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Abstract Wetlands play an important role in the global car-
bon cycle and are sources and sinks for the greenhouse gases
methane (CHy) and carbon dioxide (CO,). We provide an in
situ study on variability of daytime CH,4 emissions and net
ecosystem CO, exchange (NEE) from a permanently sub-
merged, Carex rostrata dominated Swiss alpine fen over the
snow-free period (June—October). Flux chamber measure-
ments were combined with analyses of above-ground biomass
and physico-chemical pore water properties. The fen was a net
daytime CH,4 source throughout the snow-free period, and
emissions varied significantly between the sampling dates,
ranging from 3.1+0.9 mg CH, m 2 h™" in October to 8.0+
2.9 mg CH; m 2 h™! in August. The fen was generally a
daytime sink for CO,, and net CO, emission was only ob-
served in late October. Variations in NEE were more pro-
nounced than variations in CH,4 emissions, but both fluxes
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correlated with changes in green C. rostrata biomass and sub-
surface temperatures. Methane and CO, pore water concen-
trations also varied significantly over the snow-free period,
decreasing and increasing, respectively. These variations were
linked to the development of biomass, but CH4 emissions and
NEE were not correlated with the respective pore water
concentrations.
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Introduction

Wetlands in the northern hemisphere have been suggested to
store roughly one third of the global terrestrial organic carbon
(Gorham 1991; Blodau 2002). Photosynthetic activity of the
wetland flora (mainly sedges, mosses and algae) generally
leads to an uptake of atmospheric carbon dioxide (CO,) into
the system. Conversly, CO, is produced through respiration,
which includes dark-respiration of wetland plants and micro-
bial mineralization of soil organic matter (Schlesinger 1997;
Blodau 2002). The CO, flux across the soil-atmosphere inter-
face (net ecosystem CO, exchange NEE) is considered the net
of gross photosynthesis by green plant material and total res-
piration of the system (e.g., Rustad et al. 2000): A negative
value indicates uptake (i.e., photosynthesis is greater than res-
piration), while a positive value indicates emission (i.e., pho-
tosynthesis is smaller than respiration). In the cold, water-sat-
urated, anoxic soils of northern wetlands respiration rates are
generally reduced (Blodau 2002; Moore and Basiliko 2006),
leading to carbon accumulation in the system. On the other
hand, wetlands are the largest non-anthropogenic source of
methane (CHy), with estimated annual emissions of 177—
284 Tg (Ciais et al. 2013). Methane is thereby produced in
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the anoxic zones of the soils as final step of microbial organic
matter degradation (Conrad 1996).

In northern wetlands CH4 and CO, dynamics show high
spatial and temporal variability, as they are affected by multi-
ple, often interrelated environmental factors, such as temper-
ature, water table level, pH and other soil characteristics (e.g.,
Christensen et al. 1995; Shaver et al. 1998; Hirota et al. 2006;
von Fischer et al. 2010). For example, reduced photosynthesis
rates with increased water table have been reported
(Oberbauer et al. 1992; Blodau et al. 2004), while higher res-
piration rates in peat soil have been shown for regularly
changing water table levels (Aerts and Ludwig 1997). The
influence of the water table on CH,4 emissions is less clear,
and enhanced (e.g., McEwing et al. 2015) or reduced (e.g.,
Bellisario et al. 1999) emissions with increased water table
level have been demonstrated.

Wetland plants in general and aerenchymous vascular plants
in particular, also play a crucial role in CH,4 emissions and NEE
(e.g., Blodau 2002; Strom et al. 2003; Laine et al. 2012). Not
only do they influence the CO, dynamics through photosynthesis
and respiration, they also affect the different processes involved
in the cycling of CH4 (Joabsson et al. 1999). The aerenchyma is
an adaptation to aquatic habitats and facilitates transport of oxy-
gen (0,) to submerged roots in anoxic soil (Armstrong et al.
1991), thus stimulating CH,4 oxidation by aerobic CH, oxidizing
bacteria (methanotrophs) in the rhizosphere (Whalen 2005). Yet,
it also acts as a conduit for the direct release of CH,4 generated in
the subsurface to the atmosphere, bypassing methanotrophic
zones (e.g., King et al. 1998; Green and Baird 2011).
Moreover, root exudates and decaying plant biomass increase
the substrate pool for heterotrophic microorganisms and ultimate-
ly for methanogens (King and Reeburgh 2002; Saarnio et al.
2004). Even species-specific variations in CH4 emissions and
NEE have been reported for the typical wetland sedges Carerx,
Eriophorum and Juncus, attributed to differences in root exuda-
tion pattern and radial oxygen loss (Ding et al. 2005; Strom et al.
2005; Koelbener et al. 2010). Recently, differences in the active
methanotrophic and methanogenic microbial communities asso-
ciated with Carex and Eriophorum spp. have also been demon-
strated (Cheema et al. 2015).

As source for CHy and sink for CO,, northern wetlands play
an important role in the global carbon cycling (Denman et al.
2007). However, the net of carbon sequestration versus emission
varies between different types of wetlands and can change over
time (Mitra et al. 2005). In particular, for alpine wetlands knowl-
edge on CH4 and CO, dynamics is limited. Alpine wetlands
often form in high mountain valleys with remnant glaciers and
intermountain basins along rivers and streams (Windell et al.
1986; Wickland et al. 2001), but estimates on their global extent
are lacking. They differ from the vast (sub-)arctic wetland areas
in various aspects: They are characterized by generally higher
temperatures, diurnal light cycles, lack of permafrost, and the
presence of an insulating snow cover for prolonged periods.
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However, analogue processes mediated by photosynthetic plants
and specific microbial communities are driving the carbon cycle,
and comparable life zones and plant communities thrive during
the short vegetation periods in the Alps and northern Tundra
regions (Kdrner 1999). In particular, sedges of the family
Cyperaceae are commonly found in wetland systems throughout
the northern hemisphere at different latitudes and altitudes (e.g.,
Wickland et al. 2001; Kutzbach et al. 2004; Franchini et al.
2014). Thus, to a certain degree alpine wetlands can be consid-
ered model systems to enhance our knowledge on the carbon
cycling in northern wetland areas.

Studies on CH, and CO, dynamics in alpine wetlands have
mainly been performed in the Rocky Mountains (e.g., West et al.
1999; Chimner and Cooper 2003) and the Tibetan Plateau (e.g.,
Hirota et al. 2006; Cao et al. 2008; Chen et al. 2011; Kato et al.
2011), reporting similar CH4 emissions compared with emissions
measured in northern Tundra environments (e.g., Bellisario et al.
1999; Joabsson and Christensen 2001; Wickland et al. 2001;
Hirota et al. 2004). For Europe, such studies are scarce and
limited to CH4 and CO, fluxes from an Austrian alpine fen
(Koch et al. 2007, 2008) and CH,4 dynamics in the Swiss Alps
(Liebner et al. 2012; Franchini et al. 2015). Recently, we also
conducted a survey of CH4 emissions during July and August
from 14 fens in different regions of the Swiss Alps (Franchini
et al. 2014). In this study we demonstrated that the amount of
above-ground biomass and mean CH,4 pore water concentrations
between 0 and 20 cm depth were main factors correlating with
the observed spatial variability in emissions.

For the present study, we selected one permanently sub-
merged fen from this survey, which showed comparable
CH, emissions in mid-summer in two consecutive years.
Yet, variations during the short snow-free vegetation period
have not been analysed, and information on NEE in this par-
ticular fen are lacking. For our study site we hypothesize: (i)
that CH,4 emissions and NEE vary along the snow-free period;
(i1) that these variations are more pronounced for NEE than for
CH, emissions, since meteorological changes along the snow-
free period have a more distinct effect on the development of
the above-ground vegetation than the below-ground process-
es; (iii) that these variations are also correlated with changes in
CH, and CO, pore water concentrations. To assess these hy-
potheses, net CH, emissions and NEE were measured with
static flux chambers at seven time points throughout the snow-
free period and complemented by analyses of C. rostrata bio-
mass and physico-chemical pore water properties.

Materials and Methods
Study Site and Sampling Location

The field based experiments were carried out in an alpine fen
located near the Oberaar lake in the Canton of Bern,
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Switzerland, at 2,320 m a.s.l.. The study site was described in
detail previously (Franchini et al. 2015). In brief, at the
Oberaar site, two interconnected minerotrophic fens (fen 1
with approx. 3,600 m* and fen 2 with approx. 1,000 m?) are
situated on siliceous bedrock. Fen 1 receives water from two
main inlets; the water subsequently flows from fen 1 to fen 2
and is discharged from fen 2 through the main outlet (see
Franchini et al. 2015 for map). In both fens, the soil is contin-
uously submerged, and the vegetation is dominated by sedges
of the Cyperaceae family (i.e., Carex rostrata, C. nigra and
C. sempervivens, Eriophorum angustifolium and
E. scheuchzeri, and Trichophorum caespitosum), covering
roughly 70 % of the surface area. The mosses Calliergon
sarmentosum and Sphagnum spp. are also present in patches.

The sampling location for the present study was positioned
in fen 1 at 46°32'50.7"N and 08°15'41.1”E, and covered an
area of ca. 15 m>. At this location, a constant water table level
of ca. 4-5 cm above the soil surface and a slight water flow of
0.5 m min ' was observed. The dominant vascular plant was
C. rostrata, with the submerged moss C. sarmentosum also
being present. This specific location was chosen because of its
central rather than marginal position within the fen and acces-
sibility via a small island without disturbance to the system
(location in close proximity to sampling location shown in
Franchini et al. 2015). Moreover, plant biomass appeared to
be rather homogeneous with respect to type and distribution
(Fig. S1).

Seven sampling dates were selected throughout the snow-
free period of 2012: Jun 26, Jul 18, Aug 8, Aug 23, Sep 12,
Sep 25, and Oct 22. A float, constructed of Styrofoam and
aluminium ladders, was used to support the weight of sam-
plers and equipment in order to avoid disturbing and damag-
ing the fen. On each sampling date, four independent flux
chamber measurements were performed, and surface and pore
water samples were collected along the depth profile at four
positions (see below). The four flux chambers were positioned
in close proximity to each other on each sampling date, but
positions varied slightly between the different dates, as the
biomass enclosed inside the chamber was cut after the mea-
surements to determine its dry weight. Surface and pore water
sampling was performed at the same four positions on each
sampling date (setup comparable with Fig. 2 in Franchini et al.
2015). Experiments were largely conducted between 10 am
and 4 pm, with flux chamber measurements being carried out
between 11:30 am and 2:30 pm.

Meteorological Data

Meteorological data was obtained from the Grimsel-Hospiz
World Meteorological Organization (WMO) station 06744
(46°34'18"N, 08°19'59.5"E; approx. 6 km NE of the study
site at 1,980 m a.s.l.). In 2012, the total annual precipitation
was 2,190 mm, and a mean temperature of 2.3 °C with a

minimum of —26.1 °C and a maximum of23.5 °C was record-
ed at this station.

We acquired data of the daily mean temperature 2 m above
ground, precipitation and global radiation over the snow-free
period. Moreover, for the sampling dates we used 10 minute-
mean values to calculate average temperature and global radi-
ation for the time interval of the flux chamber measurements
(11:30 am—2:30 pm). Temperature data was corrected for the
difference in elevation between the sampling location and
WMO station, assuming a temperature decrease of —0.6 °C /
100 m increase of elevation.

Quantification of CH4; Emission and NEE

Net fluxes of CH, and CO, were measured using transparent
static chambers (ca. 30 cmx30 cm*30 cm; volume of
0.027 m®) made of acrylic glass that is highly transmissive
for photosynthetically active light (98 % under sunny condi-
tions; Kunstoplex, Greifensee, Switzerland). Measurements
were done as described previously (Liebner et al. 2012;
Franchini et al. 2014). In brief, the chambers were carefully
placed in the standing water of the fen without disturbing the
system, and the standing water thereby provided a complete
sealing of the chambers. The total gas volume inside the
chamber was calculated for each experiment by measuring
the average height between the water table and the top of the
chamber.

After equilibration of 5 min, the ventilation hole was closed
with a butyl rubber stopper, and the first gas sample (50 mL)
was extracted from the chamber headspace with a gas-tight
syringe equipped with a three-way valve (Discofix C-3, Braun
Melsungen AG, Germany), followed by sample extraction
every 5 min over a total of 30 min. Immediately prior to each
sampling event, the piston of the syringe was pumped five
times to mix the gas inside the chamber. Each gas sample
was transferred immediately into a 20 mL glass vial, which
had been previously flushed with N, and evacuated.

Methane and CO, concentrations were measured in the
same gas sample by gas chromatography (GC). Methane
was quantified using a flame ionization detector (FID; Trace
GC Ultra, Thermo Electron Corporation, Rodano, Italy) fol-
lowing separation over a packed steel column (2 m long, 1/16"
o0.d.,  mm i.d.; packed with Porapak N 100/120 mesh), using
N, as the carrier gas (3.2 mL min "); column and detector
temperatures were 30 °C and 250 °C, respectively. Carbon
dioxide was also quantified by GC-FID, but on a different
instrument equipped with methanizer (SRI Instruments,
Menlo Park CA) to ensure higher sensitivity, after separation
over a 9 ft Hayesep D column, using N, as carrier gas and
column and detector temperatures of 40 °C and 300 °C,
respectively.

The net CH,4 and CO, fluxes were subsequently computed
by linear regression of the concentration changes of the
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respective gas inside the chamber (van der Nat and
Middelburg 1998; Ding et al. 2005; Liebner et al. 2012), using
samples collected over the entire 30-min period and the first
15 min, respectively (see control experiments below).

Control Experiments for Flux Measurements

Additional control experiments for flux measurements were
performed at the Oberaar fen during summer 2014 to assess
the impact of incubation time, mixing of air, and potential
temperature and pressure changes inside the chambers on flux
calculations. These experiments were generally carried out in
quadruplicates in close proximity to the location that was
sampled in 2012 for the present study. The following modifi-
cations from previous flux measurements were introduced:
The ventilation hole was closed immediately after placing
the chamber into the fen, and the incubation time was in-
creased to 1 h. In addition, each chamber was equipped with
a small, battery-driven fan to ensure a continuous mixing of
the air inside the chamber, and fluxes were measured at each
location with and without mixing. Eight Thermochron iButton
dataloggers (DS1922L#F50, Maxim, Sunnyvale, CA) were
placed at different positions throughout the chamber, and tem-
peratures were recorded every minute during flux measure-
ments. Pressure inside the chambers was measured periodical-
ly using a handheld manometer (LEO1, Keller AG,
Winterthur, Switzerland) equipped with a fine needle that
was inserted through the rubber stopper in the ventilation hole.

Methane concentrations in all chambers increased linearly
over the period of 1 h from 6.5+0.9 ppmv after 5 min of
incubation to >43 ppmv after 1 h (representative examples
shown in Fig. S2a and b, and in Franchini et al. 2015). The
low starting concentrations and linearity of the increase sug-
gest that initial gas release due to disturbance during chamber
deployment or spontaneous ebullition during chamber incu-
bation did not occur. Linearity of the CO, concentration de-
crease was only observed in the first 15-20 min of the incu-
bation, followed by rather constant concentrations between 75
and 150 ppmv for the reminder of the incubation period
(representative examples shown in Fig. S2¢ and d). Based
on the results of these control experiments, in the present
study we calculated the CH,4 emissions using all gas samples
taken from the chamber headspace over the 30-min period of
the chamber incubation. For the calculation of NEE, only gas
samples taken from the chambers within the first 15 min were
used.

During selected experiments, headspace samples were also
collected after 0.5 and 2.5 min incubation time, and results
showed a rapid depletion of CO, inside the chambers within
the initial 5—10 min (data not shown). Calculations of net CO,
uptake rates using the 0.5 to 15 min and the 5 to 15 min time
interval suggest a potential underestimation of the rates by ca.
20 % for the latter time interval.
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During the control experiments, temperatures inside the
chambers showed little variation throughout the hour-long
incubation (Fig. S2), but slightly higher temperatures were
observed when a fan was used. At the Oberaar fen, the tem-
perature of the surface water was generally higher than the air
temperature, particularly during sunny conditions, and the tur-
bulences introduced by the fan likely explain the higher aver-
age temperatures inside the chambers during fan experiments.
Nevertheless, the use of a fan did not influence development
of CH4 and CO, concentrations (Fig. S2). Moreover, the pres-
sure inside the chambers coincided with the air pressure and
was constant (=1 mbar) from the time point immediately after
closing the ventilation hole to the end of incubation indepen-
dently of sample extraction. We therefore assume that the
deployment of the chambers did not result in pressure peaks
due to disturbance to the system.

Plant Biomass and its Influence on CH4 Emission
and NEE

After flux measurements, the chambers were carefully re-
moved and the C. rostrata biomass enclosed inside the cham-
bers was cut at the water table. The biomass was separated into
“green” and “brown”, dried at 60 °C for 72 h and weighed.
Green biomass was defined as healthy-looking and predomi-
nately green material, whereas brown material included all
decaying, brown and dry material. The chlorophyll content
of the green and brown biomass was measured according to
Pocock et al. (2004) and Porra (2006). Green biomass had a
chlorophyll content >1.5 mg (g dry biomass) ', while in the
brown biomass the chlorophyll content was <0.5 mg (g dry
biomass) . For all chambers, a clear distinction was possible
according to these criteria, and no C. rostrata biomass was
observed with a chlorophyll content between 0.5 and 1.5 mg
(g dry biomass) .

To determine the influence of C. rostrata biomass on CH,
fluxes and NEE, additional experiments were carried out in
triplicates on three sampling dates (Aug 8, Aug 23 and Sep
25): After regular flux measurements with full plant biomass,
C. rostrata was cut ca. 2 cm above the water table, the cham-
ber placed back at the same position, and the flux measured
again; subsequently, the remaining biomass was cut ca. 1 cm
below the water table followed by another flux measurement.

Sampling and Physico-Chemical Analyses of Surface
and Pore Water

Pore water samples were collected by extracting water
through a series of brass needles that were carefully inserted
into the fen soil at different depths (5.0, 7.5, 10.0, 15.0, 20.0,
30.0, 40.0 and 50.0 cm below the water table) without apply-
ing pressure to the system (for image of installation see
Franchini et al. 2015). Each needle (3 mm i.d., 4 mm o.d.)
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was sealed at the tip and perforated in the lowest 10 mm with
several 2-mm holes and connected to a Teflon tube, three-way
valve and air-tight syringe on the upper end. In addition, two
needles were placed in the standing water to sample surface
water at 1 cm and 2.5 cm below the water table. After instal-
lation, all needles were slowly filled with pore water by suc-
tion with the attached syringe, in order to avoid introduction of
air into the system. After installation of the needles, the system
was allowed to stabilize for at least 1 h. Immediately prior to
sampling of fresh pore water, the water inside the brass tubes
was discarded, and the pore water samples were collected
from the respective depths by suction with syringes avoiding
exposure to air at all times. We applied this particular method
to minimize disturbance of the system potentially caused by
insertion of larger devices into to the very dense, sponge-like
soil of the Oberaar fen.

Five mL of surface or pore water was transferred immedi-
ately to gas tight 20 mL glass vials, previously flushed with N,
and containing 0.1 mL of 1 M HCl solution, and stored at4 °C
until further processing. Headspace CH,4 concentrations were
subsequently measured by GC-FID as described above (Trace
GC Ultra). Headspace CO, concentrations were measured on
the same instrument, but with a thermal conductivity detector
(GC-TCD) and HayeSep D column (100/120), with column
and detector temperatures of 85 °C and 250 °C, respectively.
Concentrations of the dissolved gases in the surface and pore
water were subsequently calculated from the measured head-
space concentration according to Liebner et al. (2012).

Gaseous CO, in the headspace of the sample vial is in
equilibrium with the dissolved CO, in the aqueous phase.
The dissolved CO, is part of the dissolved inorganic carbon
(DIC), which consists of CO,aq, H,CO;, HCO;  and COy*~
(Stumm and Morgan 1981). Assuming a temperature of 10 °C
and a pH of 5, CO5>™ is negligible and HCO; can be calcu-
lated to be ca. 3.5 % (Stumm and Morgan 1981). This per-
centage was experimentally confirmed at the Oberaar fen to be
5.2+2.3 % in pore water samples collected at 10, 25 and
50 cm depth at three different positions. Acidification of the
water samples was done in order to reduce the low fraction of
HCOj3™ even further and make it available for the headspace
quantification. Throughout this paper DIC is therefore used as
a proxy for dissolved CO, in the surface and pore water.
Please note, that the Oberaar fen is located on siliceous bed-
rock and the pore water has a pH of ca. 5 (see results).
Therefore dissolution of CaCO;5 due to acidification of the
samples does not occur.

After sample collection for CH, and DIC concentration
measurements, 20 mL of water was extracted from each depth,
filtered on site through 0.45 pm nylon filters (Wicom Perfect
Flow, Meienfeld, Switzerland; pre-washed with deionized wa-
ter), and transferred to 20 mL glass vials containing 0.1 mL of
1 M HCI. Samples were stored at —20 °C prior to further
processing, and the dissolved organic carbon (DOC)

concentration was determined using a carbon analyser
(Shimadzu Scientific Instruments, Columbia, MD).

Depth profiles of dissolved oxygen (O,) were measured on
site. The concentration of O, in surface and pore water was
thereby determined based on the quenching of light in the
presence of O, using a Fibox 3-trace v3 Minisensor Trace
Oxygen Meter with Planar Oxygen-Sensitive Spot PSt3
(PreSens, Regensburg, Germany), that was gradually inserted
into the fen in close proximity to the pore water sampling
installations. Oxygen values were logged after equilibration
to ambient conditions, and are reported as percentage of air
saturation: 100 % is the concentration of dissolved O, in water
after equilibration with ambient air. Water and soil tempera-
ture along the depth profile was determined using a handheld
temperature sensor (Testo AG, Lenzkirch, Germany).

Electrical conductivity and pH of the pore water at selected
depth (5.0, 10.0, 20.0, 30.0, 40.0 and 50.0 cm below the water
table) were also determined in situ via Multi 3501 probe
(WTW Laboratory and Field Products, Nova Analytics,
Woburn, MA) using the LR 325/01 conductivity cell and the
SenTix 51 pH electrode, respectively, as described (Liebner
et al. 2012).

In general, collection of four depth profiles for each param-
eter was envisaged on each sampling date. However, due to
difficult meteorological conditions or technical difficulties in
the field, fewer profiles of temperature, pH, electrical conduc-
tivity, and O, pore water concentration were obtained on some
sampling dates, in particular on Jun 26 and Sep 12 (Table S1).

Statistical Analyses

Statistical analyses were performed with the software R
(version 2.15.2; R Development Core Team 2012) and the
software SYSTAT (version 12; Systat Software Inc., San
Jose, CA). Normality of the data was tested using the
Shapiro-Wilk test. Methane emissions, NEE and average
physico-chemical pore water properties were normally distrib-
uted, while the green C. rostrata dry biomass was square-root
transformed to approximate a normal distribution. Variation in
CH,4 emission, NEE, C. rostrata biomass and selected
physico-chemical surface and pore water properties between
the different sampling dates were tested using one-way anal-
ysis of variance (ANOVA). In addition, Pearson correlation
with bootstrapping (0.95 confidence interval) and Bonferroni
probability test was used to assess the relationship between
CH, emission or NEE and C. rostrata biomass or selected
physico-chemical pore water properties. Spearman rank cor-
relation analyses were performed to determine trends along
the depth profile of the physico-chemical surface and pore
water properties using mean values of the replicate samples
taken each depth. Correlations were considered statistically
significant for p<0.05.
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Results
Meteorological Conditions

In 2012, the Oberaar fen was free of snow from Jun 24 and
continuously covered with snow beginning Oct 26 (i.e., a
snow-free period of 124 days; Fig. S3). On the first day of
sampling (Jun 26), substantial amounts of snow were still
present in the surrounding areas (Fig. Sla). Snowfall was
observed on Sep 12, Sep 27 and Oct 8, and the area was
intermittently covered by several cm of snow, which did not
persist. Over the snow-free period, the mean air temperature
(2 m above ground) increased from June to August, followed
by a general decrease, while global radiation (W m ) showed
a decreasing trend. However, precipitation, global radiation
and temperature differed greatly between different days, and
temperatures occasionally dropped below 0 °C in September
and October (Fig. S3).

Conditions, between the individual sampling dates were
also quite variable (Table 1). In particular, on Sep 12 the mean
temperature was low (0.7 °C), and rain or light snowfall was
observed all day, while temperatures were again substantially
higher at the later sampling dates (Sep 25 and Oct 22 with
5.8 °C and 9.0 °C, respectively). With the exception of Jun 26
and Sep 12, sampling was performed under (partially) sunny
and dry conditions. The fen was submerged during the entire
snow-free period, and the water table at the sampling location
was ca. 4-5 cm on all sampling dates.

Carex Rostrata Biomass

The above-ground biomass present at the sampling location
was clearly dominated by C. rostrata. The amount of green
(i.e., photosynthetically active) biomass per square meter
thereby varied significantly (F=9.66, p<0.001, n=27)

Table 1

between the different sampling dates over the snow-free peri-
od. More specifically, a general increase in green biomass
from 17.2+9.8 gm 2 to 66.2+38.2 g m > was observed from
the beginning of the snow-free period to the beginning of
August. From late September to late October the amount of
green biomass tended to decrease, reaching values as low as
4.1 g m? (Fig. 1a). However, particularly on Aug 08 and
Sep 12, the individual positions sampled showed some varia-
tion in biomass, and positions selected for the Aug 23 sam-
pling had overall lower density of C. rostrata plants compared
with the Aug 08 or Sep 12 positions.

The amount of brown (i.e., photosynthetically inactive)
C. rostrata biomass also varied significantly (F=39.5,
p<0.001, n=28) between the sampling dates. During July
and August, it was generally low (3.3-7.7 g m ), but later
increased as plants were senescing (Figs. 1a and Sle). In par-
ticular, on the first sampling date, substantial amounts of
brown biomass from the previous vegetation period were ob-
served below the water table (Fig. S1b), but this biomass was
not included in our calculations.

Methane Emission and NEE

Measurements of CH, fluxes and NEE were generally carried
out between 11:30 am and 2:30 pm on each sampling date.
Methane fluxes were always positive, meaning emission of
CH,4 from the fen to the atmosphere. A linear increase of
CH,4 concentration in the chamber headspace over time was
clearly observed during all measurements (+°>0.9; with two
exceptions where #°=0.85 and 0.79). The deduced emissions
thereby differed significantly (F=3.28, p<0.05, n=26) be-
tween the different sampling dates over the snow-free period.
Highest emissions of 8.0£2.9 mg CHy m > h ™' were measured
on Aug 08, followed by a general decrease to 3.1+0.9 mg
CH4m 2h™" on Oct 22 (Fig. 1b). Interestingly, high emissions

Meteorological conditions: Daily precipitation, air temperature 2 m above ground and global radiation recorded each sampling date in 2012 at

the Grimsel-Hospiz World Meteorological Organization (WMO) station 06744

Sampling date  General conditions Daily precipitation (mm m 2)

Air temperature (°C) 2 m above ground® Global radiation (W m™?)

Daily mean 11:30 am—2:30 pm® 11:30 am—2:30 pm®
Jun 26 Rainy 15 6.1 6.0+0.1 158+43
Jul 18 Sunny, cloudless 0 10.6 13.9+0.7 935+38
Aug 08 Sunny, windy 0 8.1 10.7+0.6 910+40
Aug 23 Partially sunny, windy 1 13.4 16.3£1.1 637+296
Sep 12 Rainy and snowy 31.9 0.7 -1.1£0.8 142+49
Sep 25 Partially sunny 0 5.8 7.1£0.7 260+113
Oct 22 Sunny 9.0 9.8+1.0 524426

# Temperature data was corrected for the difference in elevation between the sampling location and WMO station, assuming a temperature decrease of

—0.6 °C / 100 m increase of elevation

® Average values obtained from 10-min interval measurements
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Fig. 1 Above-ground biomass of C. rostrata (a), CH4 emission (b), and
NEE (¢) determined on each sampling day. Biomass was separate into
green (i.e., photosynthetically active, chlorophyll content>1.5mg g ' dry
biomass; light grey bars) and brown biomass (i.e., photosynthetically
inactive; chlorophyll content <0.5 mg g~ dry biomass; dark grey bars).
Error bars denote standard deviation (n=4; with exception of *, where n=
3 due to technical issues in the field and lab; please note that on Sep 12,
only two values of NEE could be calculated due to technical issues with
GC measurements)

of 7.5+2.0 mg CH, m 2 h™! were also measured in June
shortly after snowmelt, while substantially lower emissions
(4.8+1.2 mg CH, m > h™ ') were observed in July.

Overall negative values of NEE (i.e., net CO, uptake) were
deduced from the chamber measurements for most of the
snow-free period, ranging from —5.9+106.2 mg CO, m >
h™' on Jun 26 to —176.0+73.0 mg CO, m > h™" on Aug 08
(Fig. lc). This uptake generally showed an increasing trend
from Jun 26 to Aug 08, followed by a decrease from Sep 12 to
Sep 25. On Oct 22, overall positive NEE values (i.e., net CO,
emission) of 81.7+133.6 mg CO, m 2 h™' was measured. In

the middle of the snow-free period, when the plant
community was well established (Aug 8, Aug 23 and
Sep 12), a clear linear decrease of CO, concentration in
the chamber headspace was observed over the first
15 min of the incubation period during most flux mea-
surements (#°=0.71-0.99). Moreover, lower variation
between the individual measurements taken on the same
sampling date was noticed. However, early and late in
the snow-free period, when plants were not yet well
established or already senescing, NEE showed higher
variation within the sampling dates. On these dates,
both net CO, emission (from 12.0 to 262.2 mg CO,
m 2 h™') and uptake (from —44.2 to —158.7 mg CO,
m ? h™'") was measured in different chambers.

Surface and Pore Water Concentrations of CH4, DIC
and O,

Steady-state concentrations of dissolved CH, in the surface
and pore water varied significantly (F=18.4, p<0.001) be-
tween the different sampling dates over the snow-free period
(Fig. 2a). On each sampling date, concentrations were lowest
in the surface water (1 and 2.5 cm depth), followed by a
significant increase with depth [p=0.891-1.000, p<0.001;
using mean values (n=4) at each depth (»=10)] (Fig. 2a).
This increase was most pronounced immediately after snow
melt, when concentrations were generally highest, ranging
from 403+97 uM at 20 cm depth to 577+£22 uM at 50 cm
depth. As the season progressed, overall concentrations de-
creased, and similar values around 200 uM were measured
between 15 and 50 cm depth in most samples from Aug 23 to
the end of the snow-free period.

Concentrations of DIC as proxy for dissolved CO,
also varied significantly (F=3.71, p=0.001) between
sampling dates, but in contrast to CH,4, concentrations
measured early in the snow-free period (Jun 26 and
Jul 18) were generally lower compared with samples
collected on the later dates (Fig. 2b). Nevertheless, on
all sampling dates concentrations were lowest in the
surface water, followed by a significant increase with
depth [p=0.952-0.988, p<0.001; using mean values
(n=4) at each depth (»=10)]. This increase was partic-
ularly pronounced during August and September in the
upper 20 cm of the depth profile. In this period, con-
centrations measured in the deeper layers (below 20 cm
depth) were rather constant around 5,000 to 6,000 uM,
with a maximum of 6,307£843 uM measured on Sep
12 at 50 cm depth.

Steady-state O, concentrations in the surface water
were generally near or even slightly above air satura-
tion, followed by a significant decrease with depth [p=
0.802—-1.000, p<0.005; using mean values (n=3-4) at
each depth (n=10)] (Fig. 2c¢). This decrease was
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Fig. 2 Depth profiles of CH, (a)
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particularly pronounced between 5 and 15 cm depth. In
July and early August, the pore water appeared to be
oxygenated even in deeper layers, and O, concentrations
were generally higher compared with the later sampling
dates, where the pore water was already anoxic from
15 cm down. A clear trend along the snow-free period
was not observed, but measurements could not be taken
on all sampling dates.

@ Springer

Physico-Chemical Properties of Surface and Pore Water

Water temperatures varied significantly (F=38.5, p<0.001)
between the sampling dates. In particular, the temperature of
the surface water fluctuated considerably with a high of 25 °C
(Jul 18) and a low of 5 °C (Oct 22) (Fig. 3a), but it was
generally clearly above the air temperature, except for the last
two sampling dates. In the near-surface layers of the soil (5—
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10 cm depth) temperatures were also quite variable, with
values measured from June to August being generally higher
and values measured in September and October being lower
compared with temperatures in the deeper layers. From 15 cm
down, temperatures were rather constant along the depth pro-
files. Average temperatures between 15 and 50 cm depth there-
by increased between Jun 26 (7.940.1 °C) and Aug 23 (13.0+
1.0 °C), followed by a decrease to 5.2+0.1 °C on Oct 22.

Dissolved organic carbon concentrations were generally
low, ranging from 1.7+1.4 (Jun 26 at 40 cm depth) to 7.9+
1.3 mg L' (Aug 23 at I cm depth), but varied significantly
(F=13.3, p<0.001) between sampling dates (Fig. 3b). Overall
lower concentrations were noticed early (Jun 26) and late (Sep
25 and Oct 22) in the snow-free period compared with July
and August, however a clear pattern was not discerned. On
several sampling dates, high concentrations were observed in
the surface water, while lowest values were mostly measured
in the 10-15 cm depth pore water samples followed by a
slight, but generally not significant increase with depth.

The pH of the pore water was acidic and varied little be-
tween sampling dates (Fig. 3¢). In particular, samples collect-
ed between 20 and 50 cm depth were rather similar, with an
overall average across sampling dates and depth of 4.9+0.3.
Variation was mainly observed at shallower depth (5-10 cm),
where a neutral pH was measured in few individual samples.
Electrical conductivity of the pore water also showed little
variation between the sampling dates, but generally increased
significantly along the depth profile [p=0.943—1.000, p<0.05;
using mean values (n=2-4) at each depth (n=6)] (Fig. 3d).
Values were rather low, ranging from 9.6+2.9 uS cm ' at
5cmdepth to 22.1+2.6 uS cm ' in the deepest samples (mean
of all sampling dates).

Correlation Between CH4; Emission or NEE
and C. Rostrata Biomass

Methane emissions were positively correlated (»=0.707,
p<0.001) with the green C. rostrata biomass enclosed inside
the individual chambers. The observed variation in emission
within each sampling date was generally higher when the
biomass inside the different chambers was also quite variable.
Values of NEE were overall negatively correlated (r=—0.554,
p<0.01) with the green C. rostrata biomass, meaning higher
uptake was observed when more biomass was present.

The influence of the above-ground biomass of C. rostrata
on CH4 emission and NEE was further assessed on selected
dates in August and September by measuring fluxes after cut-
ting the plants ca. 2 cm above the water table and subsequently
ca. 1 cm below the water table. Methane emissions were not
affected after cutting the biomass 2 cm above the water table,
but dropped considerably after cutting the plants below the
water table (11-16 % of emissions with full biomass;
Table 2). In contrast, NEE values changed substantially when

the plants were cut 2 cm above the water table: Several cham-
bers showed reduced net CO, uptake (5-54 % of net uptake
with full biomass), while other chambers showed net CO,
emission of 37.8-109.2 mg CO, m > h™'. After complete
cutting of the plants, overall net CO, emission was observed.
However, net CO, uptake was still observed in individual
chambers, and results were highly variable between and with-
in sampling dates.

Correlation Between CH4 Emission or NEE
and Environmental Properties

Profiles of dissolved CH,4 and DIC pore water concentrations
suggest zones of methanogenesis and CO, production in the
deeper layers below 15 cm. We therefore assessed the corre-
lations of mean pore water properties measured between 15
and 50 cm and CH,4 emissions and NEE, respectively, ob-
served at the different sampling dates. A positive correlation
was noted between CH, emissions and mean subsurface tem-
peratures (r=0.391, p<0.05). This correlation was more pro-
nounced (r=0.556, p<0.01) when the high emissions mea-
sured after snowmelt (Jun 26) were excluded from the calcu-
lations. However, a significant correlation between air temper-
atures during the time chamber incubations with CH,4 emis-
sions was not observed. Moreover, neither mean CH,4 nor
mean DOC pore water concentrations at the different sam-
pling dates were correlated with the measured emissions.

Values of NEE were negatively correlated with mean sub-
surface temperatures below 15 cm depth (r=—-0.557,
p<0.001), suggesting higher net CO, uptake with higher sub-
surface temperatures, while a significant correlation with air
temperatures during chamber measurements was not ob-
served. Similar to CHy, DIC concentrations in the pore water
also suggest zones of CO, production below 15 cm. However,
a correlation between mean DIC or mean DOC pore water
concentrations between 15 and 50 cm depth and measured
NEE was not observed.

Discussion
Methodology

The aim of the present study was to assess variability of CHy
emissions and NEE in a Swiss alpine fen over the snow-free
vegetation period. Various methods are available to measure
CH, and CO, dynamics, ranging from passive remote sensing
satellite spectrometer (Buchwitz et al. 2005) and aircraft mea-
surements (Merbold et al. 2013) to micrometeorological
methods such as eddy covariance (Baldocchi 2003; Eugster
and Pliiss 2010) or static and dynamic flux chambers. These
methods vary greatly in spatial and temporal resolution. For
example, eddy covariance can provide continuous

@ Springer



Wetlands (2015) 35:1149-1163

1158

d) Elect. conductivity [uS cm]

pH

c)

DOC [mg L]

b)
2345678910

Temperature [°C]

a)

15 20 25 30

10

3

1

0

15 20 25 30

10

> 4 > ] ] M ] ] >
| f PEy ot . | S I
g ] + * * + % ] % 2 - % ¥ % i
i % 1B 1% 1
> » ] % ] ] 1
3 i i i i
. | ] o 1t -oo
c
* o o o -mw s 5 5 3 @ P e e s T + s 5 o @ | % 5 %- ¢ . e,
.*r * ; $ * ++ ww ] ] +
RAT SIS LTI | Bl
qq € <
< « . 1 WAA < 4 . ‘a4 < < ¢ ] 4 4 < AAAAA < < < < 3
< <« ] ] 4 g ﬁAAAAA < 4 <«
T T T T 5~Eo_w_ME._MHm>>H>o_wM Ea_wn_ I I N
gz unr gL ine 80 bny €z bny gl dog Gz dog 2ZWO0

pringer

Ns



Wetlands (2015) 35:1149-1163

1159

<« Fig. 3 Depth profiles of temperature (a), dissolved organic carbon
(DOC) concentration (b), pH (¢), and electrical conductivity (d) of the
surface and pore water. Dotted lines indicate approx. position of the soil
surface. Error bars denote standard deviation (n=4); please note that
measurements were done only at two positions for pH and electrical
conductivity on Jun 26 and Oct 22, and for temperature on Jun 26 and
Sep 12, and thus no error bars are displayed; n.d.: not done

measurements of averaged fluxes at the ecosystem scale (10°—
10° m?) (e.g., Lafleur et al. 2003; Morin et al. 2014), but is less
suitable for systems with non-uniform vegetation or complex
topography (Almand-Hunter et al. 2015). In such systems, for
example in mountainous regions, chamber measurements can
provide information on soil gas fluxes at high spatial resolu-
tion (cm? - m?) (Lai et al. 2012).

Various automated and temperature-controlled chamber
systems are available to date (e.g., Drewitt et al. 2002;
Bergeron et al. 2009; Almand-Hunter et al. 2015). Yet, in
alpine wetlands mostly manual chambers are employed
(e.g., Wickland et al. 2001; Kato et al. 2011; Franchini et al.
2014). These chambers are light-weight and do not require a
power source, which limits disturbance to the system. In our
control experiments we could demonstrate that at the Oberaar
fen temperature changes inside simple closed chambers dur-
ing incubation were minimal, and thus temperature control
was not required. Moreover, pressure peaks during
deployment or pressure changes inside the chambers during
incubation were not observed, and mixing of the air inside the
chamber did not affect the deduced fluxes of CH4 and COs,.
Recently, Lai et al. (2012) reported underestimation of fluxes
from a porous peat land by chamber measurements. The au-
thors attributed this underestimation to flushing of porous
near-surface soils outside the chambers by low winds. At the
Oberaar fen the soil is constantly submerged with a water table
of 4-5 cm above the soil, and flushing of the system by low
winds is likely negligible. Thus, our simple, static flux cham-
bers can be considered valid tools to estimate CH4 emissions
and NEE at this particular site.

During chamber measurements we allowed for equilibra-
tion of 5 min prior to collection of the first headspace gas
sample to account for potential disturbances during chamber

Table 2 Effect of biomass removal on CH,4 emission: Methane
emissions at selected time points after cutting of C. rostrata biomass ca.
2 cm above the water table and ca. 1 cm below the water table. Emissions

deployment (e.g., disturbance of the water table). Further con-
trol experiments however showed that CO, is rapidly depleted
inside the chambers within the initial 5-10 min. By taking the
first sample 5 min after chamber deployment we potentially
underestimated the absolute values of NEE by ca. 20 % in
comparison to sampling after 0.5 min (calculated based on
eight control experiments; data not shown). Nevertheless,
the pattern observed in our current study over the snow-free
period (see below) is likely not affected by this
underestimation.

Selection of Study Site and Sampling Location

High spatial variability in CH,4 emissions and pore water con-
centrations has been reported from different fens in the Swiss
Alps (Franchini et al. 2014). However, we measured compa-
rable CH4 emissions at the Oberaar fen during summer over
several years (Franchini et al. 2014 and 2015; Cheema et al.
2015). This indicates that the system is rather stable in space
and time, making it an ideal site to study variability over the
snow-free period.

Access to sampling locations within the Oberaar fen is
limited without excessive disturbance to the system.
Chamber measurements and sampling were therefore per-
formed within a small area in the centre rather than at random
positions in the fen. Around this location the water table level
was quite stable over several years, and the distribution of
C. rostrata was representative for the majority of the fen and
appeared to be rather homogenous (Fig. S1). Still, assessment
of the total biomass of the well-established plant community
in August and early September revealed some above-ground
heterogeneity in plant distribution. Thus, cluster sampling and
subsequent autocorrelation during this study cannot fully be
excluded (de Gruijter et al. 2006). Nevertheless, C. rostrata
seemed to be the only sedge present at all sampling positions.
It is therefore unlikely that observed variations in CH, emis-
sions and NEE were influenced by plant species-specific dif-
ferences in CH, emissions and photosynthesis rates reported
for various Cyperaceae (Ding et al. 2005; Strom et al. 2005;
Bhullar et al. 2013; Cheema et al. 2015).

are shown relative to emissions measured at the same position with full
biomass immediately prior to cutting. Values represent averages of four
measurements+standard deviation

Sampling date CH, flux
Full biomass Cut 2 cm above water table Cut 1 cm below water table
Aug 08 1.00 0.95+0.21 0.12+0.08
Aug 23 1.00 1.04+0.35 0.16+0.05
Sep 25 1.00 1.11£0.23 0.11+£0.06
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Variability of CH4 Emissions

Our sampling location in the Oberaar fen appeared to be a
daytime source of CH, throughout the snow-free vegetation
period, and emissions were positively correlated with the
green above-ground C. rostrata biomass and mean subsurface
temperatures. With the exception of the first sampling date,
CH, emissions and biomass increased to Aug 8, followed by a
decrease from Sep 12 to the end of the snow-free period, and
similar patterns have been reported previously from other al-
pine fens (e.g., Wickland et al. 2001; Hirota et al. 2004; Koch
et al. 2007; Liebner et al. 2012). The exceptionally high emis-
sion despite low biomass shortly after snowmelt can be attrib-
uted to accumulation of CHy in the subsurface during winter
(see further discussion below).

Correlations between biomass and CH, emissions have
been ascribed mainly to the role of vascular plants as conduits
for the direct release of CHy (e.g., King et al. 1998; Joabsson
et al. 1999). The biomass removal experiments in the present
study and other unpublished studies at the Oberaar fen (data
not shown) highlight this chimney effect and suggest that at
least 84 % of the total CH,4 emissions measured inside the
chambers result from transport through the plants’ aerenchy-
ma. Higher above-ground biomass likely also increases root
exudates and subsequently substrates for methanogenesis
(King and Reeburgh 2002; Saarnio et al. 2004). In our study,
DOC pore water concentrations did not follow the pattern of
the green biomass over the snow-free period. However, these
concentrations do not represent turnover rates but the steady-
state concentrations.

Apart from biomass, we recently also identified mean CHy
pore water concentrations at 0-20 cm depth as a factor corre-
lated with spatial variability in CH4 emissions from 14 differ-
ent wetlands in the Swiss Alps (Franchini et al. 2014a). At the
Oberaar fen, correlations between CH,4 emissions and mean
pore water concentrations in different depth intervals (0—
15 cm, 5-15 cm, or 15-50 cm) were not discerned over the
snow-free period. It cannot be excluded that other (potentially
unknown) environmental factors differed between the 14 fens
analysed in the pervious study, and thus influenced CH4 emis-
sions. For example, a recent meta-analysis reported a high
temperature dependence of seasonal variations in CH, emis-
sions from various aquatic and terrestrial ecosystems, similar
to temperature dependence of CH,4 production from methan-
ogenic cultures (Yvon-Durocher et al. 2014). This is in agree-
ment with the present study, in which a correlation between
CH,4 emissions and subsurface temperatures was also
observed.

Variability of CO, net Ecosystem Exchange

Overall, our sampling location was a sink for CO, during
midday (11:30 am—2:30 pm) throughout most of the snow-
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free period. As green biomass is the main driver for photosyn-
thesis and thus CO, uptake, NEE was also correlated with the
green C. rostrata biomass. Only late in the snow-free vegeta-
tion period, NEE became positive, suggesting that rates of
total respiration were higher compared with photosynthesis
mediated by senescing plants. Variations in NEE within sam-
pling dates were highest early and late in the snow-free period,
when the biomass was not yet well established or started to
senesce.

Photosynthesis not only depends on plant biomass, but also
on light and to some degree on temperature (Thomas et al.
1996; Shaver et al. 1998). While a correlation between NEE
values and air temperatures during chamber measurements
was not discerned in our study, the observed variations in
NEE might be affected by varying levels of irradiation. In fact,
global radiation measured at the nearby WMO station varied
between and sometimes also within sampling dates. We are
aware that the WMO station is 6 km away from the Oberaar
fen and that irradiation measured at this station might not fully
reflect at the conditions at study site. However, published
relationships between photosynthesis rates and light intensity
generally show a rectangular hyperbolic function, i.e., photo-
synthesis rates can reach a maximum value at relatively low
levels of irradiation (Ruimy et al. 1995). In the present study
similar biomass but contrasting meteorological conditions
were observed on Aug 08 and Sep 12, with the latter showing
rain and ca. 85 % lower levels of irradiation at the nearby
WMO station. Yet, the measured value of NEE on Sep 12
was only reduced by ca. 20 % compared with Aug 08.
Additional experiments were performed at the Oberaar fen at
a later time point on a partially sunny, partially cloudy day in
August, and irradiation was measured directly at the sampling
location. Results showed that light intensity was reduced by
ca. 40 % under cloud cover, while photosynthesis rates were
only reduced by ca. 5 %. This observation suggests that var-
iation in irradiation, particularly within and between the five
(partially) sunny sampling days, likely had little influence on
the observed variation in NEE in the present study.

Variability of Pore Water Properties

During the snow-free period O, diffuses from the atmosphere
through the surface water into the subsurface. Particularly in
July and August the convex and concave shapes of the O, and
CH, steady-state pore water concentrations between 5 and
15 cm depth suggest that this O, is rapidly consumed by
methanotrophic bacteria. However, CH,4 oxidation is incom-
plete and traces of CH, diffuse into the surface water. In July
and August the mean CH,4 concentration in the surface water
at 1 cm depth was around 2.1 uM. Considering a Henry’s
coefficient for CHy of 27.2 (Stumm and Morgan 1981), a
temperature of 20 °C, and an elevation of 2,300 m a.s.l., a
theoretical equilibrium concentration of ca. 1,850 ppmv CHy
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in the atmosphere can be calculated (Schwarzenbach et al.
2003). Considering that the atmospheric CH, concentration
in only ca. 1.8 ppmv, a direct flux of CH4 from the surface
water into the atmosphere can be assumed in addition to the
plant mediated transport. This is in agreement with the ob-
served residual CH, emissions measured after removal of
the aerenchymous plants. The fact that the atmospheric CH,
concentration is far below the equilibrium concentration also
explains why the CH,4 concentrations in the flux chambers
linearly increase over prolonged incubation times without
signs of saturation.

The pore water concentrations of CH4 and CO, (i.e., DIC)
showed a pronounced variability over the snow-free period.
Even though the observed pattern did not correlate with
changes of the respective net fluxes, this variability can also
largely be ascribed to changes in C. rostrata biomass. During
winter, the snow cover provides insulation, and the subsurface
temperatures do not fall below 0 °C (data not shown; Liebner
et al. 2012). Thus, methanogenesis can proceed throughout
winter in soil layers below 20 cm. However, the absence of
photosynthetically active plants, and consequently the limited
O, supply in the rhizosphere reduce aerobic CH,4 oxidation
and microbial mineralization of soil organic matter (i.e., CO,
production). In addition, snow cover and absence of
aerenchymous plants also reduce CH, emissions from the
subsurface to the atmosphere, and only low levels of CHy
emission have been reported from snow-covered wetland sys-
tems (e.g., Sommerfeld et al. 1993; Koch et al. 2007; Chen
et al. 2008). As a consequence, all these factors explain why
high CH,4 but low CO, pore water concentrations were ob-
served at the beginning of the snow-free period. With snow
melt and the establishing plant community the accumulated
CHy is released through the plants’ aerenchyma and the sur-
face water, resulting in the exceptionally high CH, emissions
observed in June. Moreover, O, is transported to the rhizo-
sphere, facilitating aerobic CH, oxidation and mineralization
of soil organic matter and root exudates. These processes
eventually lead to rather stable CH4 and CO, pore water con-
centration profiles in the rhizosphere below 20 cm depth
throughout the second half of the snow-free period.
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