosynthetic fixation

of carbon dioxide (CO2) and decomposition processes

which result in the net flux of CO2 and methane (CH4).

Whether the decay processes result in the production

of CO2 or CH4 depends on factors such as the presence

of aerobic or anaerobic conditions, and the extent of

CH4-oxidation (Clymo and Bryant 2008). This is

important because although both CO2 and CH4 are
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greenhouse gases, CH4 has a greenhouse warming

potential twenty-eight times that of CO2 (over a

100 year time horizon; IPCC 2014) and has increased

in the atmosphere by over 150% since pre-industrial

times (Crill and Thornton 2017). Moreover, the

climatic sensitivity of peatlands and their considerable

contribution to global methane emissions (northern

peatlands alone account for 12% of global emissions;

Lai 2009) makes it essential that we understand the

processes leading to peatland CH4 production and

emission if we are to more accurately forecast future

atmospheric methane concentrations (Crill and Thorn-

ton 2017) and associated warming potential.

Factors controlling the production of methane

include substrate availability and temperature in

addition to the availability of oxygen (largely deter-

mined by the position of the water table e.g. Moore and

Roulet 1993) and other electron acceptors. The onset

of reduction in waterlogged systems takes place due to

oxygen depletion which triggers a change in microbial

populations and a concomitant change in the types of

electron acceptors they can utilise. Facultative anaer-

obes use nitrate, manganese oxides and iron oxides

whereas obligate anaerobes make use of sulphate and

finally CO2 (the last two electron acceptors in the

sequential reduction reaction chain; Pulford and

Flowers 2006). Methanogenic bacteria in peatlands

(especially those containing low concentrations of

nitrate and sulphate) convert accumulated organic

matter to CH4 and CO2 under anaerobic conditions.

Which methanogenic pathway (acetoclastic or hydro-

genotrophic) is the dominant process in peatlands is

thought to be dependent on the peatland type (e.g.

hydrogenotrophic methanogenesis in ombrotrophic

bogs; Hornibrook 2009) but can also be a matter of

some dispute (e.g. discussion in Clymo and Bryant

2008).

The activity of plants has long been known to exact

an important control on methane production in peat-

lands. For instance, Whiting and Chanton (1993)

found a direct correlation between net ecosystem

production and peatland methane efflux rate in sites

spread across a range of latitudes. Multiple lines of

evidence (including radiocarbon measurements)

pointed to the importance of recent plant-derived

carbon inputs driving methane emissions in several

North American peatlands (Chanton et al.

1995, 2008). More recently, Bhullar et al. (2014)

demonstrated a direct, but small, role of root exudates

in methanogenesis.

Once generated, methane within the peat can be

liberated to the atmosphere by diffusion, ebullition or

via the vascular systems of plants (Chanton 2005; Lai

2009). Plant mediated release of CH4 occurs during

the process of aerating tissues that are submerged in

water, with diffusion gradients or pressure differences

resulting in a flow to the atmosphere of gases that have

accumulated in the root zone (Raskin and Kende

1983, 1985; Joabsson et al. 1999). In addition, loss of

CH4 can occur through oxidation by methanotrophic

bacteria (Frenzel et al. 1992; Laanbroek 2010) and

therefore emissions from wetlands are a result of the

balance between the processes of methanogenesis and

methanotrophy (Le Mer and Roger 2001). However,

whilst the role of peatland plants in controlling

methane release (Whiting and Chanton 1993; Shannon

et al. 1996; Watson et al. 1997; Verville et al. 1998;

Joabsson et al. 1999; Rinnan et al. 2003; Marinier et al.

2004; Ström et al. 2005) and production has been well

established in the literature, in a recent synthesis,

Carmichael et al. (2014) concluded that the role of

vegetation in the global methane budget was the least

understood of the identified natural sources.

It is currently thought that more accurate partition-

ing of sources will be key to closing the gap in the

estimate of global methane budgets (Fisher et al.

2017). Partitioning of emissions can be achieved using

the stable carbon isotopic composition (d13C) of

methane because plant mediated transport causes

large isotopic fractionation effects (Chanton 2005;

Conrad 2005) via diffusional fractionation. However,

other processes, such as those associated with different

methanogenic pathways, also cause large and differing

isotopic fractionations (Whiticar et al. 1986) which

complicates the overall picture and limits the under-

standing that can be gained from stable carbon isotope

measurement alone. Further insight into the source of

peatland methane emissions is possible by measure-

ment of its radiocarbon (14C) content (Chanton 2005;

Clymo and Bryant 2008).

The 14C content of carbon-containing decomposi-

tion products (e.g. CH4) provides unique information

on when the carbon was photosynthetically fixed from

the atmosphere, the amount of time that the carbon has

been sequestered, and within a peatland context,

information on the location where it was generated

(Clymo and Bryant 2008). Carbon fixed from the
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atmosphere hundreds to thousands of years ago can be

dated using conventional radiocarbon techniques and

has been frequently used to determine the date of

peatland initiation or rate of peat accumulation (e.g.

Turunen et al. 2002; Nichols and Peteet 2019). Carbon

fixed since the mid-AD1950s has elevated 14C

concentrations ([ 100% modern) resulting from

atmospheric testing of nuclear devices and unambigu-

ously indicates an age of less than 60 years since

sequestration. Previous studies of the 14C age of

peatland methane have largely been limited to samples

collected from within the peat profile of temperate

sites (e.g. Aravena et al. 1993; Bellisario et al. 1999;

Charman et al. 1999; Chanton et al. 2008; Clymo and

Bryant 2008; Garnett et al. 2011). Fewer studies have

determined the 14C content of methane emitted from

the peat surface, probably because the lower concen-

trations make it more difficult to achieve the typi-

cal[ 1 ml CH4 required for radiocarbon analysis by

accelerator mass spectrometry (AMS). Studies by

Wahlen et al. (1989), Quay et al. (1991), Chanton et al.

(1995) and Leith et al. (2014) all found the 14C content

of emitted methane to be similar to the contemporary

atmospheric CO2, indicating that a large proportion of

methane is derived from recently fixed organic matter

(Chanton et al. 1995; Leith et al. 2014). In contrast,

Garnett et al. (2012) reported pre-bomb 14C concen-

trations for emitted methane (up to 1400 years BP),

suggesting a substantial contribution from much older

sources. Prompted by this discrepancy, and the small

number of 14C analyses that have so far been

performed, we undertook an assessment of the spatial

and temporal variation in the age of peatland methane

emissions with a particular aim to examine the

influence of vegetation on the age and source of this

greenhouse gas.

Here, we report measurements of the radiocarbon

content (age) and supporting flux data on methane

emitted from the surface of a temperate raised peat bog

over a period of 1.5 years, encompassing two growing

seasons. We also describe a plant-removal experiment

where we use the natural abundance 14C content of

methane to investigate the role of vegetation in

peatland surface methane emissions. Our objectives

were:

1. To quantify the age and rate of methane emission

and to assess temporal and spatial variation.

2. To evaluate the influence of plants on the age of

peatland methane emissions.

We hypothesised that the presence of plants would

exhibit a greater control on the age of methane

emissions, compared to other factors including tem-

perature and water table depth.

Methods

Site description

The study was conducted at Langlands Moss, an

ombrotrophic raised peat bog (* 25 hectares) in

central south–west Scotland, United Kingdom (55� 440
5.500 N, 4� 100 25.800 W). The site has an altitude of

217 m and annual temperature and precipitation have

been reported as 7.3 �C and 971 mm/year, respec-

tively (Langdon and Barber 2005). The peat depth at

our study area is approximately 6 m, although max-

imum peat depth further towards the centre of the bog

has been reported to be at least 8 m (Langdon and

Barber 2005). The predominant vegetation species at

the site are Eriophorum vaginatum, Calluna vulgaris,

Erica tetralix, and Sphagnum spp., with no trees being

present. Langlands Moss has been the focus of

numerous earlier radiocarbon studies investigating

the age of peat with depth (Langdon and Barber 2005),

surface emissions of methane (Garnett et al. 2012),

sub-surface peat gases (CO2 and CH4; Garnett et al.

2011) and evasion of CO2 and CH4 in waters draining

the peatland (Garnett et al. 2013; Dean et al. 2017).

We selected three microsites based on topography

since this had been shown to strongly affect methane

flux rates (Clymo and Pearce 1995; Lai 2009) and

represented the dominant habitats at our site (Table 1).

For each microsite, we established two permanent

collars for the investigation of methane fluxes. The

Hummock microsites (A1 and A2) were peat mounds

that were relatively elevated to the surrounding terrain

by * 30–50 cm, and were composed of sedges,

Calluna vulgaris and bare peat. The Intermediate

(B1 and B2) microsites occupied an elevation in

between hummocks and the lowest parts of the bog

and were predominantly vegetated by the sedge

Eriophorum vaginatum and mosses. The Hollow

microsites (C1 and C2) occupied relative depressions

in the peatland surface and the vegetation consisted
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predominantly of Sphagnum moss. Each pair of

chambers were located * 2 m apart, and all microsite

plots were within 5–10 m of each other. Boardwalks

were established next to the collars to prevent site

disturbance.

The collars were circular (cross sectional area =

1257 cm2, volume 60 L) and inserted vertically 20 cm

into the peat surface on the 13th April 2011. The

collars were constructed from high density plastic

barrels (120 L Open Top Keg, Ampulla Ltd, UK)

which were cut horizontally into two, with the top half

being used for the collar. The lid to the barrel fitted

securely to the collar, and when in place, created an

enclosed, airtight chamber with an effective headspace

of * 25 L for flux measurement and gas sampling. To

mimic surrounding vegetation, we painted the sides of

the chambers green and to prevent heating effects

covered the lids in reflective aluminium foil. We

installed gas sampling ports by drilling two holes

(5.5 mm o/d) at opposite sides of each lid into which

we inserted * 5 cm lengths of Tygon tubing (6 mm

i/d and 8 mm o/d, Fisher, UK). Into the ends of the

tubing we placed quick connect couplings with auto-

shutoff valves (Colder Products Co (CPC), USA)

which facilitated connection to our sampling

equipment.

Field measurements

Methane concentration in the chambers was measured

using a Detecto Pak-Infrared (DP-IR) CH4 analyser

(Heath Consultants Inc, USA). This instrument mea-

sures CH4 concentration with a precision of 1 ppm and

an accuracy of 10% and has previously been demon-

strated to be reliable for determining methane fluxes

from peatland chambers (Cooper et al. 2017). During

measurement, the DP-IRwas connected in-line to each

chamber using Tygon tubing and CPC couplings in a

closed loop, so that headspace air was returned to the

chamber after measurement. The rate of methane

emission was calculated from the increase in head-

space CH4 concentration assuming a linear rate over a

period of 24-hours (with one exception when a

48-hour period was used in August 2012). Measure-

ments during the May 2011 sampling showed that

methane concentration increased linearly (r2[ 0.93)

over the first four days in all chambers. However, after

four days several of the chambers visually showed a

slight inhibition of emissions through 1 week,

although the r2 remained high (0.98) in five of the

six chambers (Garnett et al. 2012; Supplementary

Table S1 and Fig. S1). Carbon dioxide emissions were

quantified over a 10-min period (immediately after

sealing the chambers) using the same gas sampling

Table 1 Characteristics of individual sampling plots. Vegetation composition was estimated from spatial coverage

Site Microsite Vegetation composition Mean CH4 flux

(mg CH4–C

h-1 m-2)

Mean CO2 flux

(mg CO2–C

h-1 m-2)

Mean water

table depth

(cm ± SE)

A1 Hummock Sedges (50%), Ericaceous (5%),

Mosses (15%), Bare peat (30%)

0.56 ± 0.11BC

(n = 15)

37.01 ± 4.51A

(n = 13)

19.7 ± 1.1A

(n = 40)

A2 Hummock Sedges (55%), Ericaceous (20%),

Mosses (25%), Bare peat (0%)

0.20 ± 0.03C

(n = 15)

60.55 ± 8.72A

(n = 15)

B1 Intermediate Sedges (45%), Ericaceous (10%),

Mosses (45%), Bare peat (0%)

1.17 ± 0.18A

(n = 15)

59.28 ± 10.11A

(n = 15)

0.6 ± 0.6B

(n = 40)

B2 Intermediate Sedges (35%), Ericaceous (0%),

Mosses (45%), Bare peat (20%)

0.42 ± 0.07C

(n = 15)

41.19 ± 4.95A

(n = 15)

C1 Hollow Sedges (30%), Ericaceous (0%),

Mosses (70%), Bare peat (0%)

0.91 ± 0.15AB

(n = 15)

57.30 ± 12.37A

(n = 15)

2.2 ± 0.8B

(n = 40)

C2 Hollow Sedges (0%), Ericaceous (10%),

Mosses (90%), Bare peat (0%)

0.17 ± 0.04C

(n = 15)

42.79 ± 7.66A

(n = 15)

Mean gas fluxes and water table depth were determined using measurements collected over an entire year (from May 2011 to April

2012; i.e. before vegetation clipping). Means that do not share a superscripted letter differ significantly (p\ 0.05)
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lines and an EGM-4 infrared CO2 gas analyser

(PPsystems, Hitchin, UK). Flux measurements were

made from all chambers at approximately monthly

intervals.

We monitored water table depth at each microsite

using dip-wells located in between each pair of

chambers. The dip-wells were made from drain pipe

(50 cm long, 5 cm o/d, with holes drilled along the

sides), and were installed at the same time as the

chambers. Water table depth was determined relative

to the peat surface with a tape measure, and when not

being measured, the dip-wells were covered with an

upturned plastic cup. Air temperature at the peat

surface, and peat temperature at 10 cm depth were

measured every 15 min using a Tiny Tag 2 temper-

ature logger fitted with a temperature probe (Gemini

Data Loggers Ltd, Chichester, UK).

Radio- and stable carbon isotope analysis

of methane

To enable radiocarbon measurement of emitted

methane we collected samples of chamber headspace

gas on five occasions between May 2011 and August

2012. In both 2011 and 2012, samples were collected

at the beginning of the growing season (‘‘Early’’) and

in late summer (‘‘Late’’). Samples were also collected

during the middle of the growing season in 2011 only

(‘‘Mid’’; see Table 2 for sampling dates). Headspace

gases were collected by connecting the inlet of the DP-

IR to a gas sampling port on a chamber, and a 10 L foil

gas bag (SKC Ltd, UK) to the exhaust port of the DP-

IR, thus using the internal pump (* 1 L min-1) of the

instrument to fill the gas bag at the same time as

chamber CH4 concentration was being measured. To

prevent a vacuum being created in the chamber, the

other gas port of the chamber was vented, allowing the

headspace to be backfilled with atmospheric air. We

did not prevent the inclusion of atmospheric methane

in samples, either from this backfilling of the chamber,

or when the chambers were sealed. Instead, we

measured the chamber CH4 concentration during bag

filling with the DP-IR and mathematically corrected

all chamber carbon isotope measurements based on

the average methane concentration and assuming an

atmospheric methane content of 3 ± 1 ppm, with a
14C concentration of * 130% modern and a d13C
of - 47% (Lassey et al. 2007; Garnett et al. 2012). To

ensure the minimum of 1 ml CH4 required for 14C

analysis, chambers were left for between 2 and 7 days

before gas collection (Table 2). Closure of the

chambers for this length of time appeared visually to

have no deleterious effects on the vegetation.

Gas sample bags were returned to the NERC

radiocarbon facility and processed within a few days

of collection. Garnett et al. (2012) describe the

laboratory procedures in detail, but briefly, processing

involved removal of CO2 using soda lime and 13X

zeolite molecular sieve, combustion of sample

methane to CO2 (using a platinum catalyst heated to

950 �C), followed by cryogenic purification. The

volume of the recovered CO2 was measured, and the

sample split. One aliquot of sample CO2 was used to

determine d13C (relative to the Vienna PDB standard)

using isotope ratio mass spectrometry (IRMS). A

second aliquot was converted to graphite using Fe:Zn

reduction (Slota et al. 1987) and measured for 14C

content using AMS at the Scottish Universities

Environmental Research Centre (East Kilbride, UK).

Following convention, 14C results were corrected for

isotopic fractionation using the IRMS d13C values and

reported as both %modern and conventional radiocar-

bon ages (in years BP, where 0 BP = AD 1950;

Stuiver and Polach 1977).

Partitioning of methane sources

One month before the fourth set of methane samples

were collected (Early-12), we began a partitioning

experiment to investigate the contribution of plants to

the age and rate of methane emissions. For each of the

microsites, we removed the vegetation by clipping one

of the two plots. Where possible, all vegetation was

removed to the bare peat surface. In plots where

Sphagnum was abundant (especially Hollow collars),

we clipped all vegetation, including the surface layer

Table 2 Dates when chambers were sealed for collection of
14CH4 samples

Reference Dates

Early-11 16–23 May, 2011

Mid-11 11–15 July, 2011

Late-11 12–14 September, 2011

Early-12 21–24 May, 2012

Late-12 20–23 August, 2012
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of greenmoss, so that the underlying pale-yellowmoss

(not photosynthetically active) defined the peatland

surface. To discourage regrowth, a layer of black

permeable (to water and air) weed control fabric was

placed on the surface of clipped plots. Plots were

inspected during each site visit and new growth of

plant material removed from clipped collars. Flux

measurements continued to be undertaken at approx-

imately monthly intervals and all plots (vegetated and

clipped) were sampled for isotope analysis of methane

using the methods described above.

The effect of vegetation on the flux of methane was

determined using mass balance (Eq. 1) and the 14C

and 13C content of the methane emitted due to the

presence of plants was determined using isotope mass

balance (Eq. 2):

Fpð%Þ ¼ ðFv � FcÞ=Fv � 100 ð1Þ

Dp ¼ ðDv � Fv � Dc � FcÞ=Fp ð2Þ

where F represents the rate of methane emission

(during collection of the isotope samples; mg CH4–C

h-1 m-2) and D the 14C (%modern) or d13C (%) of

vegetated (v) and clipped (c) plots. Fp is the proportion

of the methane flux due to the presence of plants, and

Dp is the
14C or d13C of the methane that is solely due

to vegetation.

We used themeasurements from the two late season

sampling occasions, with the results from Late-11 (i.e.

before clipping) representing sites with intact vegeta-

tion, and results from Late-12 (4 months after clip-

ping) representing the plant-free treatment. This

allowed us to make comparisons at the same time of

year, and therefore avoided complications caused by

seasonal patterns. To control for inter-annual varia-

tion, we performed the same tests on the unclipped

plots from the same two sampling dates (Late-11 and

Late-12).

Statistical analyses

We usedmixed-effects models to examine flux rates of

CH4 and CO2 from microsites prior to clipping, with

chamber as a random factor. Analysis of variance with

Tukey post-hoc tests was used to identify differences

between sites. Pearson correlation coefficients were

calculated to examine relationships between measured

variables, and paired t-tests were undertaken to test for

significant differences in chambers before and after

clipping. All statistical tests were performed using the

statistical software package Minitab (versions 18 and

19).

Results

Field and carbon isotope measurements

Air temperature at the peat surface of Langlands Moss

ranged from - 5 to 30 �C over the * 1.5 years of the

study (Fig. 1) and had an annual mean of 8.0 �C (May

2011–May 2012). Peat temperature at 10 cm depth

displayed far less variation than air temperature and

exhibited a progressive increase from a winter min-

imum (e.g. * 2 �C in January 2012) to peak temper-

atures in September (2011 = * 16 �C;
2012 = * 15 �C). Annual average peat temperature

at 10 cm depth was 9.1 �C (May 2011–May 2012).

Water table depth at Intermediate and Hollow

microsites was significantly (p\ 0.0001) closer to the

peat surface compared to the Hummock microsite

(Fig. 1). The water table during the 2011 growing

season was relatively low at all three microsites,

compared to the same time in the following year

(Fig. 1).

There was a clear seasonal pattern in methane

fluxes with highest values generally occurring in

September/October and lowest fluxes during winter

(Fig. 2). When considering measurements prior to

clipping, a mixed-effects model showed that methane

flux varied significantly with microsite (p\ 0.001),

with Intermediate chambers emitting on average more

methane than the other sites (averages: Hummock

0.38 mg CH4–C h-1 m-2, Intermediate 0.80 mg CH4-

C h-1 m-2, Hollow 0.54 mg CH4–C h-1; Table 1).

Significant differences were not found for carbon

dioxide emissions when grouped by microsite

(p = 0.992), although a clear seasonal pattern of

highest fluxes during summer ([ 100 mg CO2–C

h-1 m-2), and lowest fluxes in winter (\ 10 mg

CO2–C h-1 m-2) was observed (Fig. 2).

Across all microsites there was no significant

correlation between air temperature and methane

emission rate (p[ 0.155), though peat temperature

(at 10 cm depth) did correlate positively (p\ 0.001)

with CH4 flux. A significant negative correlation was

observed between water table depth and CH4 flux rate

across all sites (p\ 0.001); when examined by
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microsite this relationship was strongest for the

Hummock microsite (p\ 0.01), but was marginally

(p\ 0.09) and not (p = 0.297) significant at the

Intermediate and Hollow sites, respectively. The

situation was again somewhat different for carbon

dioxide compared to methane, with a significant

correlation (p\ 0.001) between CO2 flux and air

temperature. However, as also found for CH4 emis-

sions, the CO2 fluxes correlated with peat temperature

(p\ 0.001). There was no significant correlation

between CO2 emissions and water table depth

(p = 0.542).

In 2011 (before clipping), the radiocarbon concen-

tration of methane emissions ranged from 84.0 to

108.2%modern, equivalent to a 14C age range of

1400 years BP to modern (Fig. 3). Four of the

chambers had 14C contents less than 100%modern

on each sampling occasion in 2011, while two

chambers had CH4 emissions that were modern during

the Mid-11 and Late-11 samplings. When grouped by

Fig. 1 Temperature (�C) of air (at the peat surface) and peat (at
10 cm depth) measured * 10 m from the sampling sites at a

temperate raised bog from May 2011 to November 2012 (top).

Water table depth (bottom) at the three microsites (Hummock,

Intermediate and Hollow) from April 2011 to November 2012.

Shaded rectangles represent the five sampling events when gas

collection for isotope analysis took place. During sampling

events water table was measured daily, but less frequently at

other times. Lines connecting data points are to aid interpreta-

tion and not to imply the depth of water table between

measurements
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microsite, the Intermediate chambers emitted methane

that was 14C-depleted relative to the Hollow sites

(p = 0.04). No differences were found in the stable car-

bon isotope composition of CH4 in 2011, when

grouped by microsite (p[ 0.05). Methane 14C content

did not correlate significantly (p[ 0.05) with tem-

perature (air and soil), water table depth, or methane

d13C. However, there was a pattern of increasing

methane 14C content with time during 2011, which

resulted in a significant (p = 0.014) correlation

between methane %modern and day of year (Fig. 4;

a similar pattern of increasing methane %modern with

day of year was also observed in 2012).

Fig. 2 Rate of methane (top) and carbon dioxide (bottom)

emission (mg C h-1 m-2) from the surface of a temperate raised

bog during 2011 and 2012. Measurements were taken from three

microsites: Hummock (A), Intermediate (B) and Hollow (C).

Shaded rectangles represent the five sampling events when gas

collection for isotope analysis took place. Bold symbols

represent the three plots (A1, B2 and C1) after vegetation had

been removed by clipping (April 2012); all other data points are

for plots with intact vegetation. Lines connecting data points are

to aid interpretation and not to imply emission rate between

measurements. Error bars based on the precision of the gas

analysers used (for CO2 they are smaller than the symbols). See

supplementary Tables S2 and S3 for data
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Partitioning of methane sources

We found that the 14C content of methane emitted

from clipped plots was significantly higher than when

the same plots had contained vegetation one year

earlier (p = 0.004). However, the 14C content of the

unclipped control plots was also significantly

(p = 0.039) higher in Early-12 compared to

Fig. 3 Radiocarbon (top; %modern ± 1r) and stable carbon

(bottom; d13CVPDB;% ± 1r) isotope concentration of methane

emitted from the surface of a temperate raised bog on five

occasions during 2011 and 2012. Samples were collected from

three microsites: Hummock (A), Intermediate (B) and Hollow

(C). All results are for plots with intact vegetation, except those

columns with an ‘‘X’’ above or below where the vegetation had

been clipped. Results have been corrected for a small

component of atmospheric CH4 (see ‘‘Methods’’ section).

Dashed line indicates the 14C concentration of atmospheric

CO2 at the time of sampling. Results for the Early-11 samples

were previously reported in Garnett et al. (2012). See

supplementary Table S4 for data
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Early-11, whereas for the late growing season the

same comparison showed no significant differences in
14C, d13C or flux (p = 0.493, 0.196 and 0.568 for the
14C, d13C and CH4 flux measurements, respectively).

We therefore restricted our analysis of the partitioning

experiment to the late growing season samples to

control for inter-annual variation.

We found highly significant (p = 0.002) differ-

ences in methane d13C, with CH4 emissions when the

chambers contained vegetation (- 74.3 to - 70.4%)

being much more 13C-depleted compared to plant-free

chambers (- 46.3 to - 38.2%; Table 3). Although

CH4 fluxes were not quite significantly different when

clipped or vegetated (p = 0.08), the same chambers

had CH4 emission rates that were 3–14 times greater

when vegetation was present. Isotope mass balance

indicated that methane emitted due to the presence of

vegetation had a 14C content of 93.42–101.85%mod-

ern, showing that it contained a substantial component

of pre-bomb carbon and was older than the total

methane flux (Table 3). Methane that was associated

with the presence of plants in the Intermediate and

Hollow sites was the oldest and had 14C contents that

were equivalent to radiocarbon ages of * 550 and

220 years BP, respectively. Isotope mass balance also

showed that methane emitted by peatland plants was

highly 13C-depleted, with d13C values of - 76.1

to - 83.9% (Table 3).

Discussion

Potential chamber effects

The chambers that we used were primarily designed to

enable the collection of enough methane for radiocar-

bon analysis and were broadly similar to other

chambers used for the determination of methane

fluxes from soils (Pihlatie et al. 2013). It was

particularly important that our chambers contained a

relatively large headspace since this would allow the

collection of enough methane for 14C analysis at

relatively low concentrations (recognising that exces-

sive methane concentrations in the headspace could

introduce artefacts through disturbance of the natural

methane concentration gradient). A caveat was that it

was necessary to close the chambers for several days

to enable enough methane to be collected for analysis

(although we reduced this to between 2 and 4 days

after the first sampling). While all chambers produce

artefacts (Davidson et al. 2002; Lai et al. 2012) it is

possible that the prolonged chamber closure time

might have introduced additional artefacts. We did

observe that methane emission rates in vegetated plots

remained linear for up to 4 days and sometimes longer

(see Supplementary Table S1 and Fig. S1), which

supports the reliability of our calculated flux rates

(mostly determined over 1 day), and visual examina-

tion did not indicate that the vegetation had been

negatively impacted. In addition, we note that Leith

et al. (2014) collected their 14CH4 samples in cham-

bers that were sealed for even longer (5 to 9 days).

Moreover, it is very likely that plant-free chambers

would be less affected by prolonged chamber closure,

and indeed, Hartley et al. (2013) demonstrated the

collection of 14CO2 samples from plant-free chambers

sealed for several months. Nevertheless, we recognise

that artefacts might have been induced by the extended

chamber closure times and that shorter closure times

may have been preferable. Perhaps noteworthy how-

ever is that since these field experiments were carried

out, recent analytical developments in the radiocarbon

analysis of methane have meant that it is now possible,

through reductions in the volume required for radio-

carbon analysis (e.g. Garnett et al. 2019), to facilitate

shorter chamber deployment times.
Fig. 4 Plot of radiocarbon concentration of methane emitted

from the surface of a raised peat bog versus day of year, for six

sites sampled on three occasions (prior to vegetation removal)

during 2011
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Spatial and temporal variation in the flux rate

and carbon isotope (14C and 13C) composition

of methane surface emissions

Our study was primarily concerned with radiocarbon

analysis of CH4 which is an expensive and labour-

intensive analysis and therefore the number of cham-

bers that we used was small (n = 6) compared to

studies quantifying peatland methane emission rates.

However, like previous studies (Lai 2009; Turetsky

et al. 2014) we found high spatial and temporal

variability in peatland methane emissions. When

vegetation was present, the chamber with the highest

average flux emitted CH4 at a rate more than six times

greater than the plot with the lowest average flux,

despite all plots being within 10 m of each other

(Table 1). The range of methane emission rates that we

recorded was also similar to values that have been

reported previously for temperate peatlands. For

example, in a review of peatland dynamics, Lai

(2009) reported average CH4 flux rates for northern

peatlands ranging from 5 to 80 mg m-2 day-1 (0.2 to

3.3 mg m-2 h-1) which compares to mean fluxes

from our Langlands Moss microsites of 0.17 to

1.17 mg m-2 h-1 (Table 1). Green and Baird (2017)

observed methane emission rates of 0.18 to 2.5 mg

CH4 m
-2 h-1 from multi-year sampling of 22 cham-

bers on a blanket bog in north Wales, UK. We also

observed substantial temporal variation in emission

rates of methane, with lowest fluxes in winter, and

highest fluxes in late summer, which resembles

observations made elsewhere (Turetsky et al. 2014).

Carbon dioxide emissions from the surface of Lang-

lands Moss were on average around 60–300 times

greater than the methane flux (Table 1) which supports

observations in previous studies (e.g. McNamara et al.

2008; Leroy et al. 2017).

The radiocarbon content of the methane surface

emissions at Langlands Moss varied greatly, from

84.01 ± 0.45%modern (1399 ± 43 years BP; Cham-

ber B2, Early-11) to 108.20 ± 0.53%modern (‘‘mod-

ern’’; Chamber C2, Late-11) when vegetation was

present. There was high spatial and temporal variation

in methane 14C content. For example, on the first

sampling occasion (Early-11) chamber A1 produced

the most 14C-enriched methane at 97.60 ± 0.44%-

modern (195 ± 36 years BP), and chamber B2 the

most 14C-depleted methane at 84.01 ± 0.45%modern

(1399 ± 43 years BP); but the latter chamber emittedT
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much more 14C-enriched methane just four months

later (98.23 ± 0.45%modern). These 14C results sug-

gest that the source and pathways of methane being

emitted at the peat surface are complex.

The oldest methane ages that we observed at

Langlands Moss (up to 1399 ± 43 years BP) are older

than previous measurements of peatland methane

emissions (Wahlen et al. 1989; Quay et al. 1991;

Chanton et al. 1995; Leith et al. 2014). They imply a

source located deep below the peat surface at depths of

up to * 1 m based on the age of peat (Langdon and

Barber 2005) and pore water methane previously

measured at this site. For example, Garnett et al.

(2011) reported pore water methane 14C ages of

220 ± 36 and 264 ± 35 years BP at 0.25 m depth,

and 1580 ± 37 and 2033 ± 35 years BP at 1 m. This

depth is below that thought to be responsible for the

highest methane production (0 - 50 cm; Clymo and

Pearce 1995) and implicated as the source of emis-

sions in other peatlands where methane had a similar
14C content to atmospheric CO2 (Wahlen et al. 1989;

Quay et al. 1991; Chanton et al. 1995; Leith et al.

2014). It may be of significance, however, that the 14C

content of methane in peat pore waters has shown

great variation between peatlands with some sites

showing modern 14C contents down to at least 50 cm

(e.g. Bellisario et al. 1999; Campeau et al. 2017),

while others provided much older values at similar

depths (650 ± 70 years at 65–85 cm, Aravena et al.

1993; Garnett et al. 2011), perhaps resulting from

differences in peat hydraulic conductivity and mass

flow of dissolved organic carbon (DOC; Clymo and

Bryant 2008). While we have no measurements of

hydraulic conductivity for Langlands Moss, we have

found it very difficult to extract porewater samples

from the peat using suction devices, suggesting low

hydraulic conductivity, which may help explain why

the pore water methane at Langlands Moss is

relatively old in near surface layers.

Our measurements are not the only ones to show

pre-bomb 14C concentrations in peatland surface

emissions of methane. Cooper et al. (2017) also

reported aged methane emissions, though they were

younger than the oldest ages observed at Langlands

Moss, despite being from Canadian thermo-karst

wetlands containing large stores of recently-thawed

organic matter and older methane within the peat

profile. It therefore remains to be seen whether our

observations at Langlands Moss are atypical of

peatlands or reflect crucial differences in peatland

carbon cycling and pathways of methane emissions.

The modern 14C values (i.e.[ 100%modern) that

we measured at Langlands Moss in methane emissions

agree more with other studies (Wahlen et al. 1989;

Quay et al. 1991; Chanton et al. 1995; Leith et al.

2014) and provide irrefutable evidence for much

younger carbon contributing to the methane emis-

sions. These results also suggest a source much nearer

to the peatland surface (i.e. within the surface 0.25 m;

Garnett et al. 2011). Products of peatland decay

(including CH4, CO2 and DOC) are likely derived

from various sources of different age since carbon

fixation, and therefore it is not always possible to

provide a definitive age for them. However, we can be

certain that our site emitted methane that was on some

occasions over one thousand years old, while at other

times was likely to have been derived from carbon

photosynthetically fixed from the atmosphere within

the last few decades or years (and potentially was

derived from recent plant fixation; e.g. Öquist and

Svensson 2002).

When considering only plots with intact vegetation

the stable carbon isotope (d13C) composition of

surface methane emissions at LanglandsMoss covered

a range typical of emissions for northern peatlands,

although it was notable that some of the most 13C-

enriched values appeared more typical of minero-

trophic, rather than ombrotrophic peatlands (Horni-

brook 2009).

Factors affecting the flux and age of methane

emissions and the importance of vegetation

Based on previous studies (e.g. Clymo and Pearce

1995; Turetsky et al. 2014), we expected that the

Hummock microsites would have the lowest methane

fluxes compared to the others because of lower water

tables which for example, creates a greater depth of

aerobic peat in surface layers and therefore a greater

opportunity for methane oxidation (Lai 2009). We did

indeed observe both lower methane fluxes and a

significantly deeper water table at the Hummock

microsites, consistent with earlier reports. However,

despite significantly higher water tables at the Hollow

microsites compared to the Hummocks, the rate of

methane emission between the two microsites was not

significantly different, and overall, only the Hum-

mocks microsite had a methane flux that was
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significantly correlated with water table depth, sug-

gesting that other factors had a stronger control over

methane flux at the other sites. Nevertheless, across all

sites methane flux did negatively correlate (p\ 0.001)

with water table depth which agrees with earlier

studies (e.g. Moore and Roulet 1993), although we

note that others have also reported the absence of a

relationship (Lai 2009).

We anticipated the 14C age of methane emissions

would correlate with water table depth, since it has

been suggested that a zone of maximum methane

production occurs in peatlands at around the depth of

the water table (Laing et al. 2010) which fluctuates

within the mesotelm (between the permanently satu-

rated catotelm and the acrotelm). The zone around the

water table provides both a relatively labile substrate

and the anaerobic conditions necessary for methano-

genesis, and therefore, clearly would occur in deeper

and older layers when the water table is lower.

However, we found no correlation between water

table depth and the age of emitted methane, again

suggesting that other factors exert a greater control.

Plant respiration, and soil respiration from the

surface aerobic layers of peat, are responsible for most

of the CO2 emissions which is reflected in predomi-

nantly modern radiocarbon concentrations for peat-

land CO2 emissions (e.g. Hardie et al. 2009; Walker

et al. 2016; this study, supplementary Table S5); hence

we found CO2 emissions were strongly linked to air

temperature. Methane emissions from peatlands have

been found to be strongly controlled by temperature,

as shown by many studies using a variety of

techniques (e.g. Hargreaves and Fowler 1998; Turet-

sky et al. 2014; Gill et al. 2017). While the Langlands

Moss methane emission rates were not significantly

related to air temperature, they did positively correlate

with peat temperature at 10 cm depth. Given that the

anaerobic conditions necessary for methanogenesis

are present only below the water table, it therefore

seems reasonable that, assuming methane flux is

linked to production, methane efflux and peat temper-

ature would be related. However, we found no

significant effect of peat temperature on the 14C

content of methane emissions.

In contrast to microsite type, water table depth and

temperature, clipping of the above-ground vegetation

had a dramatic influence on the flux, stable and

radiocarbon concentration of methane emissions.

Methane flux when vegetation was no longer present

was only 6–30% of the flux when the same plots were

vegetated, representing an additional methane flux rate

of 0.66–1.87 mg CH4–C h-1 m-2 that was attributed

to the presence of plants (Table 3), and is consistent

with numerous earlier studies showing the controlling

factor of plants on peatland methane emissions

(Shannon et al. 1996; Popp et al. 1999; Chanton

2005). Although paired t-tests indicated that the flux

difference between vegetated and unvegetated plots

was only marginally significant (p = 0.08), this may

be due to the high spatial variability and the small

number of paired chambers used (n = 3), and therefore

it is possible that more highly significant differences

would have been identified from a more extensive

dataset.

Indeed, numerous earlier studies have recognised

that most methane emitted from the surface of

peatlands does so via transport through plants (Whit-

ing and Chanton 1993; Shannon et al. 1996; Watson

et al. 1997; Verville et al. 1998; Joabsson et al. 1999;

Rinnan et al. 2003; Marinier et al. 2004; Ström et al.

2005). The same gas transport processes are also

known to cause isotopic fractionation (by discrimi-

nating against the heavier 13C isotope relative to 12C;

Chanton 2005; Conrad 2005; Hornibrook 2009) with a

theoretical depletion in 13C of peatland methane

emissions relative to source of up to * 19% being

possible due to the mass difference of 13CH4 and
12CH4 (Chanton 2005). This is reflected in the large

difference in the d13C of methane from our vegetated

and plant-free plots, since discrimination of the 13C

isotope due to plant mediated transport would affect

vegetated plots, but not plant-free plots. We note,

however, that this factor alone cannot account for

the * 30% difference between our vegetated and

plant-free plots, which we postulate may additionally

be due to (i) 13C-enrichment resulting from methane

oxidation (Popp et al. 1999; which may have had a

proportionally greater influence in plant-free plots due

to the lower rate of methane efflux) and/or (ii) a greater

contribution of relatively 13C-enriched methane being

generated in the surface layers of the plant-free plots

by acetate fermentation (Whiticar et al. 1986; Horni-

brook 2009; Garnett et al. 2011; this is supported by

the 14CH4 values which indicate a younger, and

therefore shallower, carbon source for plant-free plots;

see below).

Our results show that plants have a significant

influence on the age of peatland methane emissions.
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When plants were present, we found the methane

efflux to be significantly depleted in 14C compared to

when plants were absent, with all three vegetated plots

emitting methane that was 14C-depleted relative to the

contemporary atmospheric 14CO2, and all non-vege-

tated plots releasing relatively 14C-enriched methane.

While the methane is likely derived from multiple

sources of different age, by far the most likely

interpretation of these results is that the peatland

emitted older methane when plants were present.

Source of peatland methane emissions

Isotope mass balance of our 14CH4 results suggests

that plants were responsible for over 70% of the

methane emitted from the peat surface, and that this

methane was up to at least 500 years old (Table 3).

Although two of our sites clearly showed that plants

caused the release of methane in the order of hundreds

of years old to be emitted, the third site indicated that

the plant associated methane was not as old (and most

likely a mixture of carbon fixed during both pre- and

post-bomb times). The small number of chambers that

we examined in our partitioning study provides

limited evidence to explain why plants caused the

emission of old methane in some chambers (B2 and

C1), but much younger methane in another (A1).

However, given the well-known ability of some

peatland plants to act as conduits for the release of

methane (Chanton 2005; Conrad 2005; Hornibrook

2009), it seems likely that plant mediated transport is

at least part of the explanation through providing a

pathway for deep peat gases to escape and reducing

methane oxidation due to more rapid gas transit.

Indeed, this explanation is supported by the vast

difference in d13C of methane emissions when the

plots did, and did not, contain plants (Chanton 2005;

Conrad 2005; Hornibrook 2009). Furthermore, present

in all three of the chambers examined in our

partitioning study was the sedge Eriophorum vagina-

tum, which has been previously linked to plant

mediated transport (e.g. Greenup et al. 2000; Marinier

et al. 2004) and is known to possess a root system that

can penetrate deep into the peat profile (Wang et al.

2016). We also note that Hardie et al. (2009) invoked

plant mediated transport to explain the emission of

aged CO2 from an ombrotrophic bog using a similar

vegetation clipping experiment.

When devoid of plants the peatland surface emitted

methane with a narrow range of post-bomb radiocar-

bon signatures in the Late-12 sampling, unequivocally

indicating that much of this methane was derived from

carbon photosynthetically fixed from the atmosphere

within the last * 60 years. We cannot exclude that

some pre-bomb carbon contributed to the methane

emissions when plants were absent. Though if we

assume that it did not, and that the methane was

derived from carbon fixed after the AD1963

bomb-14C peak (e.g. Hartley et al. 2012), then

matching the 14C concentrations of the plant-free

emissions to the atmospheric 14CO2 record (Levin and

Kromer 2004) suggests that this methane carbon was

fixed on average 2–10 years before the sampling date.

This indicates that in the absence of plants, methane

surface emissions may be derived from a relatively

narrow layer near the surface of the peatland.

Numerous previous studies have shown that plants

provide a dominant control on peatland methane

emissions (Whiting and Chanton 1993; Watson et al.

1997; Shannon et al. 1996; Verville et al. 1998; Rinnan

et al. 2003; Marinier et al. 2004; Ström et al. 2005).

Several studies have indicated that these emissions are

derived from recently fixed organic matter. For

example, Öquist and Svensson (2002) found lower

methane emissions concomitant with reduced photo-

synthetic activity induced by shading, and Chanton

et al. (1995) observed emissions with a 14C signature

equivalent to atmospheric CO2 at the time of sam-

pling. However, others have suggested that the

influence of plants on peatland emissions is largely

through the transport of methane from the soil to the

atmosphere rather than promoting methanogenesis

(e.g. Verville et al. 1998; Bhullar et al. 2014). Our 14C

results show that at times, a substantial proportion of

methane emitted by peatland plants is at least hundreds

of years old. This indicates that at our site, peatland

emissions are not all derived from recently fixed

organic matter and therefore supports the role of plants

in transporting old methane from sub-surface layers to

the atmosphere.

Conclusions

During the 1.5 years of monitoring at a temperate

ombrotrophic raised bog, we observed high temporal

and spatial variation in the radiocarbon content and
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efflux of methane emissions from the peatland surface.

Our methane flux results are in agreement with many

earlier studies that have shown that plants have a large

control on methane flux since emissions fell by * 70

to 90% when their influence was removed by clipping.

However, in contrast to the few earlier studies where
14C analysis showed that peatland methane emissions

were predominantly derived from recently fixed

organic matter, our results suggest that at this site,

plant mediated transport of older peat gases from sub-

surface layers of peat is also important. These results

highlight the complexity of peatlands, which must be

better modelled to improve predictions of their

response to climatic warming. Our results demonstrate

that radiocarbon measurements of methane surface

emissions can contribute to achieving this goal.
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Pyle JA, Cain M, Warwick N, Skiba UM, Drewer J,

Dinsmore KJ, Leeson SR, Bauguitte SJ-B, Wellpott A,

O’Shea SJ, Allen G, Gallagher MW, Pitt J, Percival CJ,

Bower K, George C, Hayman GD, Aalto T, Lohila A,

Aurela M, Laurila T, Crill PM, McCalley CK, Nisbet EG

(2017) Measurement of the 13C isotopic signature of

methane emissions from northern European wetlands.

Glob Biogeochem Cycles 31(3):605–623

123

Biogeochemistry (2020) 148:1–17 15

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/2008GB003274
https://doi.org/10.1029/2008GB003274


Frenzel P, Rothfuss F, Conrad R (1992) Oxygen profiles and

methane turnover in a flooded rice microcosm. Biol Fertil

Soils 14(2):84–89

Garnett MH, Hardie SML, Murray C (2011) Radiocarbon and

stable carbon analysis of dissolved methane and carbon

dioxide from the profile of a raised peat bog. Radiocarbon

53(1):71–83

Garnett MH, Hardie SML, Murray C (2012) Radiocarbon

analysis of methane emitted from the surface of a raised

peat bog. Soil Biol Biochem 50:158–163

Garnett MH, Hardie SML, Murray C, Billett MF (2013)

Radiocarbon dating of methane and carbon dioxide evaded

from a temperate peatland stream. Biogeochemistry

114:213–223

Garnett MH, Murray C, Gulliver P, Ascough PL (2019)

Radiocarbon analysis of methane at the NERC Radiocar-

bon Facility (East Kilbride). Radiocarbon

61(5):1477–1487

Gill AL, Giasson MA, Yu R, Finzi AC (2017) Deep peat

warming increases surface methane and carbon dioxide

emissions in a black spruce-dominated ombrotrophic bog.

Glob Chang Biol 23(12):5398–5411

Green SM, Baird AJ (2017) Using ‘snapshot’ measurements of

CH4 fluxes from an ombrotrophic peatland to estimate

annual budgets: interpolation versus modelling. Mires Peat

19:1–9

Greenup A, Bradford MA, McNamara N, Ineson P, Lee JA

(2000) The role of Eriophorum vaginatum in CH4 flux from

an ombrotrophic peatland. Plant Soil 227:265–272

Hammer S, Levin I (2017) Monthly mean atmospheric D14CO2

at Jungfraujoch and Schauinsland from 1986 to 2016.

heiDATA: Heidelberg Research Data Repository

[Distributor] V2 [Version]. 10.11588/data/10100

Hardie SML, Garnett MH, Fallick AE, Ostle NJ, Rowland AP

(2009) Bomb-14C analysis of ecosystem respiration reveals

that peatland vegetation facilitates release of old carbon.

Geoderma 153:393–401

Hargreaves KJ, Fowler D (1998) Quantifying the effects of

water table and soil temperature on the emission of

methane from peat wetland at the field scale. Atmos

Environ 32(19):3275–3282

Hartley IP, Garnett MH, SommerkornM, Hopkins DW, Fletcher

BJ, Sloan VL, Phoenix GK,Wookey PA (2012) A potential

loss of carbon associated with greater plant growth in the

European Arctic. Nat Clim Chang 2:875–879

Hartley IP, Garnett MH, Sommerkorn M, Hopkins DW, Woo-

key PA (2013) The age of CO2 released from contrasting

ecosystems during the Arctic winter. Soil Biol Biochem

63:1–4

Hornibrook ERC (2009) The stable carbon isotope composition

of methane produced and emitted from northern peatlands.

In: Baird A, Belyea L, Comas X, Reeve A, Slater L (eds)

Northern Peatlands and carbon cycling. American Geo-

physical Union, Washington, pp 187–203

IPCC (2014) Climate change 2014: synthesis report Contribu-

tion of working groups I, II and III to the fifth assessment

report of the intergovernmental panel on climate change.

IPCC, Switzerland, Geneva, p 151

Joabsson A, Christensen TR, Wallén B (1999) Vascular plant

controls on methane emissions from northern peatforming

wetlands. Trends Ecol Evol 14(10):385–388

Laanbroek HJ (2010) Methane emission from natural wetlands:

interplay between emergent macrophytes and soil micro-

bial processes. A mini-review. Ann Bot 105(1):141–153

Lai DYF (2009) Methane dynamics in northern peatlands: a

review. Pedosphere 19(4):409–421

Lai DYF, Roulet NT, Humphreys ER, Moore TR, Dalva M

(2012) The effect of atmospheric turbulence and chamber

deployment period on autochamber CO2 and CH4 flux

measurements in an ombrotrophic peatland. Biogeo-

sciences 9(8):3305–3322

Laing CG, Shreeve TG, Pearce DME (2010) The fine scale

variability of dissolved methane in surface peat cores. Soil

Biol Biochem 42:1320–1328

Langdon PG, Barber KE (2005) The climate of Scotland over

the last 5000 years inferred from multiproxy peatland

records: inter-site correlations and regional variability. J Q

Sci 20(6):549–566

Lassey K, Lowe DJ, Smith A (2007) The atmospheric cycling of

radiomethane and the ‘‘fossil fraction’’ of the methane

source. Atmos Chem Phys 7:2141–2149

Le Mer J, Roger P (2001) Production, oxidation, emission and

consumption of methane by soils: a review. Eur J Soil Biol

37(1):25–50

Leith FI, Garnett M, Dinsmore KJ, Billett M, Heal K (2014)

Source and age of dissolved and gaseous carbon in a

peatland–riparian–stream continuum: a dual isotope (14C

and d13C) analysis. Biogeochemistry 119:415–433

Leroy F, Gogo S, Guimbaud C, Bernard-Jannin L, Hu Z, Lag-
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nen H, Olefeldt D, Rinne J, Saarnio S, Shurpali N, Tuittila

ES, Waddington JM, White JR, Wickland KP, Wilmking

M (2014) A synthesis of methane emissions from 71

northern, temperate, and subtropical wetlands. Glob Chang

Biol 20(7):2183–2197

Turunen J, Tomppo E, Tolonen K, Reinikainen A (2002) Esti-

mating carbon accumulation rates of undrained mires in

Finland–application to boreal and subarctic regions. The

Holocene 12(1):9–80

Verville JH, Hobbie SE, Chapin FS, Hooper DU (1998)

Response of tundra CH4 and CO2 flux to manipulation of

temperature and vegetation. Biogeochemistry

41(3):215–235

Wahlen M, Tanaka N, Henry R, Deck B, Zeglen J, Vogel JS,

Southon J, Shemesh A, Fairbanks R, Broecker W (1989)

Carbon-14 in methane sources and in atmospheric

methane: the contribution from fossil carbon. Science

245(4915):286–290

Walker TN, Garnett MH, Ward SE, Oakley S, Bardgett RD,

Ostle NJ (2016) Vascular plant presence promotes ancient

peatland carbon loss under climate warming. Glob Chang

Biol 22:1880–1889

Wang P, Mommer L, van Ruijven J, Berendse F, Maximov TC,

Heijmans MMPD (2016) Seasonal changes and vertical

distribution of root standing biomass of graminoids and

shrubs at a Siberian tundra site. Plant Soil 407(1):55–65

Watson A, Stephen KD, Nedwell DB, Arah JRM (1997) Oxi-

dation of methane in peat: kinetics of CH4 and O2 removal

and the role of plant roots. Soil Biol Biochem

29(8):1257–1267

Whiticar MJ, Faber E, Schoell M (1986) Biogenic methane

formation in marine and freshwater environments: CO2

reduction vs. acetate fermentation—isotope evidence.

Geochim et Cosmochim Acta 50:693–709

Whiting GJ, Chanton JP (1993) Primary production control of

methane emission from wetlands. Nature

364(6440):794–795

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

Biogeochemistry (2020) 148:1–17 17


	Radiocarbon analysis reveals that vegetation facilitates the release of old methane in a temperate raised bog
	Abstract
	Introduction
	Methods
	Site description
	Field measurements
	Radio- and stable carbon isotope analysis of methane
	Partitioning of methane sources
	Statistical analyses

	Results
	Field and carbon isotope measurements
	Partitioning of methane sources

	Discussion
	Potential chamber effects
	Spatial and temporal variation in the flux rate and carbon isotope (14C and 13C) composition of methane surface emissions
	Factors affecting the flux and age of methane emissions and the importance of vegetation
	Source of peatland methane emissions

	Conclusions
	Acknowledgements
	References




