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Abstract While boreal mires are known to be a significant natural source of methane (CH,), the seasonality
of the related processes and their controls are still poorly understood. Here we aim to characterize CH,
production, oxidation and transport, and their drivers in a boreal mire using year-round continuous
measurements of stable carbon isotope composition (5'>C-CH,) in dissolved and emitted CH,. We found
reversed vertical profiles of 8'>C-CH,, in the summer (higher values at surface) and in the winter (higher values
at bottom). The '*C enriched emitted CH,, as compared to pore water CH,, indicated methane oxidation at the
peat-snow interface by sphagnum mosses in the winter. The observed hysteretic 613C-CH4 - pCH, relation
indicated the importance of substrate availability for methane production in addition to soil temperature, and
their time-lagged seasonal cycles. Our data also demonstrated the dominance of plant-mediated transport in the
summer, the dominance of diffusion through peat and moss matrix (with associated microbial methane
oxidation) in the winter and a transition in the spring and autumn. In general, the measured 5'>C values of
emitted CH, at this and other northern mires are considerably lower than the values used in atmospheric
inversion models. Our comprehensive data set provided invaluable insight into wetland 813C-CH4, the dynamic
interplay of multiple processes related to CH, emission in boreal mires, especially in the rarely studied winter,
spring, and autumn, the incorporation of which into Earth System Models will allow more accurate prediction of
wetland responses to ongoing climate change.

Plain Language Summary Northern mires emit significant amounts of methane, a potent
greenhouse gas, which vary seasonally and are influenced by the changing climate. In this study, we aim to
evaluate stable carbon isotope '*C abundancies in emitted methane and its seasonal variations in a boreal mire,
as well as the temporal interplay of the methane-related processes through a continuous in situ measurement.
Our data revealed the dominance of methane production over oxidation for most of the year, except in winter.
For the first time, we observed the reversal of vertical profiles of '>C in dissolved methane between winter and
summer, which resembled the methane geochemistry commonly considered from different types of mires. Our
data supported seasonal differences in the dominant transport pathways, with methane being transported
through vascular plants in the growing season and through the peat matrix in winter. We showed the time lag
between the main drivers of methane production, peat temperature, and substrate availability. In the end, we
observed overall lower values of '>C in the emitted methane compared to those used in atmospheric inversions.
The systematic error of wetland 8'>C in the global methane model is likely to lead to a considerable bias in
methane source apportionment.

1. Introduction

Boreal mires (i.e., natural peatlands) are significant natural sources of methane (CH,), one of the major green-
house gases, into the atmosphere (Ciais et al., 2013). The emission of CH, from these ecosystems depends on the
temporal variations of environmental variables (e.g., Rinne et al., 2007), spatial extent of the mires (e.g., Peltola
et al., 2019), and on complex interactions between climatic and biogeochemical characteristics (Turetsky
etal., 2014). The net emission of CH, from a wetland ecosystem is a result of CH, production, CH, oxidation, and
CH, transport processes (Chanton, 2005; Lai, 2009). As the changing climate can affect the CH, emission from
wetlands, potentially leading to climate feedback effects (Gedney et al., 2004; Zhang et al., 2023), understanding
the processes behind the CH, emission from wetland systems is crucial.
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CH, in wetlands is produced by Archaea via different pathways mainly depending on substrate availability and
temperature (Schulz et al., 1997). CH, produced via hydrogenotrophic methanogenesis (HM) is more depleted in
13C than produced via acetoclastic methanogenesis (AM) (Hornibrook, 2009; McCalley et al., 2014; Whiticar
et al., 1986). '>CH, is preferentially consumed during CH, oxidation so that the residual CH, becomes '*C-
enriched (Hornibrook, 2009; Whiticar, 1999). In addition, molecular diffusion also causes isotopic fraction-
ation, as '>CH, molecule has a faster translational velocity than '*CH, due to their mass difference. The pref-
erential loss of '2CH, results in '>*CH,-enrichment in the residual CH, pool during the transport of CH, via plant
aerenchyma, a form of diffusive transport mainly bypassing CH, oxidation. CH, transport via ebullition (bubbles)
involves no or very low isotopic fractionation due to the fast movement of gas (Chanton, 2005). Thus, natural
stable isotope abundances in dissolved and emitted CH,, commonly expressed as &'*C-CH, values, offered
additional constraints for our understanding of the processes underlying CH, emission from ecosystems.

While the CH, emissions from boreal mires exhibit systematic seasonal variability, with high emission rates
during growing season (GS) and lower rates in non-growing season (NGS) (Heiskanen et al., 2021; Keane
et al., 2021; Rinne et al., 2018; Riutta et al., 2007), the 8'3C values of emitted CH, show less systematic temporal
variability (McCalley et al., 2014; Rinne et al., 2022). The inconsistency can be attributed to the occurrence of the
underlying CH, processes that have different temporal patterns. Investigation of pore water 8'*C values along a
vertical gradient can provide a better insight into the separation of these processes, as it is close to where CH, is
produced. There is typically a vertical gradient in the 8'>C-CH, values along the peat profiles in mires, but the
pattern is different between the mire types (Hornibrook, 2009). In sedge dominated fens, the pore water CH, is
generally less depleted in 13C than in moss and dwarf shrub dominated bogs and their 8'3C values are the lowest in
deeper peat layers. This has been interpreted as an indication of acetoclastic methane production in shallower
layers, where the majority of substrate-providing vascular plant roots are located, and increasingly HM in deeper
peat layers. Contrastingly, in bogs with generally very '*C-depleted CH, indicating the dominance of HM, §'>C-
CH, values are the lowest near the surface.

A static temperature function of CH, production and/or CH, emission has been prescribed in many terrestrial
biogeochemical models (Wania et al., 2013; Xu et al., 2016). Although such static temperature-dependency has
been supported by meta-analyses across microbial to ecosystem scales (Yvon-Durocher et al., 2014), the hys-
teretic responses of CH, emission to the seasonal cycles of vegetation processes providing substrates for
methanogenesis (Rinne et al., 2018) and of temperature (Chang et al., 2021) have been observed from boreal
mires, that is, peat forming wetlands, suggesting that both substrate and temperature control wetland CH,
emissions and they have time-lagged seasonal cycles (Chang et al., 2020). The application of isotopic methods
with novel online measurement tools with high temporal resolution are useful in characterizing the importance of
these two controls (Rinne et al., 2022; Sabrekov et al., 2024).

The understanding on the seasonal cycle of 8'*C-CH, dissolved in pore water, its coupling with &'°C in the
emitted CH,, and their implications to the CH, production, oxidation and transport processes in the peat is very
limited. Previously, in situ 8'*C-CH,, in pore water and in emitted CH, were either studied separately (Heiskanen
et al., 2021; Sabrekov et al., 2024), or they were studied simultaneously but with coarse temporal resolution
(Kuhn et al., 2024; McCalley et al., 2014). Besides, most of the data on §'*C-CH, and CH,, concentrations in pore
water (expressed as equilibrium partial pressure, pCH,) have been collected in a non-continuous manner (mostly
in the GS), thus yielding only snapshots but not the temporal development (Knorr et al., 2008; Shoemaker &
Schrag, 2010). There are likely to be drastic seasonal changes in for example, the input of fresh root exudates and
oxygen into the peat following the phenological status of aerenchymatous sedges, especially in early GS and
during their senescence. Furthermore, in boreal mires, snow and ice cover the peat from the atmosphere for
several months, during which relatively small but systematic emissions of methane into the atmosphere have been
observed (Dise, 1992; Heiskanen et al., 2021; Rinne et al., 2018).

Here we conducted the first year-round vertical peat profile measurements of pCH, and &'*C-CH, in pore water,
and we inversely calculated ecosystem-scale 8'>C-CH,, (integrated over a large area) in the emitted methane using
nocturnal boundary-layer accumulation approach (see Section 2.3) in a boreal mire. We aimed (a) to evaluate the
8'3C values of emitted and pore water CH,, and the seasonality of those values from a boreal mire, (b) to infer the
temporal development of methanogenesis, methanotrophy and methane transport as well as their controls using
8'3C-CH, data as proxy, and (c) to explain the potential time-lags between them. We asked the following
questions: (Q1) How do CH, production, oxidation along a vertical profile and CH, transport pathways vary over
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a full annual cycle in a boreal mire? (Q2) How do soil temperature and substrate availability drive the seasonal
cycle of pore water pCH,?

To answer Q2, we adapted the conceptual framework proposed by Rinne et al. (2022) and formulated two parallel
hypotheses which were to be evaluated by the observed relationships between pore water 613C-CH4 and pCH,
(Figure A1). A possible negative correlation between pCH, and §'>C-CH, would indicate CH, oxidation mainly
drives the pCH, variation because the enzymatic reaction of CH, oxidation typically consume preferably '>CH,
leading to a '*C enrichment in the residual pore water CH, along with a reduction of pCH,,. Conversely, a possible
positive correlation between pCH, and &'*C-CH, would indicate the dominance of CH, production over CH,
oxidation driving the pCH,, as has been demonstrated during thawed periods in previous studies (Chang
et al., 2020; Kuhn et al., 2024; McCalley et al., 2014). Higher 8'>C-CH, is usually associated with CH, pro-
ductions with better substrate availability for methanogenesis from more productive mires (Chanton et al., 2005).
The better substrate condition can be higher acetate concentration or higher H, concentration, which indirectly
influence 8'>C through the energetics of hydrogenotrophic methane production (Hornibrook, 2009), thus the
change in 8'° C-CH, does not necessarily imply changes in methane production pathways.

2. Materials and Methods
2.1. Site Description

The study was conducted from 16 March 2022 to 15 March 2023 in a boreal mire (61°49.961'N, 24°11.567'E,
160 m a.s.l.) within the large Siikaneva mire complex in Ruovesi, southern Finland, located in the south boreal
zone (Rinne et al., 2007). The site has a relatively flat topography and vegetation is dominated by sedges (Carex
rostrata, C. limosa, Eriophorum vaginatum, Scheuchzeria palustris L.) and Sphagnum mosses (Riutta
et al., 2007). The annual mean temperature was 4.1°C and the annual precipitation was 690 mm during 1991—
2020 (Jokinen et al., 2021). The GS (between the first 5-day period with average temperatures above 5°C and
the first 5-day period with average temperatures below 5°C) of the site is usually between the end of April and
mid-October (Finnish Meteorological Institute, 2024). The peat depth at the measurement site is about 4 m
(Mathijssen et al., 2016). The pH of the site varies between 4.4 and 4.7 along the peat profile. The site is a Class 2
ecosystem station FI-Sii of ICOS Research Infrastructure (Heiskanen et al., 2022). The mire complex is sur-
rounded mostly by forest and there are no anthropogenic methane sources (Figure 1a).

2.2. Automatic Measurement of Pore Water pCH, and §*C-CH,

For the continuous measurement of pore water pCH, and &'*C-CH, profile, three 50 m long tubes (19 mm OD,
16 mm ID) made of Teflon, referred to as sample tubes in the following text, were installed in the peat at depths of
10, 30, and 50 cm below the peat surface in 2013 (Figures 1b and 1c). The total internal volume of each sample
tube was circa 2.5 L. The sample tubes were connected to a cavity ring-down spectrometer (CRDS; Picarro
G2201-1, Picarro Inc., Santa Clara, USA) by a four-way valve. The air in the tubes was allowed to equilibrate with
pore water for 45 hr, before pumping it through the analyzer, while a venting tube in the other end of the sample
tubes allowed ambient air to replace the air in the sample tubes. The time required for equilibration was selected
based on a laboratory test (Figure S1 in Supporting Information S1). As the mixing ratios in the sample tubes far
exceeded the analyzer range, 1:99 dilution with ambient air was applied by a dedicated dilution system. Average
CH, mixing ratios (and pCH,) and its standard deviation, measured in the ambient air 40 cm above the mire
surface during the sampling, were 1.96 + 0.06 ppm (0.195 Pa),1.97 & 0.05 ppm (0.196 Pa), and 2.04 £+ 0.22 ppm
(0.203 Pa) at 12-15, 15-18, and 18-21 hr, respectively (Figure S2 in Supporting Information S1). The time
windows correspond to the times of measurement from the depths of 10, 30, and 50 cm, respectively. As there
were no significant differences between the time intervals, we used the mean CH, concentration from the
background ambient air (1.99 ppm) in Equation Bl to calculate CH, concentrations in the peat water and
Equation B2 to calculate the 8'*C-CH, values. In most cases the uncertainty caused by the 1:99 dilution with
ambient air was less than 3% for pCH,, and less than 7% in the extremely low mixing ratio in the sampling tube .
The uncertainty in the 8'*C-CH, caused by the dilution was in most cases below 1% units, and even in the
extreme cases below 3%o units. Calculation of dilution effects is presented in Appendix B. The methane con-
centration is expressed in methane partial pressure (pCH,) both in gaseous and in dissolved form. An average
atmospheric pressure during the measurement period of 99.2 kPa was used in the calculation. In order to compare
with other studies and to incorporate the influence of temperature on solubility in the reported CH,
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Figure 1. Aerial pictures of the study area and measurement design. (a) Aerial picture of the surrounding landscape of the
field site. (b) A close-up of the measurement site from an aerial picture. There are no anthropogenic methane sources, such as
cattle farms or gas pipelines, in the vicinity of the mire. Cross indicates the location of the eddy covariance tower. The red dot
shows the inlet for an ambient atmosphere. The blue dash line shows the locations of the soil tubes. (c) Schematic of the
measurement system.

concentrations, we convert the methane concentration to pmol L™' using temperature-dependent Henry's law
constant and report them in Supporting Information S1.

2.3. Automatic Measurement of Methane Emissions and 8"*C in Emitted CH,

The ecosystem level CH, flux continuously measured in the study site according to ICOS protocols by the eddy
covariance method (Nemitz et al., 2018) was used to derive daily average methane fluxes during the measurement
period.

The ecosystem-scale 8'>C values of the emitted CH,, was obtained using nocturnal boundary-layer accumulation
approach (Quay et al., 1988). The measurements of atmospheric surface layer CH, mixing ratios and corre-
sponding surface layer 8'>C-CH, values were conducted every second night (when gas from the sample tubes was
not measured) by drawing ambient air from 0.4 m above the peat surface to the CRDS analyzer. To estimate
concentration and flux source areas footprint models of varying complexity are commonly used. We ran a
Lagrangian stochastic transport model for flux and concentration footprints (Rannik et al., 2003) using different
surface layer stabilities and roughness lengths to obtain the footprint of the measured surface layer CH, con-
centration and CH, flux at different conditions. For our measurement height, the cumulative 80% flux footprint
was between 3.9 and 9.4 m (Table S1 in Supporting Information S1). The cumulative footprint distances for
concentration could not be defined as there was no saturation of these functions even with a simulation domain of
1km. Since the concentration footprint is typically at least an order of magnitude larger than the flux footprint, the
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Figure 2. General annual cycle of environmental parameters: daily average of (a) PAR and air temperature, (b) snow depth and water table depth, and (c) soil temperature
at 5,25, and 45 cm belowground and leaf area index (LAI) of sedges. In panel (c), solid dots represented the mean LAI of sedges from 15 subplots and error bars denoted
the standard error of the mean. The snow period is shaded in light gray.

measured CH,, concentration and &' 3C-CH4 signals are likely originating from distances up to 100 m or more from
the observation location.

We calculated the zenith angle of the sun at the site and time periods when the zenith angle was greater than 90°
were considered as nighttime. The 5'>C values of the emitted methane were then obtained by the Keeling plot
approach (Keeling, 1958) separately for each night. To reduce the uncertainty of 8'* C-CH, due to the low range of
measured CH, mixing ratios, occurring especially during winter nights, only Keeling plots with R-square greater
than 0.8 were used in the further analysis, leading to 17.2% of the Keeling plots to be discarded.

2.4. Axillary Manual Measurements of Environmental Variables

Leaf area index (LAI m*m>) of all plants, sedge and shrub were measured from 15 sample plots in the study area
throughout the GS on 12 May, 8 June, 4 July, 26 July, 25 August, and 28 September 2022. The sampling method
was detailed in Korrensalo et al. (2018). Briefly, we set up five 8 X 8 cm subplots within each of the sample plots,
counted the number of green leaves in each subplot and measured the average leaf size with a scanner. Only LAI
of sedge is reported in the results. Manual pore water samples were collected from the study site in July 2022.
Samples were filtered upon collection and transported to the lab immediately in a cool box and analyzed for
different components with ion chromatography at the University of Vienna. All statistical analyses were con-
ducted in MATLAB (MathWorks, Inc., Natick, MA, USA).

3. Results
3.1. Environmental Condition During the Study Period

Over the study period from 16 March 2022 to 15 March 2023, the average daily air temperature ranged from
—16.9°C (22 February 2023) to 24.3°C (28 June 2022), with an annual mean temperature of 4.8°C (Figure 2a).
The snow-free period lasted six and half months from the end of April to the middle of November 2022. The
deepest snow depth (~60 cm) occurred in early April. The GS started on 24 April 2023 and ended on 19 October
2023.
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Figure 3. Annual cycle of (a) dissolved methane expressed as methane partial pressure (pCH,), (b) 8'3C value of dissolved
methane at 10, 30, and 50 cm belowground, (c) methane flux as measured by the eddy covariance system, and (d) 8'3C value
of emitted CH, as measured by the nocturnal boundary-layer accumulation approach.
Water table (WT) that ranged between 15.6 cm above and 22.3 cm below peat surface had its maximum in the
spring during the snow melt period, after which it declined toward the end of the summer. Between 25 June and 30
September 2022, the WT was at about —10 cm or lower, indicating the peat tube at —10 cm was not fully
submerged in water (Figure 2b). Average peat temperature at 5, 25, and 45 cm below the peat surface was 6.0°C,
6.2°C, and 6.2°C over the entire studied year, 0.2°C, 1.2°C, and 2.0°C during snow-covered period and 10.9°C,
10.3°C, and 9.5°C during snow-free period.
The average LAI of sedges (LAlq,.) during the snow-free period was 0.24 + 0.02 m*m? and peaked at the end
of July at 0.37 + 0.05 m%m? (Figure 2c). In the spring (from end of April to mid-June) and in the autumn (from
September to mid-November), LAl4,. were ca. 0.1 m*/m>.
3.2. pCH,, CH, flux, 6"*C in Pore Water and Emitted CH,
The pCH, in the peat exhibited a clear annual cycle at all three measurement depths (—10, =30, and —50 cm), with
the highest values between July and August, corresponding to the highest air and peat temperatures and highest
CH, emission (Figure 3a and Figure S3 in Supporting Information S1). During the snow-covered period, pCH,
levels were generally low, and had an increasing trend with increasing peat depth. With the start of the snow-free
period in May, pCH, rapidly increased at all peat depths, especially at the two top depths where peat temperature
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similarly increased. pCH, was the highest at =30 cm between mid-May and end of October, followed by that at
—50 and —10 cm. At —10 cm, pCH, was lower than at deeper depths during the whole annual cycle. There was a
short-term increase of pCH, at all peat depths during the spring thawing period in April. Over an annual cycle,
pCH, at different depths ranged from 0.22 to 3.2 kPa, from 1.19 to 5.82 kPa, and from 1.31 to 4.33 kPa at —10,
—30, and —50 cm, respectively.

The 8'*C-CH, in the peat profile also demonstrated an annual cycle with relatively low values during snow-
covered winter period and relatively high values in summer (Figure 3b). At all peat depths there was a
decreasing trend of 8'*C-CH, as winter proceeded. As the snow-free period began at the end of April, 8'*C-CH,
values started to increase. Interestingly, along the soil profile CH, at deeper peat were more enriched with '>C at
winter, while a clearly inversed pattern was observed in summer, with CH,, at deepest peat layer being most '*C
depleted. The two cross-over periods, where similar ESBC-CH4 values appeared at all the depths, were in the
second half of May and in the second half of October. With the onset of snow cover in December 2022, 5" C-CH,
values at —10 cm remained constant while those values from deeper peat became progressively more negative.

Characteristic to most boreal mires, ecosystem level CH, emission exhibited strong seasonal variation during the
studied period with the highest values in July 2022 (Figure 3c). The highest daily average emission appeared in
July 2022 (0.134 pmol m ™2 s™"). During the snow-covered period CH, flux was generally low but non-zero. From
December 2022 to the end of March 2023, the monthly average of CH, flux ranged between 0.002 and
0.008 pmol m~2 s™'. There was a smaller CH,, emission peak during the spring thawing in April 2023, with the
highest daily value reaching 0.044 pmol m™2 s™".

Ten-day averages of '>C in the emitted CH,, derived using the nocturnal boundary-layer accumulation approach,
showed seasonal variation (Figure 3d). 8'°C values of the emitted CH, were relatively stable from July to
September 2022 with an average value of —72.8%o. During the winter snow-covered period (from March to mid-
April 2022, December 2022 to mid-March 2023), §'*C-CH,, was on average —70.0%o. The emitted CH,, was more
depleted in *C in the spring and autumn, with average &'>C-CH, values being —75.3%o in the spring and
—76.1%o in the autumn.

3.3. Relationships Between 8'°C-CH,, pCH,, and CH, Flux

Daily pCH,, and 8'>C-CH,, in pore water were positively correlated with each other, both having higher values at
all depths in summer and lower values in winter (=30 cm as in Figure 4a; R*=0.59, p < 0.001). There was
hysteresis-like behavior (i.e., time-lag) in the correlation, with 8'*C-CH, values at the same pCH, level in the
early season being lower than in the late season.

The 10-day averages of &'C in emitted CH, and 10-day averages of CH, fluxes during the snow-free period had
positive correlation (Figure 4b; R* = 0.59, p < 0.001). Similarly to pore water pCH, — 8'*C-CH,, the relationship
showed hysteresis-like behavior with data points from early season (approximately from May to August)
occupying the lower right space in the plot and late season (approximately from August to October) the upper left
space, which formed a circle in the data space.

The comparison between 10-day averages of &'*C-CH, in pore water and that in emitted CH, demonstrated that
the dominant CH, transport pathways varied seasonally (Figure 4c). During the peak GS when soil temperature at
25 cm (Ts_,5) ranged from 12.1°C to 14.5°C, 8'3C values in emitted CH, were lower than those in pore water
(Figure 4c, below 1:1 line). Conversely, during winter time when Ts_,s was between 0.6°C and 1.1°C, §'3C
values in emitted CH, were higher than those in pore water (Figure 4c, above 1:1 line). When Ts_,5 was between
3.9°C and 9.5°C, the data points were located at both sides of the 1:1 line.

4. Discussion

The pCH, in the pore water in the uppermost 50 cm peat profile shows up to four orders of magnitude higher
values than in the atmosphere, indicating a gradient driving the emission from the peat into the atmosphere
throughout the year. During and around the snow-free period, from May to October, the highest pCH, values were
observed at the depth of 30 cm, indicating that this is the likely depth range for methanogenesis due to the
substrate input by root systems of vascular plants (Korrensalo et al., 2017). This is also in line with the observation
of the ecosystem level methane emissions at this site being best correlated with the temperature at the depths of
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Figure 4. (a) 6'3C—CH4 against CH, partial pressure in pore water at 30 cm belowground. (b) Ten-day averages of 613C—CH4
in emitted CH, against 10-day average of CH, fluxes during the snow-free period. In panels (a, b), the color bar indicates the
time of the year. (c) Ten-day average of 8'*C-CH,, in emitted CH, against 8'*C-CH,, in pore water at 30 cm. In panel (c), the
error bars show standard error of the mean and the color bar indicates 10-day average soil temperature at 25 cm belowground.
The diagonal line represents 1:1 relationship between 8'*C-CH, in emitted CH, and in the pore water, corresponding to the
absence of fractionation during CH, transport from the pore water to the atmosphere, for example, ebullition. The data points
below the 1:1 line indicate the domination of CH, transport through diffusive plant-mediated transport, while the data points
above the 1:1 line indicate CH, transport by diffusion through peat and moss matrix, with associated microbial CH,
consumption.

around 30 cm (Rinne et al., 2007, 2018). During the winter months the pCH, increases monotonically with depth,
leading to an upward diffusion of CH, throughout the peat layer.

The annual cycle of the §'>C-CH,, in the pore water at all depths showed a distinct pattern. The start of the period
with increase of 8'>C-CH, values and pCH, in spring coincides with the spring thaw and increasing peat tem-
peratures. The 8'*C-CH,, values and pCH, start rising simultaneously and eventually reached their maximum
values in the main rooting depth of sedges (Figures 3a and 3b), indicating methanogenesis, rather than meth-
anotrophy, is the main controlling process for the CH, concentration in the peat during the GS, as also suggested
in previous studies (Chang et al., 2020; Kuhn et al., 2024; McCalley et al., 2014).

The observed summertime vertical 8'*C-CH, profile in the peat was typical for fen (minerotrophic mire), with the
lowest values in deeper peat and highest values near the surface (Hornibrook, 2009). This phenomenon aligns
with our expectations and those of previous studies. It has been conventionally associated with the predominance
of AM in the shallow peat, where ample root exudate provides acetic acids for the methanogens, while the more
13C-depleted CH, at the bottom has been interpreted as a transition to HM due to the lower temperature and lack
of labile substrate (Hornibrook et al., 1997; Popp et al., 1999).

By contrast, the inverted wintertime 8'*C-CH, profile (lower 5'C values at the surface and higher 8'°C values
at the bottom) is surprising and yet to be explained. First, such a profile resembles those observed in
ombrotrophic bogs, where the lower 8'*C-CH,, values have been attributed to the prevalence of HM due to the
low temperature and a lack of labile substrate (Hornibrook, 2009; Whiticar et al., 1986). The wintertime profile
could result from a shift from AM to HM. However, we are lacking data on the co-existing isotope species such
as 8'°C-CO,, ?H-CH, that we cannot determine the methanogenic pathways conclusively. Second, the soil
temperature profile in the winter could also influence 8'*C-CH,, as higher soil temperature in deeper layers
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could lead to a smaller CO,-CH,, fractionation (so that CH, is 8'>C-enriched). But such a temperature effect
would have been very small at our site, if applicable. It has been reported that the isotopic fractionation de-
creases by 60%o over a temperature increase of 110°C (Whiticar et al., 1986). At our site, the average winter
soil temperature in 2022 was —0.1°C, 0.7°C, and 1.3°C at 5, 25, and 45 cm, respectively. The ca. 1°C tem-
perature difference between the surface and the bottom layers would have resulted in only less than 0.6%o
difference in fractionation, assuming the temperature dependence was linear. In conclusion, the relative
importance of the mechanisms behind the wintertime 8'>C-CH,, profile remains unclear. Studies targeting both
carbon and hydrogen isotopes in emitted and porewater CH,, and those using stable carbon isotope tracers to
quantify the relative rates of acetoclastic and HM are highly valued.

The variations of §'*C in emitted CH,, did not seem to fully follow the 8'*C-CH, in the pore water. However, its
temporal variation appeared to be symmetrical with the middle part in the peak GS (Figure 3d). 8'*C-CH, in the
emitted CH, was relatively high (mean value as —70.0%o) during the winter (March—-mid-April 2022, January—
March 2023), considering the '*C-depleted CH, of the surface pore water (mean value —75.2%o, Figure 3b). To
our knowledge, this phenomenon has never been observed before. It could be explained by CH, oxidation at the
peat-snow interface by methanotrophs on sphagnum mosses, as '°C is preferentially consumed during oxidation,
leading to "*C enriched residual CH,, being emitted (Hornibrook, 2009). After the snow melting, vascular plants
appeared, facilitating CH, transport via aerenchyma and resulting in lower 8'>C-CH, in the emitted CH,, as
methanotrophy is thus bypassed. Low 8'*C-values of emitted CH, in the beginning of the summer season have
also been observed by Perryman et al. (2024). After the end of the peak GS, highly efficient plant-mediated CH,
transport continues through the aerenchyma of senesced peatland sedges, as demonstrated by the plant-removal
experiment conducted in the same peatland complex (Jentzsch et al., 2024). During the peak GS, the emitted CH,
was more °C enriched (on average —71.0%0) compared to the spring before it (on average —75.3%) and the
autumn after it (on average —76.1%o), which can be mainly attributed to the '*C enriched CH, in the surface pore
water (Figure 3b) due to the abundant root exudate as substrate for methanogens.

Generally, the observed pCH, and §'>C-CH, in peat water show a positive correlation (Figure 4a), indicating that
it was mostly CH,, production, rather than CH, oxidation, contributing to the pore water 8'*C-CH,, on an annual
scale in the boreal mire. In the wintertime the relationship between pCH,, and 8'*C-CH, in the peat water was not
clear (Figure 4a), which may indicate the importance of oxidation during NGS when CH, production is weak.
Previous studies demonstrated time-lagged temperature effects on CH, emission, suggesting that such phe-
nomenon may be due to the elevated methanogen biomass and activity driven by substrate availability at the late
season (Chang et al., 2020, 2021). In our study, the hysteresis-like behavior between pCH, and &'*C-CH,
indicated that substrate availability plays a considerable role in the seasonal cycle of the CH, emission and there
was a time-lag in the seasonal cycles of substrate availability and CH, production (HS 2.2). Similar behavior was
also observed for relation between &'3C in emitted CH, and CH, emission rate (Figure 4b) and in a previous study
(Rinne et al., 2022). Thus, the annual cycle of methane emission is a product of both temperature dependent
metabolism of methanogenic Archaea and the availability of substrates for methanogenesis, both indicating time-
lagged behavior in relation to surface temperature.

The relation of 8'*C-CH, in pore water versus 8'C in emitted CH, revealed seasonal changes in the transport
pathways of CH, from peat into the atmosphere (Figure 4c). Since we used 10-day averaged data, it is hard to
evaluate ebullition as a transport pathway due to its sporadic nature. Rather, the presented data is a net balance
from multiple processes and sheds light on the dominant CH, transport pathway over 10 days. During the
summertime, as indicated by peat temperature, the data at Siikaneva falls below the 1:1 line. This indicated that
diffusive transport through plant aerenchyma was the dominant transport mechanism, as 'C-CH, has higher
translation velocity which results in CH, emitted having more negative 8'>C-CH, values relative to the CH, in the
pore water (Hornibrook, 2009; Marushchak et al., 2016; McCalley et al., 2014). During the winter, when peat
temperature was low, the data was mostly above the 1:1 line, indicating CH, transport to be dominated by
diffusion through peat matrix, where '>C-CH, was preferentially consumed leaving the residual CH, to be
enriched in '*C-CH, (Larmola et al., 2010). During the spring and autumn, the data points were found near the 1:1
line, both above and below it, indicating the transition between the domination of diffusion through peat matrix in

winter and the domination of plant transport in summer. Although LAI in the spring and autumn were only ca.

sedge
25% compared to that in the peak GS (Figure 2c), plant transport can be an important mechanism due to the highly

efficient transport through senesced plants (Jentzsch et al., 2024).
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Table 1

List of Mean and Range of 5>C Values of Emitted Methane Measured From Multiple Northern Mires Including the Current Study

Latitude Longitude 8'3C mean (%o) 8'3C range (%o) Reference
Atmospheric inversion - - —60 - Houweling et al. (2000) and Monteil et al. (2011)
Siikaneva fen 61°49.961'N 24°11.567'E —72.0 —78.2 to —67.0 This study
Mycklemossen 58°21'N 12°10’E —-79.3 —82.0to —=77.0 Rinne et al. (2022) (based on NBLA)
Sodankylad 67°22.120'N 26°39.240'E —72.0 —78.1 to —69.2 Fisher et al. (2017)
Lompolojénkka 67°59.830'N 24°12.550'E —72.0 —72.3 to —68.0 Fisher et al. (2017)
Kaamanen 69°08.430'N 27°16.190'E —71.2 —74.0 to —68.0 Fisher et al. (2017)
Stordalen 68°21.350'N 19°02.950'E —69.2 —69.8 to —68.6 Fisher et al. (2017)
Lompolojankké 67°59.832'N 24°12.551'E —67.3 —68.8 to —64.9 Sriskantharajah et al. (2012)
Stordalen (Sphagnum site) 68°21'N 18°49’'E —79.6 —85.0 to —70.0 McCalley et al. (2014)
Stordalen (Eriophorum site) 68°21'N 18°49’'E —66.3 —74.0 to —60.0 McCalley et al. (2014)
Siikaneva bog 61°50.198'N 24°10.133'E —75.2 —76.0 to —=72.0 Jentzsch et al. (2024)
Cors Caron 52°15.400'N 03° 55.000'W —86.6 —95.3to —81.5 Hornibrook and Bowes (2007)
Crymlyn Bog 51°38.183'N 03°53.300'W —67.2 —72.6 to —60.3 Hornibrook and Bowes (2007)

Note. 3'*C value of emitted methane commonly used in atmospheric inversions is also reported for comparison.

There is a lack of year-round paired data on 5'*C in emitted CH,, and in pore water CH, collected in situ from
boreal mires. A recent study by Jentzsch et al. (2024) is one of the rare efforts of this kind which investigated the
relationship between the 8'>C values of emitted and pore water CH,, over spring, summer, and autumn at the
Siikaneva bog, located 1 km from the Siikaneva fen (current study site). Their study found that emitted CH, was
more depleted in '>C than pore water CH, in the full vegetation plot (including vascular plants and sphagnum),
while emitted CH,, was more '>C enriched in the bare peat plot. This is consistent with our results showing that
plant-mediated CH,, transport leads to lower 8'°C values in emitted CH, (Figure 4c). Jentzsch et al. (2024)
highlighted the effects of spatial (microtopographic) variation on &'*C-CH, values in northern mires, providing a
complementary perspective to the temporal (seasonal) variation investigated in the current study. Unlike in our
study, the 8'*C-CH, profiles (0-50 cm) remained largely unchanged from summer to autumn, with higher values
at the surface. However, due to the limited sampling frequency (seven field campaigns over one and a half years),
it is difficult to determine whether CH, production and oxidation in the bog are relatively stable compared to the
fen or if the temporal dynamics were simply obscured by the discrete sampling. Nevertheless, the distinctions
between fens and bogs, as well as the resulting &'>C-CH, isotope signatures for each wetland, may not be as clear-
cut as commonly believed.

Last but not least, the measured 8'3C in emitted methane from Siikaneva and a number of other northern mires is
systematically lower than the value used in atmospheric inversion studies and source apportionment (Table 1).
This is likely to lead to a considerable bias in the estimates of the contribution of northern mires in the global and
regional methane emission. Furthermore, the possible seasonality of the 8'>C in emitted methane may further
influence the seasonal inversion estimates. Thus, we recommend updating the mire 613C-CH4 signatures in the
methane inventories based on reviewing data from ground measurements.

5. Conclusions

Our unique year-round high temporal resolution data set of in situ '*C in dissolved CH, in the peat profile and in
emitted CH, revealed the seasonally dynamic nature of methane processes in boreal mire. The generally positive
correlations between '*C-CH, and CH, concentrations suggest the dominance of CH, production in controlling
the dissolved CH, levels over oxidation in boreal mires, except in winter. The hysteresis-like characteristics found
in these relationships further indicated time-lag between the variables controlling the methane production, the
peat temperature, and substrate availability.

Interestingly, the profiles of ]3C-CH4 in peat water show distinctly different characteristics between winter and
summer, with the former resembling profiles usually found in bogs and the latter resembling what has been
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observed in fens. Although we only have data from one minerotrophic mire, our results suggest that the distinction
between fens and bogs may not be as clear-cut as is commonly accepted. Seasonal variation may indeed play an
important role in the biogeochemical processes of boreal mires. Analyses of the differences between >C in pore
water and that in emitted methane indicated the dominance of plant-mediated methane transport in summer, the
dominance of methane transport by diffusion through the peat matrix in winter, and a gradual transition of
transport pathways in the spring and autumn. Besides our data also indicated the rarely studied CH, oxidation (at
the snow-peat interface) in winter.

Boreal mires are significant natural sources of CH,. Our comprehensive data set revealed a full annual cycle of
methane dynamics along the peat profile-atmosphere continuum in a typical boreal mire. We investigated the
interplay of the co-occurring processes in relation to the seasonal variation of climatic conditions, which are
currently and will continue to change in the context of global warming. Such insights into methane processes,
gained through continuous monitoring using novel isotope methods as in the present study, are of paramount
importance for a better mechanistic understanding of wetland methane emissions and will lead to a more accurate
methane emission prediction by land surface models.

Importantly, the in situ 8'>C value in emitted CH, observed in Siikaneva and a number of other northern mires
systems deviates systematically from the values used in atmospheric inversions likely leading to a considerable
bias in methane source apportionment.
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Figure Al. Hypothetical relationships between seasonal variations of environmental controls (peat temperature and substrate availability) and CH, concentration in the
pore water (pCH,) and resulting relations between pore water 53 C-CH, and pCH, (modified from Rinne et al. (2018)). In H2.1, we assume the temporal variation of
pCH, is driven by the temporal variations of both soil temperature and substrate availability, and variation of substrate availability coincide with that of pCH, (a), so that
pCH, and 5" C-CH, of pore water are positively correlated (b). In H2.2, we assume that temporal variation of pCH, is driven by the temporal variations of both soil
temperature and substrate availability, and there is significant time-lags between the variations of substrate availability and pCH, (c), so that there is a hysteresis-like
behavior in the relationship between pCH, and 5'3C-CH4 of pore water (d).
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Table B1 Appendix B

Examples of Mixing Ratio (c,) and §°C-CH, Value (6"°C,) in the Diffusion
Tube, Calculated Using Measured Mixing Ratio (c,,) and §'°C-CH, Value
(6"*C,,,) and Assumed Mixing Ratio (c,,) and §">C-CH, Value (§"*C,) in the

Dilution Air

The sample air from soil diffusion tubes was diluted with ambient air by 1:99
ratio to avoid exceedance of the operational range of Picarro G2201-i. The
CH, mixing ratio in the diffusion tube, c,, can be calculated by

¢y (ppm) ¢, (ppm)  83Cy (%)  8°C,, (%o) ¢, (ppm)  8'3C, (%o)
i a4 - £ _(V5+Vd)){m_vd)(d (B])
2 500 —50.00 —80.00 49,800 —80.12 Xs = v, ’
3 500 —50.00 —80.00 49,700 —80.18
4 500 —50.00 —80.00 49,600 —80.24 where c,, is the CH, mixing ratio measured by the CRDS and ¢, is the CH,
2 100 ~50.00 —80.00 9,802 —80.61 mixing ratio in the air used for the dilution. V and V,, are the relative volumes
. . 13 . . .
3 100 ~50.00 ~80.00 9.703 ~80.92 oithe sample (1) and dilution gas (99). The & °C-CH, in the diffusion tube,
8" 7C,, can be calculated by
4 100 —50.00 —80.00 9,604 —81.24 ’
2 30 —50.00 —80.00 2,802 —82.12
s13C. = (Vs + 2aY4)8" Crn — 1aVa8"Cy (B2)
3 30 —50.00 —80.00 2,703 —83.30 s In(Va+ V) —24Va ’
4 30 -50.00 —80.00 2,604 —84.56
2 500 —60.00 —80.00 49,800  —80.08 where §'°C,,, is the measured d'>C-CH, value, and 8'°Cy is 8'*C-CH, value
2 500 ~70.00 —80.00 49,700 —80.04 in dilution air. This formulation is mathematically identical that presented by
2 100 ~60.00 8000 9802  —80.40  Post(2002).
2 100 —=70.00 —80.00 9,802 —80.20 With these equations we also tested the sensitivity of the calculated ¢, and
8'*C, on the CH, mixing ratios and 8'>C-CH, in the dilution air. Examples
are given in Table B1. The highest nighttime average mixing ratios over three-hour measurement periods were
somewhat over 3 ppm. As can be seen, only in the case of extremely low measured CH, mixing ratio (30 ppm)
will the difference of 1 ppm in the assumed CH, mixing ratio in the dilution air cause a difference of more than
1% units in the 8'*C,. For the measured mixing ratios more typical in the anaerobic peat layers below 20-30 cm
of depth, the uncertainty due to the dilution air causes uncertainty of well below 1%o units to 8'*C,. These un-
certainties are minor compared to the observed variations in the 8'*C-CH, both in depth and during the annual
cycle.
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methane flux data (https://doi.org/10.23729/bcc98726-ead8-45d4-ac39-1e4b1bf5e243) from the Siikaneva site
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(https://zenodo.org/records/17116840). Other data are available on request from the corresponding author.
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