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Abstract. Cold-season emissions substantially contribute to
the annual methane budget of northern wetlands, yet they re-
main underestimated by process-based models. Models show
significant uncertainty in their parameterization of processes,
particularly during the transitional phases of freezing and
thawing temperatures in the shoulder seasons. Our aim was
to identify the environmental controls on the components
of the methane fluxes – methane production, oxidation, and
transport – from a boreal peatland during the shoulder sea-
sons. We partitioned net methane emissions into their com-
ponents by combining manual chamber flux measurements
on vegetation removal treatments with pore water sampling
for concentrations and stable carbon isotope ratios of dis-
solved methane in the wet hollows of Siikaneva bog in south-
ern Finland during seasonal field campaigns in 2021 and
2022.

The results suggest that the decrease in methane emis-
sions due to decreasing production rates with decreasing peat
temperatures in the shoulder seasons was dampened by sev-
eral processes. Firstly, highly efficient transport of methane
through the aerenchyma of peatland sedges continued out-
side of the growing season after plant senescence. Sec-
ondly, decaying vascular plants provided additional substrate
for methane production at the end of the growing season.
Thirdly, accumulation of methane in the pore water partly

delayed the emission of methane produced in summer and
winter to the shoulder seasons. Substrate-limited oxidation
rates, however, largely compensated for the higher diffusion
rates related to high pore water concentrations in fall. Ac-
counting for these processes specific to the shoulder seasons
by separately modeling the components of methane fluxes
will likely work against the underestimation of cold-season
methane emissions from northern peatlands.

1 Introduction

Wetlands are the largest natural source of atmospheric
methane (CH4) (Saunois et al., 2020), a greenhouse gas
with 45 times the global warming potential of carbon diox-
ide (CO2) (Neubauer, 2021). Wetland emissions account for
22 %–30 % of global CH4 emissions and for 60 % of total
CH4 emissions from boreal regions (Saunois et al., 2020),
where peatlands are the dominant wetland type. At the same
time, emissions from wetlands are a major source of un-
certainty for estimates of the global CH4 budget (Kirschke
et al., 2013; Saunois et al., 2020). About two-thirds of the
uncertainty in estimates of wetland CH4 emissions can be
attributed to uncertainties in model structures and parame-
ters related to an incomplete understanding of the processes
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involved in the wetland CH4 cycle (Melton et al., 2013;
Saunois et al., 2020; Poulter et al., 2017). Process-based
models particularly differ in their estimates of CH4 emissions
at freezing and thawing temperatures and generally underes-
timate winter and shoulder season emissions from northern
wetlands (Ito et al., 2023), thereby obscuring the high contri-
bution of non-growing-season emissions to the annual CH4
budget (Treat et al., 2018).

In peatlands, CH4 is produced by methanogenic archaea in
the anaerobic peat zone below the water table (catotelm). A
part of the CH4 is converted to CO2 by methane-oxidizing
archaea (methanotrophs) mostly under aerobic conditions
above the water table in the surface peat layer (acrotelm)
(Hanson and Hanson, 1996). The amount of CH4 emitted
to the atmosphere furthermore depends on the pathway of
CH4 transport (Lai, 2009). CH4 following the concentration
gradient to the atmosphere via diffusion through the peat is
most prone to oxidation in the acrotelm, while CH4 emit-
ted through aerenchyma of peatland sedges or in the form
of gas bubbles (ebullition) passes by the oxidation layer. All
three components of CH4 fluxes – production, oxidation, and
transport – are sensitive to changes in environmental and eco-
logical conditions. Peat temperatures and water level affect
the rates of CH4 production and oxidation by controlling the
microbial activity and the thickness of the aerobic peat layer,
respectively (Dunfield et al., 1993; Dise et al., 1993; Ström
and Christensen, 2007). Peatland vegetation can affect all
three components of CH4 fluxes with in part opposing ef-
fects on net CH4 emissions. Large areas of peatlands and
especially of ombrotrophic bogs are typically covered by a
layer of Sphagnum moss, which can actively enhance CH4
oxidation rates through a symbiotic relation – methanotrophs
provide the moss with CO2 and in turn receive the oxygen re-
leased from moss photosynthesis (Larmola et al., 2010; Kip
et al., 2010). Peatland sedges are adapted to high water lev-
els by gas transport through the spongy tissue in their leaves,
stems, and roots (aerenchyma). On the one hand, this gas
transport can enhance CH4 emissions by allowing the CH4
to escape to the atmosphere without passing through the aer-
obic oxidation layer. On the other hand, oxygen can leak into
the rhizosphere of aerenchymatous plants and allow for ad-
ditional CH4 oxidation in the otherwise anaerobic peat zone,
thereby reducing net CH4 emissions. Additionally, vascular
plants can enhance CH4 emissions by providing additional
substrate for CH4 production in the form of plant litter or
root exudates (Joabsson et al., 1999). The magnitude and rel-
ative importance of each of these plant effects are strongly
species specific (Dorodnikov et al., 2011; Korrensalo et al.,
2022; Schimel, 1995; Ström et al., 2005).

Each component of CH4 fluxes has its own set of environ-
mental and ecological controls. In order to explain the vari-
ation in net CH4 fluxes, measured CH4 emissions therefore
need to be split into their components. In previous studies,
the rates and pathways of CH4 production, oxidation, and
transport have been quantified using chemical inhibitors for

CH4 oxidation (e.g., Frenzel and Karofeld, 2000; Chan and
Parkin, 2000; Bu et al., 2019) and stable carbon isotope mod-
eling (e.g., Blanc-Betes et al., 2016; Dorodnikov et al., 2013;
Knoblauch et al., 2015). Stable carbon isotope models make
use of the characteristic trace that CH4 production, oxida-
tion, and transport leave in the stable carbon isotope ratios
of CH4 and CO2 through their specific preferential use of
molecules containing the lighter 12C isotope. Vegetation ef-
fects on peatland CH4 emissions have been investigated in
plant removal experiments, showing that vascular plants gen-
erally enhance CH4 emissions through plant-mediated CH4
transport (Frenzel and Karofeld, 2000; Riutta et al., 2020;
Galera et al., 2023; Noyce et al., 2014), while oxidation in
the living layer of Sphagnum moss has a decreasing effect on
the CH4 emissions (Frenzel and Karofeld, 2000). Despite the
previous efforts to partition net CH4 fluxes, environmental
and ecological controls have rarely been studied separately
for the individual flux components.

We expect a seasonal variation in the response of net CH4
emissions to changes in environmental conditions because
the same environmental or ecological variable can control the
strength of several, in part counteracting, flux components.
Higher peat temperatures, for instance, have been shown to
increase the rates of both CH4 production and oxidation, but
production is much more strongly inhibited by low tempera-
tures than oxidation (Dunfield et al., 1993). A nonlinear re-
action of CH4 emissions to changes in environmental and
ecological variables could furthermore be supported by inter-
actions between the effects of individual environmental and
ecological variables. For example, the effects of both peat
temperature and plant-mediated CH4 transport have been
shown to depend on the water level (Kutzbach et al., 2004),
and the water level effect intensifies with rising temperatures
(Taylor et al., 2023). Despite these indications of seasonally
changing controls on CH4 emissions, previous studies of bo-
real peatlands have often been limited to the growing season.

In this study, we aimed to identify the processes con-
trolling shoulder season CH4 emissions from wet hollows,
i.e., typically high-emitting microtopographical features of
a boreal bog (Turetsky et al., 2014) that are highly sensi-
tive to changes in environmental conditions (Kotiaho et al.,
2013). Our objectives were to quantify seasonal differences
in (1) net CH4 emissions, (2) CH4 oxidation, and (3) plant-
mediated CH4 transport and to relate these to seasonal
changes in environmental and ecological conditions. We
achieved this by isolating the seasonal effects of vascular
plants and Sphagnum moss on CH4 emissions using vege-
tation removal experiments and relating the plant effects to
CH4 production, oxidation, and transport using pore water
data, including the concentrations and stable carbon isotope
ratios of dissolved CH4. We considered the water level, the
leaf area of vascular plants, and the peat temperatures in
acrotelm and catotelm as potential environmental and eco-
logical controls on the components of CH4 fluxes.
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2 Methods

2.1 Study site

The study was carried out in 2021 and 2022 in an om-
brotrophic bog, which is part of the Siikaneva peatland
complex located in southern Finland (61°50′ N, 24°12′ E;
160 m a.s.l.), within the southern boreal vegetation zone
(Ahti et al., 1968) (Fig. 1a). The average annual temperature
in the area is 4.1 °C, and average temperatures in January
and July are −6.5 and 16.4 °C, respectively, according to the
30-year averages (1993–2022) from the Juupajoki–Hyytiälä
weather station that is located 6.3 km east of the bog site
(Finnish Meteorological Institute, 2023a). The mean annual
precipitation sum is 688 mm of which about one-third falls
as snow (Riutta et al., 2020). The region is typically snow-
covered for 190 d between 24 October and 30 April. In 2021,
the annual mean temperature was similar to the 30-year aver-
age but 0.7 °C higher in 2022. Mean temperatures in January
were 0.1 °C lower in 2021 and 1.2 °C higher in 2022. Mean
temperatures in July were 2.4 °C higher in 2021 but similar
to the 30-year average in 2022 (Fig. 2a).

Siikaneva bog has a pronounced microtopography rang-
ing from open-water pools and low-lying bare peat surfaces
to wet hollows and intermediate lawns to drier and higher
hummocks. Each microtopography type has a characteristic
plant community (Korrensalo et al., 2018b) and nutrient con-
centration in the surface peat (Korrensalo et al., 2018a). In
this study, we focused on the wet hollows, which cover about
20 % of Siikaneva bog, making it the second largest micro-
topography type in Siikaneva bog after the lawns (Aleksey-
chik et al., 2021). The hollow vegetation typically consists of
a moss layer formed by Sphagnum cuspidatum and Sphag-
num majus as well as of the aerenchymatous vascular sedges
Carex limosa, Rhynchospora alba, and Scheuchzeria palus-
tris (Korrensalo et al., 2018b). The soil in the hollows was
classified as Histosol, consisting of slightly decomposed peat
with a pH of 4.4 measured down to 30 cm depth.

2.2 Experimental design

We used a vegetation removal experiment, established in
2016, with one control plot and two treatments that allowed
us to isolate the effects of vascular vegetation and moss on
CH4 emissions (Fig. 1c). The control plot had intact natural
vegetation including Sphagnum mosses and vascular plants
(peat–Sphagnum–vascular, or PSV); one treatment had all
vascular plants removed and only the Sphagnum moss layer
remaining (PS), and another treatment had all vegetation re-
moved, leaving behind a bare peat surface (P). For the plant
removal treatments, all vascular plants had been clipped from
an area of 0.5 m2 (50× 100 cm), and the area had been sur-
rounded by polypropylene root barrier fabric 70 cm deep in
the ground to keep roots from growing back into the area
from the sides. Ever since, any newly growing vascular plants

have been gently pulled out with their roots. We assume
that the disturbance caused by establishing the plant removal
plots, including the gradual death and decomposition of the
belowground parts of the clipped plants, was negligible in
our study, which was 5 years after the experiment was in-
stalled (Riutta et al., 2020). To create the P treatment, within
the vegetation removal area, about 40× 40 cm of the 4 to
5 cm thick living layer of the Sphagnum moss carpet had
been cut out and placed on net fabric in a frame that could
be lifted aside exposing the bare peat. Circular aluminum
collars (inner diameter: 30.7 cm) for chamber measurements
were permanently installed at the PSV and PS plots, while at
the P plots the moss layer was lifted aside and a collar was
placed underneath only for the time of chamber measure-
ments. There were five spatial replicate plot clusters within
the hollow microtopography type placed along a boardwalk
in Siikaneva bog, each comprising one control plot and one
of each vegetation treatments (Fig. 1b, c). The data for this
study were collected during seven field campaigns that took
place in July, August, and October 2021 and in May, July,
September, and October 2022 (Fig. 2).

2.3 Quantifying CH4 fluxes

2.3.1 Manual chamber measurements

During each field campaign, we measured the CH4 flux from
each of the 15 plots using a transparent manual chamber.
Each plot was usually measured twice – once under nat-
ural light conditions and once under dark conditions, with
blackout fabric covering the chamber. In July 2021, measure-
ments were additionally performed at two different levels
of incomplete shading using one or two layers of net fab-
ric, respectively. The different light levels were chosen to
partition the CO2 fluxes that were measured alongside the
CH4 fluxes, but those data are not part of this study. Since
the CH4 fluxes did not differ significantly between the light
levels (t(64) = 1.178; p = 0.2432), we treated light and dark
measurements of CH4 as temporal replicates in the data anal-
ysis.

For the flux measurements, we placed a transparent cylin-
drical chamber with a volume of 36 L (inner height of
39.0 cm and inner diameter of 34.4 cm) on the collars at
the plots (inner diameter: 30.7 cm, surrounding an area of
0.074 m2). Since the chamber was larger in diameter than the
collar, we attached a rubber seal at the bottom of the cham-
ber in 2021. In 2022, we used a 3D-printed adapter (added
height: 8 cm) to connect the collar and the chamber. Both the
collars and the adapter had a rim at the top that we filled
with water to seal the connections. For each measurement,
we kept the chamber closed for 3 min (2021) or 5 min (2022)
and continuously recorded the CH4 and CO2 concentrations
inside the chamber at a frequency of 1 Hz using an inline gas
analyzer (LI-COR LI-7810 in summer 2021 and additionally
an LGR microportable greenhouse gas analyzer (MGGA) in
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Figure 1. Location of (a) Siikaneva bog in Finland, (b) the five spatial replicates of chamber measurement plot clusters (blue rectangles)
within Siikaneva bog, and (c) the control plot and the two vegetation treatments within one plot cluster (PSV: intact vegetation plot including
Sphagnum mosses and vascular plants; PS: Sphagnum moss plot with vascular plants removed; P: peat plot with all vegetation removed).
The vascular plant effect and the Sphagnum effect on CH4 emissions were calculated as the difference between emissions from the PSV and
the PS plots and from the PS and the P plots, respectively. The drone image in (b) was taken and processed in August 2022 by Lion Golde
and Tabea Rettelbach (AWI).

fall 2021 and in 2022). Prior to each measurement, we venti-
lated the chamber until the CH4 and CO2 concentrations in-
side the chamber were back to ambient conditions. Two fans
with Peltier elements continuously mixed and cooled the air
inside the chamber. The temperature inside the chamber was
measured with a HOBO temperature sensor at a frequency of
1 Hz. Despite the cooling, the temperature inside the cham-
ber increased by more than 1 °C in 20 % and by more than
2 °C in 10 % of the measurements between May and August.
In September and October, the temperature increase inside
the chamber remained within 0.5 °C of the ambient air tem-
perature during 90 % of the measurements.

2.3.2 Flux calculations

We removed the first 25 s of each measurement to account for
potential initial disturbances caused by the chamber place-
ment. We then applied three steps of quality control. First,
we discarded the measurements (14 %) showing obvious in-
strument failures, temporary decreases in gas concentrations
indicating chamber leakage, or excessive CH4 ebullition with
less than 30 s between individual ebullition events based on
visual inspection of the change in CH4 concentration over
time. As ebullition event, we classified every obvious sud-
den step increase in CH4 concentrations if, after the in-
crease, the CH4 concentration did not return to a level simi-
lar to before the increase. Second, we visually identified the
measurements showing individual episodic ebullition events
(20 %) and split them into time periods of diffusive and
ebullitive CH4 emissions (modified from Hoffmann et al.,
2017). For this, we marked as ebullition events all consec-
utive rows of three or more data points that showed a con-
centration change from its predecessor of more than the 75th
percentile+ 0.7× IQR (interquartile range) or less than the

25th percentile – 0.7×IQR of the measurement. We then ex-
tracted the longest series of consecutive data points that were
not classified as ebullition for calculation of the diffusive
CH4 flux. We visually controlled the performance of the al-
gorithm and manually adjusted the time periods of diffusive
CH4 emissions where needed. Third, we visually identified
measurements that showed an initial exponential increase in
CH4 concentrations (20 %). Some studies suggest that the
change in chamber CH4 concentrations decreases over time
due to a weakening concentration gradient between peat and
chamber headspace and that thus the higher initial slope in
CH4 concentrations is best suited to estimate the CH4 flux
(e.g., Hutchinson and Mosier, 1981; Pedersen et al., 2010;
Forbrich et al., 2010). Efforts to evaluate the performance of
different models for flux calculations indicate that process-
based models should only be applied with much caution to
assure that model assumptions are met, and additional infor-
mation like soil gas concentrations should be considered to
identify the reason for the observed nonlinear behavior (For-
brich et al., 2010; Pirk et al., 2016). In our study, we observed
an exponential increase in chamber concentrations mainly at
sites with high pore water concentrations and despite short
chamber closures and relatively low headspace CH4 con-
centrations in the comparatively large chamber. This points
towards a steady ebullition of microbubbles caused by the
chamber placement rather than a saturation effect. We there-
fore manually extracted the time periods of linear concen-
tration change towards the end of the measurements for flux
calculation. We then determined the CH4 fluxes as the slope
of linear fits to all time periods extracted for calculation of
the diffusive flux. To convert the mole fractions of CH4 in
dry air, as measured by the gas analyzer, to molar concentra-
tions, we used the ideal gas law with the mean temperature
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recorded inside the chamber during the measurement and as-
suming standard atmospheric pressure.

We quantified the effects of vascular plants (FCH4,vascular)
and of Sphagnum moss (FCH4,Sphagnum) on the CH4 fluxes
by subtracting the CH4 fluxes measured at the moss plots
(FCH4,PS) from the fluxes measured at the control plots
(FCH4,PSV) (Eq. 1) and by subtracting the fluxes measured
at the bare peat plots (FCH4,P) from the fluxes at the moss
plots (Eq. 2), respectively. We subtracted pairs of fluxes mea-
sured on the same day at the same spatial replicate and light
level (transparent chamber, complete, single, or double shad-
ing of the chamber). In cases where the flux measurement at
the bare peat plot was only available for one light level, we
used this same flux value for calculation with all light levels
applied at the respective moss plot.

FCH4,vascular = FCH4,PSV−FCH4,PS, (1)
FCH4,Sphagnum = FCH4,PS−FCH4,P. (2)

We discarded negative values of FCH4,vascular and
FCH4,Sphagnum when the respective other was either also
negative or missing as an additional quality indicator (10 %).
We assume that these unexpected observations of higher
emissions from the moss plots compared to the control
and/or bare peat plots were caused by processes other than
the direct vegetation effects, such as spatial or temporal
variation in CH4 emissions between the treatment plots or
steady ebullition of microbubbles from the moss plots.

2.4 Carbon stable isotope signatures of emitted and
pore water CH4 and concentrations of CH4,
organic carbon, and total nitrogen dissolved in the
pore water

In addition to the CH4 fluxes, we measured the δ13C values
of emitted and pore water CH4 and CO2 and the concentra-
tions of CH4, CO2, organic carbon (DOC), and total nitro-
gen (TDN) dissolved in the pore water at each measurement
plot during the measurement campaigns in 2022. All sam-
ples for one measurement plot were taken on the same day.
Only at one plot in May and in September 2022 had samples
for emitted and for pore-water-dissolved CH4 to be taken on
consecutive days due to bad weather conditions.

To determine the δ13C values of emitted CH4, we took
30 mL manual gas samples from the chamber headspace ev-
ery 5 min during 25 min chamber closures at all measurement
plots under natural light conditions. We transferred 25 mL
of each gas sample into evacuated 12 mL glass vials (Labco
Exetainer). To measure DOC, TDN, and the concentrations
as well as the δ13C values of the CH4 dissolved in the pore
water, we took 20 mL as well as 30 mL water samples in
60 mL syringes from three depths, representing conditions
in the acrotelm (7 cm), as well as within (20 cm) and below
(50 cm) the main root zone in the catotelm (Korrensalo et al.,
2018a). We sampled once next to each control plot and once
from the vegetation removal area. Since the bare peat plots

were still covered with the removed moss layer sitting on
net fabric apart for the short periods of flux measurements,
we assumed that the investigated pore water properties below
the moss layer were similar between the moss and bare peat
treatments. To extract the water samples from the peat, we
used a metal sampling probe with a small hole at the end that
we inserted into the peat up to the desired sampling depth.

The water samples for DOC and TDN were filtered with
glass fiber filters of 0.7 µm pore size, acidified with HCl, and
stored under cool (4 °C) and dark conditions until DOC was
quantified as non-purgeable organic carbon (NPOC) together
with TDN using a Shimadzu TOC-L analyzer. The water
samples for analysis of dissolved CH4 were kept cool until
the evening of the same day. Then we added 30 mL of N2
to the syringes containing the water samples, shook them for
2 min to equilibrate the gas concentrations in water and gas
volume, and transferred the gas phase into evacuated 12 mL
glass vials (Labco Exetainer). To derive the actual pore wa-
ter gas concentrations from the concentrations measured af-
ter equilibrating pore water and headspace gas concentra-
tions, we used Henry’s law, considering the temperature de-
pendence of gas solubility (Lide and Frederikse, 1996). The
glass vials were sealed with hot glue, and the samples were
analyzed for concentrations and δ13C values of CH4 and CO2
by cavity ring-down spectroscopy (CRDS; Picarro G2201-
I isotopic analyzer plus autosampler SAM) within 1 month
after sampling. The soil gas samples had to be diluted by
up to 1/250 with CO2- and CH4-free synthetic air (purity
≥ 99 999 %) to obtain the optimal concentration range for the
isotopic analyzer (CH4: 2–200 ppm, CO2: 400–7000 ppm).
Due to different dilutions, sometimes several subsamples of
the same gas sample were measured. For further data analy-
sis, we used the gas concentrations measured in the least di-
luted sample and the δ13C values obtained from the dilutions
that produced gas concentrations within the optimal range for
the isotopic analyzer.

After the sample analysis, three corrections were applied
to the measurement data. (1) The concentrations of CO2 and
CH4 had to be corrected for dilution. This correction was
based on the measurement of a dilution series of a standard
gas (100 ppm CH4, 1 % CO2) with nine levels of dilution ra-
tios between 1 and 1/100 within each sample batch of up to
150 samples. A linear regression was performed between the
measured gas concentrations and the theoretical gas concen-
trations calculated for the standard gas concentrations using
the respective dilution factors. This regression was then used
to correct the measured gas concentrations of the soil gas
samples for their actual dilutions. (2) The δ13C values were
corrected for the day-to-day drift. For this, samples of a refer-
ence gas (gas mixture purchased from Oy Linde Gas Ab with
10 ppm CH4 concentration, 2000 ppm CO2 concentration,
−41.5 ‰ δ13C-CH4, and −35.6 ‰ δ13C-CO2; δ13C values
of the reference gas were determined by calibrating it against
four licensed standards from Air Liquide with −60 ‰ and
−20 ‰ δ13C-CH4 and −30 ‰ and −5 ‰ δ13C-CO2) were
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added at the beginning and at the end of each sample batch
as well as after every 15 samples within the sample batch.
The offset of the average of measured δ13C values per sam-
ple batch from the actual δ13C values of the reference gas was
used to correct the δ13C values of the gas samples. (3) The
δ13C values were corrected for nonlinearity as a function of
the gas concentration since we observed nonlinearity of the
δ13C values in the low-concentration range. First, we deter-
mined the default δ13C values of the standard gas as the aver-
age δ13C value of the standard gas at dilutions that produced
gas concentrations similar to the reference gas concentrations
(dilution of 0.08 for CH4 and 0.2 for CO2). For each standard
gas sample, the offset of the δ13C value from the default δ13C
value was determined. Next, we fitted a quadratic model to
this offset for each sample batch with the inverse of the gas
concentration as an independent variable. Depending on the
measured gas concentration, a correction factor was then cal-
culated and applied for each measured δ13C value. We esti-
mate an analytical uncertainty of 0.4 ‰ and 0.2 ‰ for the
δ13C values and of 0.2 and 46 ppm for the concentrations
of CH4 and CO2, respectively, based on the standard devia-
tion of the reference gas values after all three corrections. We
used the gas samples taken from the chamber headspace to
estimate the δ13C values of the CO2 and CH4 emitted from
the soil as the intercept of a linear regression function de-
scribing the δ13C values as a function of the inverse of the
gas concentration (Keeling estimate) (Keeling, 1958, 1961).

For quality control of the emission δ13C calculated from
the δ13C values in the chamber gas samples, we visually
inspected the simultaneous high-frequency continuous CH4
concentration measurements of the portable gas analyzer.
We excluded individual δ13C measurements that were sep-
arated by ebullition events from our δ13C estimates of CH4
emissions. In cases where ebullition occurred between every
manual sample, the entire measurement was discarded. Mea-
surements were also discarded if the portable gas analyzer
showed a concentration change that obviously deviated from
a linear or exponential form and if the gas concentrations in
the manual samples deviated irregularly from the portable
gas analyzer measurements (7 % of the chamber measure-
ments). We furthermore discarded all Keeling estimates with
R2 values below 0.8 (another 53 % of the chamber mea-
surements). Low R2 values particularly occurred at low gas
fluxes. Due to the generally low fluxes, all but one Keeling
estimate from the PS plots had to be discarded (94 %). Keel-
ing estimates were removed for 22 % of the PSV plots and
42 % of the P plots.

2.5 Stable carbon isotope modeling

We estimated the fraction of CH4 lost from the peat through
CH4 oxidation or transport using the stable carbon isotope
mass balance model proposed by Corbett et al. (2013). First,
we calculated the fraction of CO2 produced by methanogene-
sis at each sampling depth based on the measured concentra-

tions and δ13C values of CH4 and CO2 dissolved in the pore
water and using a δ13C value of −26 ‰ for the organic start-
ing material (Corbett et al., 2013). Assuming that methano-
genesis produces equal amounts of CO2 and CH4, we next
inferred the potential concentrations of CH4 dissolved in the
pore water in the absence of CH4 oxidation or transport. We
then derived the fraction of CH4 lost from each sampling
depth based on the difference between the modeled poten-
tial and the measured CH4 concentrations in the pore water.
The estimated fractions of CH4 lost from the peat represent
lower limits due to the model assumption that, different from
CH4, no CO2 is lost from the peat so that measured CO2 con-
centrations in the pore water directly result from the rate of
CO2 production (Corbett et al., 2015).

To obtain a second estimate of CH4 oxidation and trans-
port rates, independent from the rates derived from the flux
measurements on the vegetation removal experiment, we at-
tempted to split the fraction of CH4 lost from the peat into
the fractions lost through oxidation and through transport,
following Blanc-Betes et al. (2016) and Liptay et al. (1998).
However, we abandoned the attempt when we found unreal-
istic negative fractions of CH4 oxidized in the surface peat
of the control plots, similar to Dorodnikov et al. (2013),
which were probably related to uncertainties in the assumed
isotopic fractionation by oxidation and plant transport (Ap-
pendix B).

2.6 Collecting environmental data

2.6.1 Environmental controls on CH4 fluxes

As potential environmental controls on diffusive CH4 fluxes
and their components, we considered peat temperatures, wa-
ter table depth, and the green leaf area of all vascular plants
and of aerenchymatous sedges. Peat temperatures at 7 and
20 cm depths were measured manually with a rod thermome-
ter next to each control plot and within the vegetation re-
moval area right after the pore water sampling. The wa-
ter table depth was measured manually on the days of flux
measurements and pore water sampling in perforated plastic
tubes that were permanently installed in the peat at average
surface elevation once per plot cluster.

We determined the leaf area index (LAI) inside each con-
trol plot following Wilson et al. (2007). We estimated the
average number of leaves per square meter for each vascu-
lar plant species by counting their leaves within each con-
trol plot on 3 d in 2021 and on 5 d in 2022. To determine
the average leaf sizes, we collected samples of each species
from the measurement site on the day of leaf counting and
measured their leaf area with a LI-3000 portable area meter
(LI-COR, Lincoln, Nebraska). We applied correction factors
to the measured average leaf areas to account for the typi-
cal leaf shape of each vascular plant species (Op de Beeck
et al., 2017). We then calculated the LAI on the sampling
days for each vascular plant species present in each control
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plot by multiplying the respective leaf number with the aver-
age leaf area per square meter. To reconstructed the LAI of
each vascular plant species for each day in 2022, we used the
log-normal curve version of the model presented by Wilson
et al. (2007). For 2021, the curve could not be fitted because
of too few sampling days. We therefore linearly interpolated
the LAI between the sampling days. We calculated the total
LAI of each control plot as the sum of the LAI of all vascular
plants present at the measurement plot (LAItot). The LAI of
aerenchymatous plants (LAIaer) was determined as the sum
of the LAI of all aerenchymatous species present in the hol-
lows, namely C. limosa, Scheuchzeria palustris, R. alba, and
Eriophorum vaginatum.

2.6.2 Meteorological conditions

To characterize the meteorological conditions at the study
site in 2021 and 2022, we used air temperature, water ta-
ble depth, and snow depth measured at the weather station at
Siikaneva fen (Alekseychik et al., 2023), about 1.3 km south-
east of Siikaneva bog. We corrected air temperature and wa-
ter table depth measurements for conditions at the bog site
based on a linear regression between bog and fen data be-
tween 2011 and 2016 when measurements were still being
performed at both sites (Figs. 2a, b, A1, A2 in Appendix A).

Additionally, we used the water table depth and the peat
temperatures at 2 and 10 cm depths, recorded four times
per day at four spatial replicates within the hollow mi-
crotopography type at Siikaneva bog starting in July 2021
(Fig. 2a). To verify the timing of onset and complete thaw
of the snow cover, we used the photos from a PhenoCam
installed at Siikaneva bog and overlooking a hollow area
(https://phenocam.nau.edu/webcam/sites/siikanevabog/, last
access: 13 August 2024).

To separate the measurement years into seasons, we used
the thresholds in daily mean temperatures of below 0 °C in
winter, between 0 and 10 °C in spring and fall, and above
10 °C in summer, given by the Finnish Meteorological Insti-
tute (2023b). We modified this definition by only recogniz-
ing a change between seasons when daily average air tem-
peratures were above the lower threshold (0 °C for spring,
10 °C for summer) or below the upper threshold (10 °C for
fall, 0 °C for winter) for at least 3 consecutive days and when
periods of consecutive days with average temperatures be-
low the lower or above the upper threshold did not exceed
3 d. We defined the growing season as the snow-free time pe-
riod where soil temperatures at 2 cm depth were continuously
above 0 °C (Fig. 2).

2.7 Applying statistical analyses

Due to better data coverage and the availability of concen-
tration and isotopic data from the pore water, we limited our
statistical analyses to the data collected in 2022. We used lin-
ear mixed-effects models to test whether the measured CH4

fluxes, pore water CH4 concentrations, and δ13C-CH4 val-
ues differed significantly between measurement campaigns,
vegetation treatments, and sampling depths. We furthermore
applied linear mixed-effects models to identify environmen-
tal variables controlling the CH4 fluxes from the control plots
and from both vegetation treatments as well as the vegetation
effects on CH4 fluxes. As potential environmental controls,
we considered peat temperatures at 7 and 20 cm depths, wa-
ter table depth, LAItot, and LAIaer. As expected, we found a
strong positive correlation (r > 0.8) between LAItot, LAIaer,
and the peat temperatures at 7 and 20 cm. We used the func-
tion lme of the package nlme to construct the models and the
stepAIC function of the package MASS to identify the best
combination of fixed effects. The stepAIC function uses the
AIC value (Akaike information criterion) to evaluate whether
the addition of a fixed predictor significantly improves the
model compared to the simpler one. We then recomputed the
model parameters for the best model including the spatial
replicates as a random effect to account for the randomized
block design with repeated measures. Univariate models best
explained the variation in all but one flux data set. Only for
the fluxes from the bare peat treatments did a multivariate
model perform better. To achieve normality of the residuals,
which we tested using the Shapiro–Wilk test with the func-
tion shapiro.test, the CH4 fluxes as well as the vegetation ef-
fects had to be logarithmically transformed prior to statisti-
cal analyses. We applied the post hoc Tukey HSD (honestly
significant difference) test to identify significant differences
(p < 0.05) between combinations of vegetation treatment,
measurement campaign, and sampling depth in the model re-
sults using the glht function of the package multcomp. All
statistical analyses were done in the R environment (version
4.3.0).

3 Results

3.1 Environmental and ecological conditions

The green leaf area of vascular plants, the peat temperatures,
and the water table depth showed a clear seasonal trend with
values increasing between spring and summer and then de-
creasing again towards late fall (Fig. 3c–e).

Aerenchymatous plants accounted for 91± 12 % of the
LAI of vascular vegetation during all measurement cam-
paigns. Both LAItot and LAIaer were close to zero in spring,
reached their maximum in summer, and decreased again af-
ter but still remained above zero in late fall. Peat tempera-
tures at 7 cm depth were significantly higher than at 20 cm
depth in spring and summer, reaching peak summer values
of 18.5± 1.8 °C. Around early fall, the temperature profile
started to reverse, showing slightly higher temperatures at
20 cm depth than at 7 cm depth in late fall. While peat tem-
peratures at 7 cm depth were similar in spring and late fall
(9.2±1.9 to 7.7±0.5 °C), temperatures at 20 cm depth were
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significantly higher in late fall than in spring (8.3± 0.6 °C
vs. 5.4± 0.5 °C). The water table depth followed a seasonal
trend similar to the ones of LAI and peat temperatures with
the water table being close to the surface in spring, then de-
creasing until reaching its annual minimum of 7±2 cm below
the surface in summer and then increasing again towards late
fall but still remaining significantly below the spring levels.

3.2 CH4 fluxes

3.2.1 Seasonal variation in CH4 fluxes

Mean CH4 emissions from the control plots with
intact vegetation (PSV plots) showed a clear sea-
sonal trend with a significant increase between
spring (177± 221 mg CH4 m−2 d−1) and summer
(342± 273 mg CH4 m−2 d−1) and a subsequent significant
decrease between summer and late fall back to spring levels
(136± 175 mg CH4 m−2 d−1) (Fig. 3a). Emission rates
ranged between a minimum of 34 mg CH4 m−2 d−1 mea-
sured in spring and a maximum of 1025 mg CH4 m−2 d−1 in
summer.

The seasonal trend in CH4 emissions from the control
plots was similar to the seasonal variations in all of the
considered environmental and ecological variables. Higher
LAItot, LAIaer, peat temperatures at 7 and 20 cm depths, and
water table depth all resulted in higher CH4 emissions from
the control plots (Fig. 3, Table A1 in Appendix A). The in-
crease in CH4 emissions with increasing LAIaer explained
most of the variation in the fluxes at the control plots.

3.2.2 Vegetation effects on CH4 fluxes

The presence of sphagna (PS treatment) decreased the CH4
emissions by 30 to 1502 mg CH4 m−2 d−1 compared to the
bare peat (P treatment) during all measurement campaigns.
The additional presence of vascular plants increased the CH4
emissions by 2 to 960 mg CH4 m−2 d−1, but they still re-
mained below the emissions from the bare peat in spring and
in fall (Fig. 3a). Both the decreasing effect of the Sphagnum
moss and the increasing effect of the vascular plants on the
CH4 emissions were significant during the fall campaigns.

The effect of Sphagnum moss on CH4 emissions
showed a seasonal trend similar to the one of the
total CH4 emissions from the bare peat. The moss
layer decreased the CH4 emissions significantly more
in late fall (493± 234 mg CH4 m−2 d−1) than in spring
(106± 73 mg CH4 m−2 d−1) both due to significantly higher
emissions from the bare peat plots (P treatment) and sig-
nificantly lower emissions from the moss plots (PS treat-
ments) in fall than in spring (Fig. 3a, b). The relative effect of
the moss layer was weakest in summer, decreasing the CH4
emissions from the bare peat plots by 76± 29 %, and highest
in late fall with a decrease by 98± 1 % (Fig. A4). The ef-
fect of the Sphagnum layer on CH4 fluxes was independent

of peat temperatures and water table depth, when considered
separately (Table A5). Similar to the CH4 emissions from the
bare peat plots, the moss effect was best described by a com-
bination of its increase with increasing peat temperature at
20 cm depth and its increase with decreasing peat tempera-
ture at 7 cm (Tables A3, A5). Additionally, the moss effect
was stronger at higher water tables.

The effect of vascular plants on CH4 emissions showed a
seasonal trend similar to the one of the CH4 emissions from
the control plots (Fig. 3b), accounting for between 55± 31 %
of the CH4 emitted from the control plots in spring and
94± 3 % in summer (Fig. A4). The absolute increase in CH4
emissions in the presence of vascular plants increased be-
tween spring and summer and then decreased again until late
fall to reach values similar to the spring increase. Similar to
the CH4 emissions from the control plots, the effect of vascu-
lar plants was stronger at higher LAItot, LAIaer, peat tempera-
tures at 7 and 20 cm depths, and water table depth (Table A4).
Vascular plants particularly led to a stronger increase in CH4
emissions at higher peat temperatures at 20 cm depth.

The decreasing effect of the Sphagnum moss on CH4 emis-
sions canceled out the enhancing effect of the vascular plants
in spring, summer, and early fall, leading to CH4 emis-
sions from the control plots similar to those from the bare
peat (177± 221 vs. 152± 101 mg CH4 m−2 d−1 in spring,
342± 273 vs. 377± 413 mg CH4 m−2 d−1 in summer, and
189± 134 vs. 470± 588 mg CH4 m−2 d−1 in early fall). In
late fall, the Sphagnum effect was significantly higher than
the vascular plant effect, showing as higher CH4 emissions
from the bare peat compared to the control plots (505± 257
vs. 136± 175 mg CH4 m−2 d−1; Fig. 3a).

3.3 Pore water properties

3.3.1 CH4 pore water concentrations

The concentrations of CH4 dissolved in the pore water
underneath the control plots ranged from 26 µmol L−1 at
7 cm depth in summer to 444 µmol L−1 at 50 cm in spring
(Fig. 4a). Mean pore water concentrations were higher un-
derneath the vegetation removal treatments (PS and P plots)
than under the control plots at all depths in summer and par-
ticularly in fall (72± 31 %), but the differences were not
significant during any campaign or at any sampling depth
(Table A6). Mean pore water concentrations increased by
58± 17 % between 7 and 20 cm depths across all treatments
and campaigns, but the difference was only significant at the
vegetation removal treatments in May. Mean pore water con-
centrations at the control plots were highest in spring and
late fall at all depths. At the vegetation removal treatments,
the concentrations were similarly highest during the shoulder
seasons (spring and fall), particularly at 20 cm depth, with
higher concentrations even in early fall than in summer.
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Figure 2. Daily mean air and peat temperatures (a), daily mean water table depth (b), and daily leaf area index of the total green vascular
vegetation (LAItot), aerenchymatous plants (LAIaer), and Scheuchzeria Palustris (LAISchPal) (interpolated and modeled based on field mea-
surements for 2021 and 2022, respectively) (c) at Siikaneva bog in 2021 and 2022. The snow cover period is the time period between the first
and the last day of snow cover even if interrupted by snow-free days. Water table depth at the nearby Siikaneva fen site is given to show the
general course of the water table over the year at times where no water table measurements were available for Siikaneva bog. Seasonal mean
air temperatures and water table depths are given as horizontal lines and noted in the figures.

3.3.2 δ13C values of CH4 emitted and dissolved in the
pore water

Pore water δ13C-CH4 values underneath the control plots
ranged from −72.7 ‰ at 20 cm depth in spring to −47.1 ‰
at 7 cm depth in summer. In spring, the δ13C values of dis-
solved CH4 were similar between the control plots (PSV)
and the vegetation removal treatments (PS and P) and con-
stant with depth. At the vegetation removal treatments, δ13C-
CH4 values remained similar for the rest of the year, show-
ing only a slight enrichment in 13C at 7 cm depth in sum-
mer and early fall (−65.9± 2.4 ‰ in spring and late fall vs.
−63.1± 4.7 ‰ in summer and early fall) and at 20 cm depth
in summer and both fall campaigns (−69.3± 2.0 ‰ in spring
vs. −67.9± 2.6 ‰ in summer and fall). Dissolved CH4 at
the control plots became more enriched in 13C compared to
the vegetation removal treatments at 7 and 20 cm depths in
summer and fall (−67.6± 1.6 and −68.7± 3.3 ‰ in spring
vs. −58.2± 4.7 and −62.5± 3.3 ‰ in summer and fall at

7 and 20 cm, respectively). This enrichment in 13C at the
control plots after spring resulted in significantly less neg-
ative δ13C values in summer and fall than in spring at 7 cm
depth (−58.2± 4.7 vs.−67.6± 1.6 ‰) and significantly less
negative values at 7 cm than at 50 cm depth in summer and
fall (−58.2± 4.7 vs. −67.0± 2.1 ‰) (Table A7). The differ-
ences in δ13C values between the control plots and the vege-
tation removal treatments, however, were only significant at
7 cm depth in July (−56.4± 7.5 vs. −63.0± 2.8 ‰). While
CH4 generally became more enriched in 13C, pore water CO2
became more depleted towards the peat surface (Fig. A8).

The range of δ13C values differed between the CH4 emit-
ted and dissolved in the pore water. CH4 emitted from the
control plots was significantly more depleted in 13C than the
dissolved CH4 at 7 cm depth during all measurement cam-
paigns, ranging from −83.9 ‰ to −69.1 ‰. CH4 emitted
from the bare peat plots was significantly enriched in 13C
compared to the CH4 emitted from the control plots in spring,
summer, and late fall. In fall, δ13C values of the CH4 emitted
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Figure 3. CH4 emissions from the vegetation removal experiment (a) and effects of vascular plants and Sphagnum layer on CH4 emissions (b)
by measurement campaign, displayed on logarithmic axes. Leaf area index of green vascular plants for total vascular vegetation (LAItot) and
aerenchymatous plants only (LAIaer) (c), peat temperatures (d), and water table depth (e). Markers show the individual values; the boxplot
shows the median (horizontal line), 25th percentile, and 75th percentile (hinges), as well as smallest and largest values, no more than 1.5 times
the interquartile range from the hinges (whiskers). Values above/below the whiskers are classified as outliers. Mean values are given as black
diamonds. Letters indicate significant differences (p < 0.05) with different capital letters above the boxes indicating significant differences
between seasons within one category (a – treatment, b – plant type, c – vascular plant type, d – measurement depth) and different small
letters below the boxes indicating significant differences between these categories within one season. The significant differences displayed
in (a), (b), and (c) were derived from the logarithmically transformed data.

from the bare peat plots were similar to the values of the CH4
dissolved at 7 cm depth (−65.2± 4.8 vs. −64.6± 4.6 ‰),
while emissions were more enriched in 13C compared to
pore water CH4 in spring and summer (−56.7± 11.4 vs.
−64.3± 3.1 ‰). This enrichment of CH4 in 13C upon emis-

sion from the bare peat plots was significant in summer. For
the moss plots (PS treatment), all but one δ13C value for emit-
ted CH4 had to be discarded due to low accuracy of the Keel-
ing estimates, mostly related to low emission rates.
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3.3.3 Modeled CH4 loss through oxidation and
transport

Modeled potential CH4 concentrations in the absence of ox-
idation and transport increased with depth at both control
and vegetation removal plots during all field campaigns. This
depth increase was significant except for the vegetation re-
moval treatments in summer (Table A8). Differences be-
tween treatments or measurement campaigns were not sig-
nificant but modeled potential CH4 concentrations slightly
increased after spring at 7 and 20 cm depth. At the con-
trol plots, potential CH4 concentrations slightly increased
between early and late fall at all depths, while the concen-
trations at the vegetation removal treatments decreased so
that potential concentrations at the control plots slightly ex-
ceeded the concentrations at the vegetation removal plots at
all depths in late fall.

A large fraction of the produced CH4 was lost from the
peat through oxidation and transport. CH4 loss from 7 cm
depth at the control plots was significantly higher in summer
and fall than in spring (90± 5 % vs. 70± 6 %). The fraction
of CH4 lost from the vegetation removal plots was generally
lower than at the control plots. This treatment difference in-
creased after summer with decreasing loss rates from the veg-
etation removal plots and became significant at 7 and 20 cm
depths in late fall. A significantly higher fraction of CH4 was
then lost from 7 cm than from 50 cm depth at the vegetation
removal plots (Table A9).

4 Discussion

In our study, we combined measurements of CH4 emissions
from vegetation removal experiments in the wet hollows of a
boreal bog with pore water CH4 concentration and isotopic
data. We aimed to quantify and explain seasonal differences
in the components of CH4 emissions – production, oxidation,
and transport – considering their environmental and ecologi-
cal controls.

The CH4 emissions measured in this study were higher
than most chamber measurements of CH4 emissions reported
for other non-permafrost bogs but similar to the emissions
previously found at Siikaneva bog. According to our study,
on average, 287 mg CH4 m−2 d−1 was emitted from the con-
trol plots with intact vegetation in the hollows of Siikaneva
bog between May and October in 2021 and 2022, while the
mean emissions from non-permafrost bogs with sedges dur-
ing the same time of year that are included in the BAWLD
data set were 52± 66 mg CH4 m−2 d−1 (Kuhn et al., 2021).
The mean CH4 emissions in our study were, however, simi-
lar to the ones found for Siikaneva bog by Korrensalo et al.
(2018b) of 200, 250, and 300 mg CH4 m−2 d−1 in 2012,
2013, and 2014, respectively. This indicates that CH4 emis-
sions from Siikaneva bog are high compared to the emis-
sions from other boreal bogs. The emissions found in our

study might also be higher than most mean emissions re-
ported in the BAWLD data set, because we focused on hol-
lows which have been shown to be high-emitting features of
patterned boreal bogs (Frenzel and Karofeld, 2000; Moore
and Knowles, 1990; Waddington and Roulet, 1996; Laine
et al., 2007).

4.1 Vegetation effects on CH4 production, oxidation,
and transport

We quantified the effects of vascular plants and of Sphagnum
moss on CH4 emissions as the difference in emissions be-
tween vegetation removal treatments, and we used pore wa-
ter data to relate them to the processes involved in the CH4
cycle (CH4 production, oxidation, and transport). We found
that CH4 oxidation in the Sphagnum moss layer significantly
reduced net CH4 emissions, while the presence of vascu-
lar plants increased CH4 emissions predominantly through
plant-mediated CH4 transport.

4.1.1 Sphagnum moss layer decreases CH4 emissions

A significant decrease in CH4 emissions in the presence
of sphagna indicated significant CH4 oxidation in the moss
layer (Fig. 3a). The presence of a Sphagnum moss layer de-
creased net CH4 emissions by 83± 27 % across all measure-
ment campaigns, which is in line with the fivefold increase in
CH4 emissions upon removal of the moss layer in Sphagnum-
dominated hollows of ombrotrophic peat bogs found by Kip
et al. (2010). The decrease in CH4 emissions related to moss
layer effects agrees with the high mean value and the high
variability of oxidation rates previously reported for wetlands
(Segers, 1998; Roslev and King, 1996).

The main effect of the Sphagnum moss layer on CH4
fluxes was to reduce emissions by providing conditions con-
ducive to CH4 oxidation. CH4 oxidation in the Sphagnum
moss layer was supported by (1) aerobic conditions as well
as by (2) a loose symbiosis between Sphagnum species
and methanotrophs (Larmola et al., 2010; Kip et al., 2010).
(1) The living moss layer of about 4 to 5 cm thickness was
at least partly above the water table for all but four mea-
surements in spring (Fig. 3e). Oxic conditions thus prevailed
in the Sphagnum moss layer during most of our measure-
ment campaigns, allowing for aerobic CH4 oxidation. (2) In a
symbiosis between sphagna and methanotrophs, the methan-
otrophs benefit from the oxygen supplied by the mosses
through photosynthesis while the mosses use the CO2 re-
leased from CH4 oxidation by methanotrophs (Liebner et al.,
2011). In contrast to previous findings on the link between
CH4 oxidation and moss-associated photosynthesis, net CH4
emissions in our study did not change with changing light ex-
posure (Liebner et al., 2011). The stronger decreasing effect
of the Sphagnum moss on CH4 emissions at higher water ta-
bles (Table A5), however, is in line with the higher oxidation
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Figure 4. Mean and standard deviation of dissolved pore water CH4 concentrations (a); δ13C-CH4 values (b); modeled potential CH4 con-
centrations if no CH4 was lost through oxidation or transport (c); and fraction of CH4 lost through oxidation or transport (d) by measurement
campaign, vegetation treatment, and sampling depth. The δ13C values of emitted CH4 are displayed above the peat surface (depth of 0 cm).
Control plots and vegetation treatments were the following. PSV: intact vegetation including Sphagnum mosses and vascular plants; PS:
Sphagnum moss with vascular plants removed; P: peat with all vegetation removed. Pore water data were combined for the PS and P plots
because the vegetation removal treatments were collocated. Significant differences between measurement campaigns, vegetation treatments,
and sampling depths are given in Tables A6 to A9.

rates found in submerged Sphagnum moss (Larmola et al.,
2010; Kip et al., 2010).

4.1.2 Vascular plants increase CH4 emissions

The main function of vascular plants in our study was to pro-
vide a direct pathway for CH4 transport to the atmosphere,
passing by the aerobic peat layer and thus avoiding oxida-
tion. Plant-mediated CH4 transport in the presence of vas-
cular plants showed as (1) higher CH4 emissions, (2) lower

concentrations of CH4 in the pore water, and (3) an accu-
mulation of the heavier 13CH4 molecules in the rhizosphere
due to a preferential emission of the lighter 12CH molecules.
During plant senescence in fall, decaying vascular plants fur-
thermore provided additional substrate for CH4 production.

(1) Vascular plant effects that increase CH4 emissions,
i.e., plant-mediated CH4 transport and/or enhanced sub-
strate supply for methanogenesis, dominated over the de-
creasing effect of rhizospheric oxidation (Joabsson et al.,
1999), as previously found by Whiting and Chanton (1992),
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Frenzel and Rudolph (1998), Ström et al. (2012), Henneberg
et al. (2016), and Noyce et al. (2014) (Fig. 3a, b). The high
summer contributions of vascular plant effects to total CH4
emissions of 94± 3 % in 2022 (Fig. A4) are in line with
previously reported proportions of plant transport between
70 % and more than 90 % of the total CH4 emissions (Whit-
ing and Chanton, 1992; Schimel, 1995; Riutta et al., 2020;
Knoblauch et al., 2015), indicating that plant transport is
the primary pathway for CH4 emissions in the presence of
aerenchymatous plants (Van Der Nat and Middelburg, 1998).
The high mean vascular plant effect found in our study can
be explained by the dominance of aerenchymatous plants and
in particular of Scheuchzeria palustris (Fig. 2c), which trans-
ports the most CH4 of all studied aerenchymatous bog plant
species (Dorodnikov et al., 2011; Korrensalo et al., 2022).
The large range of positive vascular plant effects, accounting
for 1 % to 99 % of the CH4 emissions, furthermore matches
the proportions of plant-mediated CH4 transport of 6 % to
90 % reported for Siikaneva bog between May and October
by Korrensalo et al. (2022).

(2) Effective CH4 transport to the atmosphere through
aerenchymatous plants decreased the concentrations of CH4
dissolved in the pore water. The pore water concentrations of
242± 118 µmol L−1 that we measured at 50 cm depth under-
neath the control plots in summer are lower than the con-
centration of around 600 µmol L−1 reported for an unveg-
etated mud bottom hollow in an Estonian bog by Frenzel
and Karofeld (2000), which is more similar to the concen-
trations of 350± 117 µmol L−1, reaching individual values
of up to 541 µmol L−1, that we found underneath the plots
where all vascular plants had been removed. Concentrations
underneath the control plots were similar to the concentra-
tions of 150 to 250 µmol L−1 found for the sedge-dominated
hollows of a Finnish fen by Dorodnikov et al. (2013). Be-
tween the vegetation treatments in our study, pore water CH4
concentrations were 43± 24 % lower when vascular plants
were present (Fig. 4a), which is in line with the about 50 %
lower pore water CH4 concentrations in the presence of vas-
cular plants reported in previous studies (Wilson et al., 1989;
Chanton et al., 1989; Chanton, 1991).

Whiting and Chanton (1992), on the contrary, found that
clipping of aboveground vegetation reduced pore water CH4
concentrations and related their observation to root exudates,
senescence, and decay of vascular plants providing addi-
tional substrates for CH4 production. This indicates that vas-
cular plants in our study increased CH4 emissions through
plant-mediated CH4 transport rather than through additional
substrate supply. Efficient CH4 transport through aerenchy-
matous plants also shows in the high rates of CH4 lost from
the peat in the presence of vascular plants (Fig. 4d). The
missing difference in DOC values between plots with and
without vascular plants (Fig. A6a) similarly suggests that the
presence of vascular plants did not significantly affect the
substrate availability for CH4 production. However, this does
not rule out the possibility that certain more specific plant

root exudates such as acetate could have been better associ-
ated with CH4 production (Ström et al., 2003). Additionally,
higher modeled potential CH4 concentrations in the presence
of vascular plants in late fall, when CH4 oxidation and trans-
port are excluded (Fig. 4c), suggest that decaying vascular
plants might increase CH4 production rates in times of leaf
senescence.

(3) Plant-mediated CH4 transport showed in a preferential
emission of lighter 12CH4 molecules from areas with vascu-
lar plants (Fig. 4b). Similar δ13C-CH4 values at 50 cm depth
across all measurement campaigns indicate that the stable
carbon isotope ratio of CH4 below the main root zone was
mainly controlled by the pathway of methane production. As
expected for a bog, below the rhizosphere, hydrogenotrophic
methanogenesis, using H2 and CO2 to produce CH4, domi-
nated year-round over acetoclastic methanogenesis, using ac-
etate as an electron acceptor. This is indicated by the low
δ13C-CH4 values and the high δ13C-CO2 values at 50 cm
depth, which result in a carbon isotope separation between
CO2 and CH4 (εc) of 60 to 75 compared to the values for ace-
toclastic methanogenesis of 24 to 29, for hydrogenotrophic
methanogenesis of 49 to 95, and for CH4 oxidation of 4 to
30 (Whiticar, 1999) (Fig. A7). The accumulation of heavier
13CH4 molecules within the rhizosphere of vascular plants
(at 7 and 20 cm sampling depth) compared to pore water CH4
below the rhizosphere or in the absence of vascular plants
(Fig. 4b) could have been caused by different processes as-
sociated with vascular plants, such as plant transport, rhi-
zospheric oxidation, and acetoclastic CH4 production from
root exudates (Chanton, 2005; Popp et al., 1999). The strong
13C depletion of the CH4 emitted from areas with vascu-
lar plants, however, is in line with the preferential transport
of lighter 12CH4 molecules through aerenchymatous plants
(Chanton, 2005; Popp et al., 1999). CH4 oxidation, on the
contrary, usually leads to a preferential conversion of lighter
12CH4 molecules to CO2 (Popp et al., 1999) and should thus
result in higher emissions of the remaining heavier 13CH4.
Therefore, the 13C depletion of emitted CH4 suggests that
rhizospheric oxidation did not play a major role in our study
(Chanton, 2005).

4.2 Seasonal variation in environmental and ecological
controls on CH4 production, oxidation, and
transport

CH4 fluxes depend on the net balance of CH4 production and
CH4 oxidation. The pathways of CH4 transport further affect
CH4 fluxes by influencing the percentage of produced CH4
that is either stored in the pore water, oxidized, or directly
emitted to the atmosphere. It is therefore important to know
how temperature, water table, and plant phenology interact
to control the components of CH4 fluxes (production, oxida-
tion, and transport) over the year.
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4.2.1 CH4 production and storage

The rates of CH4 production and the CH4 dissolution and
storage in the pore water interact to control the amount of
CH4 that is theoretically available for CH4 emission. We hy-
pothesize that in our study this interaction is best represented
by the CH4 emissions measured at the bare peat plots (P
treatment), which are directly driven by the gradient in CH4
concentrations between pore water and atmosphere in the ab-
sence of CH4 oxidation in the moss layer and plant-mediated
CH4 transport.

CH4 production was mainly controlled by the peat temper-
ature in the catotelm (Dunfield et al., 1993). CH4 emissions
from the bare peat plots increased with increasing temper-
atures at 20 cm depth (Table A3). Higher production rates
due to significantly higher peat temperatures in the catotelm
likely contributed to the significantly higher CH4 emissions
from the bare peat plots in late fall compared to spring
(Fig. 3a, d).

At plots with intact vegetation, additional substrate sup-
ply for CH4 production from decaying vascular plants po-
tentially dampened the decrease in CH4 emissions at the end
of the growing season. An increase in CH4 production rates
with leave senescence is supported by higher potential pore
water concentrations at the control plots than at the vegeta-
tion removal treatments in late fall (Fig. 4c). In spring, on
the contrary, potential pore water concentrations were gen-
erally lower than in fall and similar between all vegetation
treatments, indicating that the additional substrate supplied
by decaying vascular plants was depleted after the winter.

The release of CH4 stored in the pore water might have
further obscured the temperature dependency of CH4 pro-
duction during the shoulder seasons. While a temporal de-
coupling between the production and emission of CH4 was
most obvious at the plant removal treatments, delayed emis-
sion of the CH4 produced in summer and winter likely also
enhanced the shoulder seasons emissions from areas with
vascular plants. The absence of aerenchymatous plants to-
gether with decreasing peat temperatures led to a buildup
of high CH4 concentrations in the pore water of the vege-
tation removal plots, following the high production rates in
the summer (Fig. 4a). A similar trend of increasing pore wa-
ter concentrations also becomes visible at the control plots
with progressing plant senescence in late fall. Missing or re-
duced plant transport lowered the efficiency with which the
produced CH4 could be released to the atmosphere. At the
same time, decreasing peat temperatures increased the solu-
bility of CH4 in the pore water (Docherty et al., 2007; Guo
and Rodger, 2013). The latter is supported by the decreasing
rates of CH4 lost from the vegetation removal plots between
summer and late fall (Fig. 4d) as well as by the increase in
CH4 emissions from the bare peat with decreasing peat tem-
peratures at 7 cm depth (Table A3). Higher diffusion rates
driven by the increasing concentration gradient between pore
water and atmosphere are therefore one possible explanation

for the increase in CH4 emissions from the bare peat plots be-
tween summer and late fall despite a significant decrease in
peat temperatures at 20 cm depth (Fig. 3a, d). High pore wa-
ter concentrations in spring might furthermore indicate that
CH4 that is produced in the deeper, unfrozen peat over the
winter, accumulated underneath a frozen surface layer un-
til it could be released upon spring thaw (Zona et al., 2016;
Friborg et al., 1997; Alm et al., 1999; Tokida et al., 2007).
The emission of a substantial part of the CH4 produced in
summer and winter might be delayed by increasing solubil-
ity and decreasing transport efficiency, leading to higher CH4
emissions during the shoulder seasons than suggested by the
temperature relationship of CH4 production.

4.2.2 CH4 oxidation

CH4 oxidation occurred both in the lower parts of the
acrotelm as well as in the layer of living Sphagnum moss.
While oxidation in the lower acrotelm mainly depended on
the availability of oxygen and thus decreased with increas-
ing water level, oxidation rates in the Sphagnum layer were
mainly controlled by the substrate availability and increased
with increasing water level.

CH4 oxidation in the lower acrotelm was higher at higher
peat temperatures in the acrotelm and at lower water levels.
The water table fell below the 4 to 5 cm thick living moss
layer in summer and fall (Fig. 3e), thereby exposing up to
7 cm of the peat below the living moss to oxygen. A de-
crease in CH4 oxidation with rising water table (Roslev and
King, 1996; Perryman et al., 2023) and with decreasing peat
temperatures in the acrotelm (Whalen and Reeburgh, 1996;
Zhang et al., 2020) (Table A3), therefore, is another possi-
ble explanation for the increasing CH4 emissions from the
bare peat plots between summer and late fall in addition to
delayed emission of produced CH4. Lower pore water con-
centrations as well as higher δ13C-CH4 values at 7 cm com-
pared to 20 cm depth (Fig. 4a, b) give additional proof of
CH4 oxidation in the lower acrotelm. The preferential use
of the lighter 12CH4 for the conversion to CO2 by methan-
otrophs enriched the CH4 remaining in the pore water in 13C
(Popp et al., 1999; Whiticar, 1999). In the absence of plant-
mediated transport at the bare peat plots, the low isotopic
fractionation by diffusive CH4 transport (Chanton, 2005) al-
lowed us to isolate the isotopic effect of CH4 oxidation,
showing as similar or higher δ13C values of emitted CH4
compared to the CH4 dissolved in the pore water of the lower
acrotelm.

CH4 oxidation in the Sphagnum layer was mainly con-
trolled by the concentration of CH4 in the pore water, sim-
ilar to the CH4 emissions from the bare peat plots. Oxida-
tion rates showed a seasonal trend similar to the one of the
CH4 emissions from the bare peat plots in both 2021 and
2022 (Figs. 3a, b, A3a, b). Similar to the CH4 emissions
from the bare peat plots, CH4 oxidation rates were higher
at lower peat temperatures in the acrotelm and at higher tem-

Biogeosciences, 21, 3761–3788, 2024 https://doi.org/10.5194/bg-21-3761-2024



K. Jentzsch et al.: Shoulder season controls on methane emissions from a boreal peatland 3775

peratures in the catotelm (Tables A3, A5). This temperature
dependence indicates that oxidation in the Sphagnum layer
was limited mainly by the amount of CH4 available in the
pore water which increases with increasing CH4 production
at higher peat temperatures in the catotelm (Dunfield et al.,
1993) and decreases with increasing oxidation rates at higher
peat temperatures in the lower acrotelm below the moss layer
(Whalen and Reeburgh, 1996; Zhang et al., 2020).

Unlike the oxidation in the lower acrotelm, oxidation rates
within the living Sphagnum moss layer increased with ris-
ing water table (Fig. 2b and e, Table A5). This unexpected
finding might support the stronger dependence of oxidation
rates on substrate availability compared to previous studies
which showed an increase in oxidation rates with increasing
depth of the water table (Roslev and King, 1996; Perryman
et al., 2023). Higher oxidation rates in the living moss layer
at higher water levels might also be related to the symbiotic
relationship between the Sphagnum moss and methanotrophs
(Larmola et al., 2010; Kip et al., 2010).

The reversal of the temperature profile over the year with
peat temperatures decreasing with depth in summer and in-
creasing with depth in winter (Figs. 3d, 2a) might have fur-
ther affected the balance between CH4 production and oxida-
tion. Besides acting as a physical barrier to CH4 transport to
the atmosphere when frozen, a cold surface peat layer might
strongly restrict CH4 oxidation in winter, while CH4 pro-
duction can continue in the warmer deeper peat layers. This
might have added to the accumulation of CH4 in the pore wa-
ter over winter, showing as high pore water concentrations
in spring (Fig. 4a). The seasonal change in the temperature
profile might thus have outweighed the stronger inhibition
of CH4 production than CH4 oxidation by low temperatures
(Dunfield et al., 1993).

4.2.3 CH4 transport

Plant-mediated transport of CH4 enhanced CH4 emissions
even after leaf senescence. Plant transport followed a sea-
sonal trend which was strongly controlled by the green leaf
area of aerenchymatous plants (Fig. 3b, c, Table A4). Even
in spring, when the LAIaer was close to zero, plant trans-
port did, however, not cease completely but still accounted
for 55± 31 % of diffusive CH4 emissions (Figs. 3a, b, A5).
Together with the higher rates of CH4 lost from the control
compared to the vegetation removal plots during the shoul-
der seasons (Fig. 4d), this indicates that diffusion through
aerenchymatous plants continues outside of the growing sea-
son through completely senesced leaves (Roslev and King,
1996; Korrensalo et al., 2022).

Plant transport was higher at lower water levels (Fig. 3b,
e, Table A4), which contradicts previous findings of a de-
crease in plant transport rates with decreasing water levels
(Kutzbach et al., 2004; Waddington et al., 1996). However,
water levels in the hollows were generally high and did not
drop below the main root zone of the sedges between about

10 and 30 cm depth (Korrensalo et al., 2018a) even in sum-
mer. Any separate effect of the small variations in water lev-
els might therefore be concealed by the covariation of the
water table depth with peat temperatures and leaf area of
aerenchymatous plants.

The seasonal variation in plant transport rates was best ex-
plained by the variation in peat temperatures in the catotelm
(Table A4). Significant 13C depletion of the CH4 emitted
from the control plots as well as similar CH4 emissions
and δ13C values between light conditions indicate that gas
transport through the present aerenchymatous plants was
dominated by passive diffusion instead of active convec-
tive throughflow (Popp et al., 1999; Whiting and Chanton,
1996; Van Der Nat et al., 1998). Since diffusion is driven
by the concentration gradient between peat and atmosphere,
this might indicate a direct dependence of plant transport on
pore water concentrations in the catotelm and thus on CH4
production rates, in addition to the high correlation between
peat temperatures and the green leaf area of aerenchymatous
plants. Continued plant transport after leaf senescence raises
the question as to which environmental variables control the
rates of plant transport outside of the growing season. Higher
plant transport at higher availability of CH4 in the root zone
provides one possible answer to this question.

By reducing pore water CH4 concentrations (Fig. 4a),
plant-mediated CH4 transport affects the rates of the other
emission pathways for CH4, i.e., diffusion and ebullition. At
lower pore water concentrations, there is a lower concentra-
tion gradient between peat and atmosphere, reducing diffu-
sive CH4 transport (Chanton, 2005). Lower pore water con-
centrations due to efficient plant transport might similarly de-
crease CH4 ebullition by preventing gas bubbles in the peat
from becoming sufficiently large to move to the surface (e.g.,
van den Berg et al., 2020). This shows in the higher num-
ber of ebullition events occurring at the vegetation removal
treatments compared to the intact vegetation (Fig. A8). Most
ebullition events occurred from bare peat (P treatment), and
their frequency followed the seasonal change in water table.
This shows that ebullition is particularly important at non-
vegetated plots where we expect pore water CH4 concentra-
tions to be even higher due to the missing oxidation in the
Sphagnum layer and where water tables are highest (Män-
nistö et al., 2019).

Plant transport accounted for 83± 22 % of the total dif-
fusive emission of CH4 from the control plots during all
measurements in 2022 (Fig. A5). This percentage of plant-
mediated CH4 transport is based on the assumption that dif-
fusion rates are unaffected by the presence of vascular plants.
The actual contribution of plant transport to the total diffusive
CH4 emissions might be even higher because plant transport
decreases the pore water concentrations of CH4 (Fig. 4a), re-
ducing the concentration gradient between peat and atmo-
sphere and thus the diffusion rates (Chanton, 2005).
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4.2.4 Net CH4 emissions

CH4 emissions to the atmosphere resulted from the complex
interaction of CH4 production, oxidation, and transport, each
of which were in turn controlled by a set of sometimes inter-
acting environmental and ecological variables. Net emissions
from the control plots increased with increasing LAItot and
LAIaer as well as with increasing peat temperatures at 7 and
20 cm depths (Table A1), which is in line with Korrensalo
et al. (2018b). Contrary to Korrensalo et al. (2018b), water
table depth had a significant effect on CH4 emissions with
higher CH4 emission occurring at lower water tables.

Substrate-limited oxidation, to some extent, led to a self-
regulating balance between CH4 production and oxidation.
The strong effect of CH4 production on net CH4 emissions
shows as increasing emissions with increasing peat temper-
atures in the catotelm (Table A1). This positive relationship
was, however, weakened by the substrate limitation of CH4
oxidation. Despite significantly higher production rates re-
lated to higher temperatures in late fall, CH4 emissions from
the control plots were similar between spring and late fall.
This is due to significantly higher oxidation rates in late fall
than in spring due to the higher substrate supply. Higher rates
of CH4 oxidation thus compensated for higher CH4 produc-
tion, resulting in similar net emissions of CH4. With the ra-
tio between CH4 production and oxidation remaining close
to constant over the study period, the seasonal variation in
CH4 emissions was mainly controlled by the rate of plant-
mediated CH4 transport.

Higher CH4 emissions at lower water levels in this study
are unexpected and are most likely related to the covariation
of the water table depth with peat temperatures and the leaf
area of aerenchymatous plants, which exerted a stronger ef-
fect on CH4 emissions than the small variations in water ta-
ble depth. Higher oxidation rates in submerged Sphagnum
moss due to the symbiosis between sphagna and methan-
otrophs (Liebner et al., 2011) could have further contributed
to higher emissions at lower water levels. An alternative ex-
planation for the counterintuitive effect of the water table on
CH4 emissions could be the degassing of CH4 that is trapped
in the soil pores (even below the water table the peat is usu-
ally not fully water saturated) upon a drop in the water ta-
ble (Moore et al., 1990; Moore and Roulet, 1993; Dinsmore
et al., 2009). The number of chamber measurements showing
episodic ebullition events, however, indicates less ebullition
from the control plots following the decrease in water table
between spring and summer in 2021 (Fig. A8).

The total vegetation present at the site led to a net reduc-
tion in CH4 emissions both in summer and during the shoul-
der seasons. Actual oxidation rates in the moss layer were
probably lower in the presence of aerenchymatous plants
than the rates estimated from the moss plots (PS treatment).
Aerenchymatous plants reduced the pore water concentra-
tions of CH4 (Fig. 4a) and thus the available substrate for the
strongly substrate-limited CH4 oxidation in the moss layer.

Despite the likely overestimation of actual oxidation rates,
the decreasing effect of CH4 oxidation in the moss layer
generally outweighed the increasing effect of plant transport,
leading to lower mean emissions from the control plots com-
pared to the mean emissions from the bare peat plots dur-
ing all measurement campaigns in 2021 and 2022, except for
July 2022 (Fig. A3a, b).

5 Conclusions

This study investigated the environmental and ecological
controls on the seasonal dynamics of CH4 emissions from the
wet hollows of a boreal bog, with a particular focus on shoul-
der season processes. Seasonal variations in CH4 emissions
resulted from complex interactions between CH4 produc-
tion, oxidation, and transport, which in turn were controlled
by combinations of peat temperatures, vegetation properties,
and water table depth. During the shoulder seasons, several
processes dampened the effect of decreasing CH4 production
with decreasing peat temperatures on net CH4 emissions,
including continued plant-mediated CH4 transport through
senesced leaves, substrate supply for CH4 production from
decaying vascular plants, delayed emission of a part of the
CH4 produced in summer and winter, and substrate-limited
CH4 oxidation in the Sphagnum moss. The temporal decou-
pling between CH4 production and emission highlights the
importance of year-round flux measurements to reliably cap-
ture annual CH4 budgets. High rates of CH4 oxidation in the
Sphagnum layer and of CH4 transport through aerenchyma-
tous plants in summer and shoulder seasons underline the
crucial role of vegetation in controlling net CH4 fluxes. Our
study points towards the high need to refine the current pa-
rameterization of seasonal dynamics in CH4 emissions in
process-based models. Replacing simple temperature depen-
dencies of CH4 emissions by the interaction of separately
modeled components of CH4 fluxes (CH4 production, ox-
idation, and transport) will greatly improve our estimates
of CH4 emissions from boreal peatlands, particularly in the
shoulder seasons, and will thus work against an underestima-
tion of cold-season CH4 emissions.

Biogeosciences, 21, 3761–3788, 2024 https://doi.org/10.5194/bg-21-3761-2024



K. Jentzsch et al.: Shoulder season controls on methane emissions from a boreal peatland 3777

Appendix A

Figure A1. Linear regression between air temperatures recorded hourly at Siikaneva bog and at Siikaneva fen (https://smear.avaa.csc.fi/
download, last access: 13 August 2024; Station SMEAR II Siikaneva 1 (fen) and 2 (bog) wetland) between 2012 and 2016. The air temper-
ature was fit using two linear regressions with an inflection point at −15 °C at the fen site. The linear regressions for temperatures below
−15 °C and equal to or above −15 °C are given in blue and red, respectively.

Figure A2. Linear regression between daily water table depths recorded at Siikaneva bog and Siikaneva fen (https://smear.avaa.csc.fi/
download; Station SMEAR II Siikaneva 1 (fen) and 2 (bog) wetland) between 2012 and 2016.
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Figure A3. CH4 emissions from the vegetation removal experiment (a), vascular plant effects and Sphagnum layer effects on CH4 emis-
sions (b) by measurement campaigns in 2021 and 2022, displayed on logarithmic axes. Five negative values for vascular plant effects in 2021
ranging from −7 to −401 mg CH4 m−2 d−1 at simultaneous positive values of the Sphagnum effect are not shown. Leaf area index of green
vascular plants for total vascular vegetation (LAItot) and aerenchymatous plants only (LAIaer) (c), peat temperatures (d), and water table
depth (e). Markers show the individual values; the boxplot shows the median (horizontal line), 25th percentile, and 75th percentile (hinges),
as well as the smallest and largest values, no more than 1.5 times the interquartile range from the hinges (whiskers). Values above/below the
whiskers are classified as outliers. Mean values are given as black diamonds.
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Figure A4. Relative enhancing effect of vascular plants and decreasing effect of Sphagnum moss on CH4 emissions by measurement cam-
paign in 2021 and 2022. Cases where emissions from the control plots were lower than from the moss plots (negative vascular plant effect)
were excluded from this figure (five values in 2021).

Figure A5. Percentage of CH4 emitted via diffusion (emissions from the moss-only (PS) plots) and via plant transport (emissions from the
control (PSV) plots minus emissions from the moss-only plots) of the total CH4 emissions (from the control plots) after ebullition events
were excluded. Cases where emissions from the control plots were lower than from the moss plots (negative plant transport) were excluded
from this figure (five values in 2021).

https://doi.org/10.5194/bg-21-3761-2024 Biogeosciences, 21, 3761–3788, 2024



3780 K. Jentzsch et al.: Shoulder season controls on methane emissions from a boreal peatland

Figure A6. Mean and standard deviation of dissolved organic carbon (DOC) (a) and total dissolved nitrogen (TDN) (b) by sampling depth,
measurement campaign, and vegetation treatment. Control plots and vegetation treatments are the following. PSV: intact vegetation including
Sphagnum mosses and vascular plants; PS: Sphagnum moss with vascular plants removed; P: peat with all vegetation removed. Pore water
data are combined for the PS and P plots because the vegetation removal treatments were collocated.

Figure A7. δ13C values of CH4 and CO2 dissolved in the pore water by sampling depth, vegetation treatment, and CH4 concentration. Black
diagonal lines indicate the isotope fractionation factor εC ≈ δ13C-CO2− δ

13C-CH4 (following Whiticar, 1999).
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Figure A8. Number of flux measurements during which one or more ebullition events were visually detected, normalized by the total number
of measurements. Measurements that were discarded from flux calculation due to excessive ebullition are included in this figure.

Table A1. Parameter estimates for linear models for CH4 fluxes from the control plots (PSV). Estimate values, standard error (SE), degrees
of freedom (DOF), test statistics (t , p, and significance level (signif.)) are given to the fixed predictors of the model as well as conditional
pseudo-R-squared for generalized mixed effects models (R2). The model that best explained the variation in the data is highlighted in
bold font. The significance level of the effects of total leaf area index (LAItot), leaf area index of aerenchymatous plants (LAIaer), peat
temperatures at 7 (Tpeat (7 cm)) and 20 cm depth (Tpeat (20 cm)), and water table depth (WTD) on the CH4 fluxes is indicated by the number
of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Parameter Value SE DOF t p signif. R2

LAIaer 4.50 1.11 43 4.051 0.0002 ∗∗∗ 0.35
LAItot 4.29 1.06 43 4.044 0.0002 ∗∗∗ 0.37
Tpeat (7 cm) 0.07 0.02 41 3.129 0.0032 ∗∗ 0.35
Tpeat (20 cm) 0.08 0.02 43 3.288 0.0020 ∗∗ 0.34
WTD 0.08 0.03 43 2.262 0.0119 ∗ 0.40

Table A2. Parameter estimates for linear models for CH4 fluxes from the moss treatment (PS). Estimate values, standard error (SE), degrees
of freedom (DOF), test statistics (t , p, and significance level (signif.)) are given to the fixed predictors of the model as well as conditional
pseudo-R-squared for generalized mixed effects models (R2). The model that best explained the variation in the data is highlighted in bold
font. The significance level of the effects of peat temperatures at 7 (Tpeat (7 cm)) and 20 cm depth (Tpeat (20 cm)), and water table depth
(WTD) on the CH4 fluxes is indicated by the number of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Parameter Value SE DOF t p signif. R2

Univariate models

Tpeat (7 cm) 0.18 0.04 46 4.632 < 0.0001 ∗∗∗ 0.41
Tpeat (20 cm) 0.16 0.04 48 3.602 0.0007 ∗∗∗ 0.30
WTD 0.03 0.06 48 0.519 0.6063 n.s. 0.15

Multivariate model 0.55

T peat (20 cm) 0.33 0.04 45 7.861 <0.0001 ∗∗∗

WTD −0.33 0.06 45 −5.579 <0.0001 ∗∗∗

n.s. – not significant.
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Table A3. Parameter estimates for linear models for CH4 fluxes from the bare peat treatment (P). Estimate values, standard error (SE), degrees
of freedom (DOF), test statistics (t , p, and significance level (signif.)) are given to the fixed predictors of the model as well as conditional
pseudo-R-squared for generalized mixed effects models (R2). The model that best explained the variation in the data is highlighted in bold
font. The significance level of the effects of peat temperatures at 7 (Tpeat (7 cm)) and 20 cm depth (Tpeat (20 cm)), and water table depth
(WTD) on the CH4 fluxes is indicated by the number of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Parameter Value SE DOF t p signif. R2

Univariate models

Tpeat (7 cm) 0.01 0.03 24 0.389 0.7007 n.s. 0.51
Tpeat (20 cm) 0.04 0.03 26 1.501 0.1455 n.s. 0.57
WTD 0.06 0.03 26 1.886 0.0706 n.s. 0.62

Multivariate model 0.62

T peat (7 cm) −0.23 0.08 23 −2.814 0.0098 ∗∗

T peat (20 cm) 0.28 0.09 23 3.101 0.0050 ∗∗

n.s. – not significant.

Table A4. Parameter estimates for linear models for the effect of vascular plants on CH4 fluxes. Estimate values, standard error (SE), degrees
of freedom (DOF), test statistics (t , p, and significance level (signif.)) are given to the fixed predictors of the model as well as conditional
pseudo-R-squared for generalized mixed effects models (R2). The model that best explained the variation in the data is highlighted in
bold font. The significance level of the effects of total leaf area index (LAItot), leaf area index of aerenchymatous plants (LAIaer), peat
temperatures at 7 (Tpeat (7 cm)) and 20 cm depth (Tpeat (20 cm)), and water table depth (WTD) on the vascular plant effect is indicated by
the number of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Parameter Value SE DOF t p signif. R2

LAIaer 8.08 2.15 27 3.758 0.0008 ∗∗∗ 0.31
LAItot 7.42 2.03 27 3.653 0.0011 ∗∗ 0.30
Tpeat (7 cm) 0.18 0.05 25 3.516 0.0017 ∗∗ 0.35
T peat (20 cm) 0.21 0.05 27 4.226 0.0002 ∗∗∗ 0.39
WTD 0.21 0.06 27 3.681 0.0010 ∗∗ 0.47

Table A5. Parameter estimates for linear models for the effect of Sphagnum moss on CH4 fluxes. Estimate values, standard error (SE), degrees
of freedom (DOF), test statistics (t , p, and significance level (signif.)) are given to the fixed predictors of the model as well as conditional
pseudo-R-squared for generalized mixed effects models (R2). The model that best explained the variation in the data is highlighted in
bold font. The significance level of the effects of peat temperatures at 7 (Tpeat (7 cm)) and 20 cm depth (Tpeat (20 cm)), and water table
depth (WTD) on the Sphagnum effect is indicated by the number of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗:
0.01< p < 0.05.

Parameter Value SE DOF t p signif. R2

Univariate models

Tpeat (7 cm) −0.04 0.03 30 −1.701 0.0993 n.s. 0.59
Tpeat (20 cm) −0.02 0.03 32 −0.541 0.5924 n.s. 0.57
WTD 0.01 0.04 32 0.235 0.8158 n.s. 0.57

Multivariate model 0.62

T peat (7 cm) −0.21 0.10 28 −2.124 0.0426 ∗

T peat (20 cm) 0.21 0.14 28 1.516 0.1408 n.s.
WTD −0.02 0.07 28 −0.237 0.8140 n.s.

n.s. – not significant.
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Table A6. Significant differences in measured concentrations of CH4 dissolved in the pore water (CH4 conc.) between the categories of
measurement campaign, vegetation treatment, or sampling depth while the remaining categories are constant. Estimate values, standard error
(SE), and test statistics (z, adjusted p, and significance level (signif.)) are given as resulting from Tukey’s HSD test. The significance level
of the differences is indicated by the number of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Variable Campaign Treatment Depth Value SE z p signif.

CH4 conc. [µmol L−1] May PS/P 20 vs. 7 308.92 72.69 4.250 < 0.01 ∗∗

Table A7. Significant differences in δ13C values of the CH4 dissolved in the pore water (diss.) and emitted from the peat (em.) between
the categories of measurement campaign, vegetation treatment, or sampling depth while the remaining categories are constant. Estimate
values, standard error (SE), and test statistics (z, adjusted p, and significance level (signif.)) are given as resulting from Tukey’s HSD test.
The significance level of the differences is indicated by the number of asterisks as follows. ***: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗:
0.01< p < 0.05.

Variable Campaign Treatment Depth Value SE z p signif.

δ13C-CH4 (diss.) [‰] July vs. May PSV 7 11.00 1.82 6.045 < 0.001 ∗∗∗

September vs. May PSV 7 9.12 1.82 5.007 < 0.001 ∗∗∗

October vs. May PSV 7 7.49 1.82 4.114 < 0.01 ∗∗

July PS/P vs. PSV 7 −6.75 1.82 −3.710 0.0381 ∗

July PSV 50 vs. 7 −10.99 1.71 −6.422 < 0.001 ∗∗∗

September PSV 50 vs. 7 −8.08 1.71 −4.720 < 0.001 ∗∗∗

October PSV 50 vs. 7 −7.17 1.71 −4.186 < 0.01 ∗∗

δ13C-CH4 (em.) [‰] October vs. July P 0 −10.36 2.69 −3.851 0.0471 ∗

May P vs. PSV 0 −18.80 2.81 6.686 < 0.001 ∗∗∗

July P vs. PSV 0 17.62 3.13 5.634 < 0.001 ∗∗∗

July PS vs. P 0 −16.24 3.79 −4.289 < 0.01 ∗∗

October P vs. PSV 0 10.10 2.06 4.896 < 0.001 ∗∗∗

May PSV 0 vs. 7 −9.76 2.35 −4.153 0.0152 ∗

May P 0 vs. 20 10.79 2.67 4.038 0.0234 ∗

May P 0 vs. 50 10.65 2.67 3.986 0.0284 ∗

July PSV 0 vs. 7 −16.30 2.59 −6.300 < 0.001 ∗∗∗

July PSV 0 vs. 20 −10.09 2.59 −3.90 0.0379 ∗

July P 0 vs. 20 13.34 2.59 5.150 < 0.001 ∗∗∗

July P 0 vs. 50 14.22 2.59 5.492 < 0.001 ∗∗∗

September PSV 0 vs. 7 −20.11 4.34 −4.634 < 0.01 ∗∗

September PSV 0 vs. 20 −17.77 4.34 −4.094 0.0192 ∗

October PSV 0 vs. 50 −8.46 1.94 −4.357 < 0.01 ∗∗

October PSV 7 vs. 0 15.73 2.06 7.618 < 0.001 ∗∗∗

October PSV 20 vs. 0 13.47 2.06 6.525 < 0.001 ∗∗∗

Table A8. Significant differences in modeled potential concentrations of CH4 dissolved in the pore water in the absence of CH4 oxidation
and transport (pot CH4 conc.) between the categories of measurement campaign, vegetation treatment, or sampling depth while the remaining
categories are constant. Estimate values, standard error (SE), and test statistics (z, adjusted p, and significance level (signif.)) are given as
resulting from Tukey’s HSD test. The significance level of the differences is indicated by the number of asterisks as follows. ∗∗∗: 0< p <
0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Variable Campaign Treatment Depth Value SE z p signif.

CH4 conc. (mod) [µmol L−1] May PSV 50 vs. 7 1394.84 284.22 4.908 < 0.001 ∗∗∗

July PSV 50 vs. 7 997.37 254.21 3.923 0.0180 ∗

September PSV 50 vs. 7 1284.08 254.21 5.051 < 0.001 ∗∗∗

October PSV 50 vs. 7 1041.33 254.21 4.096 < 0.01 ∗∗

May PS/P 50 vs. 7 1628.73 307.79 5.292 < 0.001 ∗∗∗

September PS/P 50 vs. 7 986.11 254.21 3.879 0.0206 ∗

October PS/P 50 vs. 7 1073.01 254.21 4.221 < 0.01 ∗∗
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Table A9. Significant differences in the fraction of CH4 lost from the peat through oxidation or transport (fCH4 lost) between the categories
of measurement campaign, vegetation treatment, or sampling depth while the remaining categories are constant. Estimate values, standard
error (SE), and test statistics (z, adjusted p, and significance level (signif.)) are given as resulting from Tukey’s HSD test. The significance
level of the differences is indicated by the number of asterisks as follows. ∗∗∗: 0< p < 0.001, ∗∗: 0.001< p < 0.01, ∗: 0.01< p < 0.05.

Variable Campaign Treatment Depth Value SE z p signif

fCH4 lost [%] July vs. May PSV 7 0.20 0.03 5.701 < 0.001 ∗∗∗

September vs. May PSV 7 0.19 0.03 5.560 < 0.001 ∗∗∗

October vs. May PSV 7 0.15 0.03 4.397 < 0.01 ∗∗

October vs. July PS/P 7 −0.15 0.03 −4.348 < 0.01 ∗∗

October PS/P vs. PSV 7 −0.19 0.03 −5.791 < 0.001 ∗∗∗

October PS/P vs. PSV 20 −0.15 0.03 −4.623 < 0.001 ∗∗∗

October PS/P 50 vs. 7 0.15 0.03 4.416 < 0.01 ∗∗

Appendix B: Limitations in carbon stable isotope
modeling

Similar to Dorodnikov et al. (2013), stable carbon isotope
modeling resulted in unrealistic negative fractions of CH4
oxidation in the surface peat of the control plots. This was
probably due to a high sensitivity of the fraction of CH4 oxi-
dized to the choice of isotopic fractionation factors for oxida-
tion and plant transport, αox and αtrans. Due to this high sen-
sitivity as well as the high variability between ecosystems,
temperature, and moisture conditions, large uncertainties can
be introduced into estimates of oxidation rates when litera-
ture values are used for αox (Cabral et al., 2010; Gebert and
Streese-Kleeberg, 2017). Instead, αox should be determined
specifically for each research site and corrected for its tem-
perature dependency (Chanton et al., 2008). This can be done
using headspace samples from incubations or chamber mea-
surements at sites with net CH4 uptake (King et al., 1989).
Since none of our measurement plots showed a net uptake
of CH4, we could not determine αox specifically for our re-
search site from our chamber measurements. Furthermore,
CH4 emissions from the moss plots (PS treatments) were
generally low so that most estimates for stable isotope carbon
ratios of emitted CH4 were not reliable. We therefore could
not identify the fractionating effect of oxidation processes di-
rectly from the flux measurements on this treatment. Besides
the αox value being problematic, the results from the control
plots showing negative fractions of CH4 oxidization proba-
bly indicate an underestimation of the isotopic fractionation
of CH4 during to plant transport (αtrans) at our measurement
plots; that is, plant transport seems to be strongly fraction-
ating at the measurement site. Given the high uncertainty in
the two key model parameters, αox and αtrans, we ran into the
problem of not being able to constrain the model. From this,
we decided that using the isotope model to estimate fractions
of CH4 oxidation and transport was not feasible.
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https://doi.org/10.1594/PANGAEA.965402 (Jentzsch et al., 2024).
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