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1. Introduction

ABSTRACT

The importance of soil heterogeneity for methane emission from a wetland soil is assessed by in situ
point measurements of depth-specific O, and CH4 concentrations and simultaneous soil CH4 fluxes at
contrasting water levels. Profile measurements, and associated assumptions in their interpretation, were
validated in a controlled mesocosm drainage and saturation experiment applying planar O, optodes and
membrane inlet mass spectrometry. Results show that peat soil is heterogeneous containing dynamic
macropore systems created by both macrofauna and flora, which facilitate preferential flow of water, O,
and CH4 and vary temporally with changes in the moisture regime. The O, content above the water table
after drainage varied horizontally from 0 to 100% air saturation within few mm. Oxic zones were
observed below the water level and anoxic zones were observed in layers above the water level in
periods up to days after changes in the water level. This study shows that although water table position is
a competent proxy of soil CHy fluxes at larger spatio-temporal scales, it becomes inadequate at higher
spatial resolution, i.e. at the scale of the soil pedon and below. High resolution O, measurements using
planar O, optodes have great potential to enhance our understanding of the effect of the water table
position on O, dynamics on scales of several cm to mm in wetland soils.

© 2010 Elsevier Ltd. All rights reserved.

organic matter involves coupled anaerobic degradation pathways,
where CHy is the main end product (Le Mer and Roger, 2001). The

The stability of the wetland carbon pool is sensitive to the
availability of molecular oxygen (O,) and thereby changes in
hydrological status (Jobbagy and Jackson, 2000). In general, free O,
is present above the water table (oxic zone) and is depleted rapidly
below it (anoxic zone) primarily due to limited O solubility in
water and the ~10* times slower diffusion of O, in water as
compared to gas (Oquist and Sundh, 1998). However, soil structure
and pore geometry play an important role in determining moisture
retention and thus determining the extent of oxic and anoxic zones
(Weiss et al., 1998). Under anoxic conditions, the decomposition of
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net effect of marked shifts in water levels on soil O, distribution and
CH4 emissions as well as potential feedback mechanisms to global
warming remains unclear. An increased understanding of O,
dynamics in wetlands is thus a prerequisite for a better assessment
of present and future CH4 emissions in responds to potential
hydrological changes (IPCC, 2007).

The actual amount of CH4 emitted to the atmosphere depends
on the balance between CH4 production and consumption as well
as the CHy transport efficiency (Couwenberg, 2009). Methano-
trophic oxidation kinetics is typically an order of magnitude faster
than methanogenic production kinetics (Segers, 1998), thus
limiting the amount of CH4 released to the atmosphere. Methane
oxidation is mainly confined to a zone close to the water table and
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surrounding plant roots, where there is ample O, and CHy4 (Dedysh,
2002). However, the transport mode influences the amount of CHy
available for oxidation. Methane transport is facilitated by diffusion,
ebullition and plant-mediated transport, of which the latter two
dominate CHy4 transport to the atmosphere (Lai, 2009). Both ebul-
lition and plant-mediated transport allow a direct and rapid
transfer of CH,4 across the water—air interface reducing potential
methanotrophic consumption. In contrast, CH,4 diffusion plays an
important role in supplying methanotrophs in aerobic zones with
CH4 from anaerobic zones (Whalen, 2005).

Previous investigations on the effects of water level change on
greenhouse gas emissions from wetlands have shown that high
water levels stimulate anaerobic decomposition and CHy efflux
(Roulet et al., 1993), and the water level is a widely used proxy for
CH4 emission (Couwenberg, 2009). However, some field studies
suggest a more complex relationship and poor correlation between
net CH4 emission and the water level status (Wachinger et al.,
2000). The direct affect of water level fluctuations on O, avail-
ability in peat soil and the link between water level and CHy
dynamics have not previously been investigated in relation to peat
structure at a relevant high spatial resolution.

During the last decade planar optodes have provided novel
insight on high resolution O, dynamics in a range of marine systems
such as phototrophic and bioturbated sediments (Fenchel and Glud,
2000; Wenzhofer and Glud, 2004), rhizospheres (Frediksen and
Glud, 2006; Jensen et al., 2005), permeable sand (Precht et al.,
2004; Cook et al, 2007) and sea-ice (Rysgaard et al., 2008).
However, the technique has only to very limited extent been used in
terrestrial or wetland systems (Blossfeld, 2008). The present study i)
visualizes and quantifies the O, distribution in relation to peat soil
structure and water level fluctuations during a controlled drainage
and saturation experiment, and ii) relates spatio-temperal varia-
tions in O, availability to observed soil CH4 concentrations and
emissions both in situ and in laboratory mesocosms.

2. Materials and methods
2.1. Study site

In situ measurements and samples for peat mesocosms were
collected in a non-managed graminoid (Phalaris arundinacea)
dominant temperate wetland area, Vedbek Maglemose, formed
through the retreat of an ancient inlet in Vedbaek, Denmark (55°51’N,
12°32’E). The site is located in the temperate zone, where the climate
is characterized by a mean annual temperature of 8 °C and a mean
annual precipitation of 613 mm (normal for 1961—-1990 cf. Danish
Meteorological Institute www.dmi.dk). The wetland covers an area of
~0.6 km?. Peat thickness ranges from 3 m at the deepest points to
roughly 0.5 m at the area margins, of which the top 50 cm are
terrestrial peat deposits. The wetland surface is ca. 5 m above sea
level corresponding to the highest level of the Littorina Sea.

2.2. Sampling and field measurements

2.2.1. Soil analyses

Volume-specific soil samples were taken at 10 cm depth inter-
vals between 0 and 50 cm in 3 replicate bore profiles. Four addi-
tional profiles were made within one ha to evaluate the spatial
variation within the study area. Values of pH were measured in situ
(Metrohm 704 Pocket pH meter, Metrohm AG, Switzerland). The
soil samples were dried at 60 °C for 3 days to obtain soil bulk
density. Total and organic carbon was measured using a CS500-
analyser (Eltra GmbH, Germany). Organic carbon was analyzed
after removal of inorganic carbon using 3 M HCl. Standard devia-
tions of replicates of total carbon were <5%.

Peat core samples from 4 depths between 0 and 50 cm below
the surface, representing distinct peat layers, were prepared for
solid-state 3C NMR analysis. Samples were freeze-dried and mil-
led. Solid-state >C NMR spectra were obtained using a Bruker DSX
200 (Bruker, Germany) NMR machine operating at a frequency of
50.3 MHz using zirconium rotors of 7 mm OD with KEL-F-caps. The
CPMAS technique (Schaefer and Stejskal, 1976) was applied during
magic-angle spinning of the rotor at 6.8 kHz. A contact time of 1 ms
was used for all spectra. The >C-chemical shifts were calibrated to
tetramethylsilane (TMS) (=0ppm) and were calibrated with
glycine (176.04 ppm). Between 7951 and 169,040 single scans were
made for each spectrum. Line broadening of 50.00 Hz was used. The
relative intensity of the peaks was obtained by integration of the
specific chemical shift ranges by an integration routine supplied
with the instrument software. The relative intensity of O/N-alkyl C
was used as an indicator of the lability of the carbon fraction at
different depths. Flowers and seeds of terrestrial plants (e.g. Che-
nopodium) and shells of marine snails (e.g. Hydrobia ventrosa) were
selected for AMS C measurements from 6 depths intervals within
the upper 30 cm. The macrofossils were dried at 70 °C and treated
with 1% HCl and 0.5% NaOH before C analysis.

Basal soil respiration rates were measured in the laboratory using
bulk soil samples from 2, 5, 10, 20 and 40 cm depth. Soil samples
were transferred to 12-ml Venoject tubes (Terumo, Europe, N.V.),
preincubated for 2 h and out-gassed with CO»-free air for 5 min. Soil
respiration was subsequently measured using gas chromatography
by monitoring the linear increase of headspace CO, concentrations
(r* > 0.9), using a GC (ML-GC8212, Micro-Lab, Bozeman, MT, USA)
equipped with a Porapak Q column kept at 30 °C and a thermal
conductivity detector (Mikrolab Aarhus A/S, Denmark). All
measurements were made at a constant room temperature of 20 °C.

2.2.2. Soil CH4 emission measurements with closed static flux
chambers

Three replicate PVC collars with 110 mm inner diameter were
installed to a depth of 8 cm leaving 2 cm above the soil surface.
During measurements a closed chamber was made using a closed-
end stainless steel CHA Type coupling as a lid which could be
securely fitted on the base collars. The total volume of the chamber
averaged 0.5 L. Before the lid was attached to the base collar, a gas
sample was taken in the centre of the base collar. Subsequently,
chamber headspace samples were extracted three times at 15 min
intervals. Samples were taken in a plastic syringe and injected into
a 2.5 ml glass injection flask with an 11 mm collar; flasks were
closed with a septa lid consisting of polyisobutylene rubber fitted to
the injection flask with an 11 mm aluminium capsule using a tong
(Mikrolab Aarhus A/S, Denmark). Samples were analyzed within
24 h using a Shimadzu GC 2014 (Japan) equipped with a back flush
system with a Mol Sieve 5A 80/100 mesh (1/8” x 1 m) column
connected to an FID detector.

As samples were extracted by syringe, compensation air was
simultaneously drawn into the chamber through a 10 cm long (1 mm
id) pressure equilibrium tube. The sample withdrawal was ~4% of
the total air in the chamber. Before each measurement, the chamber
air was mixed. Soil temperatures at 5cm depth were measured
simultaneously at each of the 3 replicate chambers. Soil CHy4 fluxes
were measured weekly and during targeted field campaigns the O,
and CH4 concentration profiles were measured concurrently.

2.2.3. Depth-specific gas sampling — silicone probes

Air in the soil pores was sampled for CH4 analyses at depths 5,
10, 20, 30, 40, 50, 60, 80, 110 and 140 cm using probes constructed
from silicone tubing as described by Kammann et al. (2001). Each
probe consisted of 1.3 m of tubing (id 10 mm, wall thickness 3 mm,
total probe volume 100 ml) closed with rubber septa at both ends.


http://www.dmi.dk

2256 L. Askaer et al. / Soil Biology & Biochemistry 42 (2010) 2254—2265

The tubing was rolled into a coil and fixed by steel wire. A 0.92 mm
(id) stainless steel tube was inserted through the outer septa of the
probe to connect the silicone probe in the soil with the soil surface
(1 ml dead volume per meter steel tube). The end of the steel tube
was fitted with a three-way stopcock to enable the soil air to be
sampled undisturbed from the soil surface. The probes were
installed by pre-cutting a 20 cm x 3 cm semicircular cavity in a soil
pit wall. Probes were inserted into each cavity and the soil was
noted to collapse around the probe after insertion. The pit was
refilled with soil, horizon by horizon. Soil gas samples were taken
with 60 ml plastic syringes and transferred to the same injection
flasks using the same procedure, and analyzed at the same labo-
ratory, as gas samples from the static chambers (see above).
Roughly 40 ml of gas sample was withdrawn from each probe.

2.2.4. Oxygen sensors

The O, content was measured in situ with an optical O, sensor
array (Rickelt et al., in preparation) at 5, 10, 15, 20, 30, 40, 50, 60, 80
and 120 cm depth. Ten O, optodes (Kiihl, 2005) were mounted into
a PVC soil spear, which was inserted in the peat soil. Each sensor
consisted of a robust fibre-optic O, optode mounted together with
a type K mini thermocouple enabling temperature compensated
measurements. The O, optodes were connected to a multichannel
fibre-optic oxygen meter (FIBOX-4 or FIBOX 10, Presens GmbH,
Germany) and the thermocouples were connected to a thermo-
couple thermometer (RS 206-3722, RS Components Ltd., Taiwan).
All sensors were calibrated by a 2 point temperature and O; cali-
bration. Sensors measured with a standard deviation <5% and an
average 90% response time across the measuring range (0—100% air
sat.) of ~15 min.

2.2.5. Water level

Soil water level was monitored in a 2.5 m long perforated plastic
tube. Water level depths were measured manually simultaneously
with static chamber CH4 sampling and soil O, content
measurements.

2.3. Laboratory experiments

2.3.1. Experimental setup

Mesocosm peat core samples were taken in three semicircular
PVC columns (id: 20 cm H: 60 cm), mounted with a 8 cm wide
planar plexiglas sheet on which the planar O, optode was fixed
(Fig. 1) using a thin film of distilled water and fastening the edges
with black tape. Peat cores, 20 cm in diameter and 55 cm in height

Water mixer MIMS
Exchangeable lids

Pumice stone and
aquarium pump

Water

Camera

Planar
optode

Peat

soil disc ~ natural root suction

Frontal view Side view

Fig. 1. Schematic drawing of the experimental setup for monitoring O, dynamics in
peat soil mesocosms by a planar optode imaging system (not to scale).

were collected from the field using a three-stage extraction
procedure according to Freeman et al. (1992) to avoid compaction.
Cores were taken during winter to obtain dormant vegetation and
high water level. After extraction the peat columns were insulated
and kept in the dark to eliminate plant photosynthesis and avoid
development of microphytes along the planar optode. Cores were
moved into a dark climate chamber kept at 10 °C and water levels
were adjusted to 5 cm above the soil surface in all cores. The cores
were preincubated for 1 month to obtain steady state conditions
with respect to O, and CHy4. A water-saturated soil disc (Prenart
Equipment Aps, Denmark), soil water sampler (porous PTFE/
quartz) was inserted in the bottom of the column. The column was
hermetically closed from below by two aluminium sheets (3 mm
thick) with rubber coating. A large opening was made in a similar
top sheet for the membrane inlet mass spectrometer (MIMS)
(Section 2.3.3).

One type of lid was made holding the water mixer and an
opening for pressure equilibrium. Another type of lid was made
gastight and equipped with a septum for headspace sampling. The
initial water level was maintained 5 cm above the peat surface. An
aquarium pump and pumice stone was used to maintain constant
0O, concentrations in the water and a water mixer, rotating 5 times
per minute ensured constant O, concentrations throughout the
water column. To ensure constant atmospheric O, concentrations
above the peat core during drainage periods, water-saturated air
was continuously circulated through the top of the PVC column.

Steady state conditions were confirmed during the last week of
preincubation by daily gas profiling using the MIMS and planar O,
optode imaging.

Drainage and saturation experiments were performed to
simulate the effect of water level changes induced by evapo-tran-
spiration and natural rainfall on O, concentrations and consump-
tion rates in the peat soil. To study the rate of O, transport into peat
soil during drainage, a suction of 300 mbar was applied to the soil
disc, representing natural root suction until water levels reached
—40 cm after 2 days. To quantify effects of flooding, soil water was
carefully added to the peat soil surface over styrofoam to avoid
damages to the peat surface structure. Water was continuously
added over 10 h until the water level was stable at +5 cm above the
peat soil surface. For measuring of water level movements,
a perforated tube with a sealed bottom was inserted and the water
level in relation to the sediment surface was measured over the
duration of drainage and saturation. During changes in water level,
planar O, optode images were taken at 10 min intervals to study
the spatio-temporal dynamics of O, in the peat profile. MIMS-based
measurements of CH4 concentrations (see below) at 4 cm depth
were made simultaneously at 10 min intervals during the drainage
sequence.

2.3.2. Oxygen planar optode

The applied planar optode measuring setup for 2-D O,
measurements has been described in detail by Glud et al. (1996)
and Holst et al. (1998, 2002). As for other O, optodes systems the
basic principle of the planar optode is the ability of O, to act as
a dynamic quencher of the luminescence intensity of an immobi-
lized O3 indicator (recently reviewed in Kiihl and Polerecky, 2008).
Here we used the O, quenchable indicator dye Ruthenium(II)-tris-
4,7-diphenyl-1,10-phenanthroline  (Ru-dpp) immobilized in
a ~20um thick polystyrene layer cast onto a 0.125 mm-thick
transparent polyethylene terephthalate carrier foil (Mylar, Good-
fellow, UK). The indicator is excited by blue light (ex. max. 460 nm)
inducing red luminescence (em. max. 610 nm), which is quenched
in the presence of O, Two planar optode foils (100 x 250 mm) were
taped together (100 x 500 mm) and mounted on the inside of
a plexiglass sheet glued onto the cut PVC cylinder (section 2.3.1).
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In the experimental setup, excitation light was supplied by an
array of blue light-emitting diodes (LED) (A =470 nm) illuminating
the sensor foil from behind through the Plexiglas and the Mylar foil.
Images of the O, dependent luminescence were obtained with
a thermoelectrically cooled gate-able charge coupled device (CCD)
camera (SensiCam Sensimod, PCO Computer Optics, Germany)
equipped with a 25 mm/1.4 Nikon wide-angle lens. All O, images
were obtained without ambient light.

The camera and LED’s were part of a modular luminescence
lifetime imaging system (MOLLI) for image acquisition and pro-
cessing (see details in Holst et al., 1998). A “by area average” two-
point calibration was performed at 100% and 0% air saturation to
enable image calibrations using a modified Stern—Volmer equation
(Klimant et al., 1995). The obtained O, images covered an area of
70 x 50 mm (CCD camera chip size 640 x 480 pixel). More details
about optical O, imaging, sensor materials, measuring and cali-
bration routines are given elsewhere (Glud et al., 1996, 2001; Holst
et al., 1998, 2002; Kiihl and Polerecky, 2008).

2.3.3. Membrane inlet mass spectrometry (MIMS)

Depth-specific analyses of dissolved CH4 concentrations were
carried out using a MIMS similar to that developed by Lloyd et al.
(Bernstead and Lloyd, 1994; Thomas and Lloyd, 1995; Lloyd et al.,
1996; Cowie and Lloyd, 1999) and a detailed description of the
method and the MIMS probe itself is found in Sheppard and Lloyd
(2002). Our probe was a 50 cm long stainless steel probe (3.2 mm
0.d, 1.6 mmi.d.) fitted with a 20 mm long narrow tip (1.6 0.d., 1.0 mm
i.d)in one end and attached to the mass spectrometer at the other end
via a 50 cm long flexible metal bellow. The narrow tip was closed in
the end and had a 0.5 mm orifice drilled 1 cm from the end. The
orifice was covered with a 50 um thick microporous polypropylene
membrane (CELGARD 2502, Hoechst Celanese, Charlotte, NC) with an
effective pore size 0f 0.075 um and a porosity of 45%. In contrast to the
silicone rubber membranes used by Lloyd et al. (1996), this type of
membrane does not result in a highly preferential transport of gases
as compared to water through the membrane; instead all compounds
pass the membrane at a comparable rate (Lauritsen et al., 1992). The
missing enrichment of gases as compared to water is compensated by
a50—100 times higher flux of water and gas through the membrane
into the probe and the mass spectrometer. With the membrane probe
inserted in water a total pressure inside the mass spectrometer below
1 x 1072 torr is obtained, which corresponds to a maximal liquid
(water and gases) consumption rate of 1 nL/s for our mass spec-
trometer system. The mass spectrometer was a quadrupole mass
spectrometer (QMA 125, Balzers, Lichtenstein).

2.3.4. Headspace gas measurements

Headspace gas was sampled at 15 min intervals for a period of
45 min. Samples were taken and analyzed as described for the field
measurements (section 2.2.2). The sample withdrawal was ~ 1% of
the total air in the chamber. Before each measurement, the
chamber air was mixed carefully by slowly pumping 5 ml (0.25% of
total sample) air out of the chamber and into the chamber again
using the syringe.

2.4. Analytical procedures

Headspace measurements from the static chambers and meso-
cosms were used to calculate gas fluxes (Fc) by equation (1):
(AC/At)Vp
Fc = — -+ 1
¢ RTA (1
where AC is the change in concentration in ppm, At is the measure-
ment period in seconds, V is the volume of air in the chamber inm?, p

is the atmospheric pressure during measurement time in atm., R is
the ideal gas constant in m> atmmol~! K~, T is the temperature in
the chamber in Kelvin and A is the basal area of the chamber in m?.
(AC/At) was determined by linear regression on concentration vs.
time measurement. Only 4 samples were taken, yielding a low degree
of freedom, therefore a significance test was made to remove
measurement series where p > 0.25.

The diffusive oxygen flux into the soil across the soil surface
(pmol m~2h~1) was calculated from a modified Fick’s first law of
diffusion:

(Do)dC
iz (2)

where DOU is the diffusive oxygen uptake, D, is the molecular
diffusion coefficient for O, in water at the given temperature
(144 x 10> m?h~! at 10°C cf. Wilke and Chang, 1955) and dC is
the change in O, content (mmol m~3) over a depth interval, dz (m)
measured across the diffusion boundary layer immediately above
the soil—water interface. The mean O, consumption rate below the
soil—water interface (m> h~!) was estimated as DOU divided by the
0O, penetration depth (m). Throughout the paper mean values are
given with 1 standard deviation from the mean (+1 SD).

DOU =

3. Results
3.1. Soil characteristics

The organic material in the top 0.5 m of the peat soil was
deposited in a freshwater lake subsequently turning into a moist
wetland (Christensen, 1981). “C dated macrofossils showed that
the top 30 cm were deposited within the last 40 years resulting in
an average peat accumulation rate of 11.4 mmyr~L. The peat
deposited organic carbon (0—30 cm depth) amounted to 29 kg m—>
thereby resulting in a mean accumulation rate of 730 gCm 2 yr~!
(Fig. 2a). The soil profile could be divided into three main layers:
surface 10 cm, the 10—30 cm and 30—50 cm depth horizons.

The surface layer (top 10 cm) accumulated within the past 20
years and exhibited a bulk density from 0.25 gcm™ this value
gradually increased to 0.41 gcm™> at 40 cm depth (Fig. 2a). The
mean pH and SOC content in the surface layer were pH 7.3 and 28%,
respectively. In deeper layers, pH generally decreased with depth to
pH 7.0 and SOCincreased slightly reaching a maximum of 31.6 + 7.7%
at 40 cm depth, although not differing significantly from concen-
trations above (Fig. 2b—c). Basal soil respiration (BSR) and O/N-alkyl
C intensity were 20 pg Cg SOC~ ! h~! and 50, respectively, in the soil
surface and decreased markedly to 10 and 38 pgCgSOC 1h~',
respectively, within the top 10 cm (Fig. 2d). Below 10 cm depth, BSR
remained relatively constant at 10 pg Cg SOC~'h~! down to 50 cm
depth. The O/N-alkyl C intensity decreased steadily throughout the
soil profile reaching 30% at 50 cm depth.

3.2. Field observations

3.2.1. Oxygen and methane concentrations at 3 contrasting water
levels

Field measurements of depth-specific soil CH4 and O concen-
trations and simultaneously measured soil CH4 fluxes at three
contrasting water levels, i.e. water table 2.2,17.7 and 49.8 cm below
the soil surface, were done on 09.05.09, 03.05.09 and 07.06.09,
respectively (Fig. 3a—c). Soil surface temperatures (5 cm) at these
dates were 11.7+0.7 °C, 10.6 0.8 °C and 12.7 +0.9 °C, respec-
tively. At all 3 dates, the O, content below the water table was <2%
air saturation. Above the water table, the O, content differed
dependent on the actual depth below the soil surface. When the
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Fig. 2. Depth-specific soil properties. SOC: soil organic carbon. BSR: basal soil respiration. O/N-alkyl C is the most labile carbon compound in the soil substrate and can therefore be
used as a measure of the stage of decomposition and soil reactivity. Horizontal perforated lines indicate change of depositional environment. Error bars show 1 standard deviation

from the mean, n=3.

water level was at 17.7 cm below the soil surface (Fig. 3b) the O,
content was 78% air sat. at 5 cm depth. At 10 and 15 cm depth the
oxygen content was <2%. At a water level depth of 49.8 cm below
the soil surface, the O, content decreased from 97% air saturation at
5 cm depth to 68% air saturation at 20 cm depth. The O, content
from 25 to 40 cm depth were between 2 and 5% air saturation.
CH4 concentrations increased with depth below the water table
and decreased with distance above the water table in all situations.
Soil CH4 concentrations varied with the depth of the water table.
The soil CH4 concentration at 5 cm depth was 107 ppm when the
soil was fully water saturated in contrast to 22 and 11 ppm when
the water level was —17.7 and —49.8 cm respectively. When the
water level was at —2.2 cm depth, the soil CH4 concentration rose
10-fold at 10 cm depth until it reached a stable concentration of ca.
3,500 ppm down to a depth of 60cm where concentrations
increased to ca. 15,000 ppm. When the water level was at —17.7 cm
depth soil concentrations of CH4 were stable at ca. 20 ppm above
the water level and rose to ca. 4200 ppm just below the water level.
From 20 to 60 cm depth, CH4 concentrations remained relatively
stable at ca. 3500 ppm before increasing to ca. 15,000 ppm in

deeper layers. When the water level was at —49.8 cm depth, the
lowest soil CH4 concentrations were measured at the soil surface
(5—20 cm depth). At 40 cm depth the CH4 concentration had
increased to 121 ppm and just below the water level the CHy
concentration was found to increase rapidly to ca. 8000 ppm at
50—60 cm, 14,000 ppm at 80cm, 21,000 ppm at 110cm and
35,000 ppm at 140 cm respectively.

3.2.2. Soil methane flux vs. water level

Soil CHy fluxes at the three contrasting water levels differed
(Fig. 3a—c). During the period of near-surface water level (-2 cm),
a net soil CHy efflux of 0.13 = 0.1 mg CH4-Cm 2 d~! was measured.
When the water table was 18 cm below the surface, a net CHy4 soil
uptake was observed (—0.13 +0.12 mg CHs-Cm~2d~'). When the
water level decreased to —50 cm the measured soil CH4 uptake
increased to —0.22 + —0.05 mg CH4-Cm~2d~1. Atmospheric CH4
concentrations immediately above the soil surface (Tp) also differed
significantly dependent on the soil CH4 flux (n=3, p=0.003). At
a high water level (-2 cm) and subsequent CH4 emissions the Ty
concentration was 2.32 4+ 0.04 ppm whereas at a low water level

CH, sail flux
-0.13+£0.12 -0.22 +0.05 (mg CH,-C m2d")
0.13£0.10 mg m2 gt mg m2 ¢! )
mg m2d"’
0 20000 40000 O 20000 40000 O 20000 40000 [CH,], (ppm)
0 1 1 ! 1 ] 1 ]
50
£
o
L
a
)
o
100 L
. —o0—0,
—=e—CH,
WL
a b c
150 T T T : T T T , ]
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 [O,] (% air sat.)

Fig. 3. Field measurements of depth-specific O, and CH4 concentrations and CHy soil fluxes at three dates with contrasting water levels. a) WL: —2.2 cm on 09.05.09, b) WL:
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Fig. 4. Weekly static chamber CH,4 flux measurements plotted against water level (cm
below soil surface). Horizontal perforated line indicates peat surface. Vertical perfo-
rated line indicates the boundary from soil CH4 uptake to soil emission. (Linear best fit:
y=1982.2x — 19.5, 1* = 0.11).

(=50 cm) and subsequent net soil CH4 uptake the Ty concentration
was 1.75+0.1 ppm. Weekly measurements of soil CHg fluxes
showed a shift from net release to net uptake when the water level
dropped below —30 cm (Fig. 4).

3.3. Experimental observations

3.3.1. Oxygen and methane concentrations in the waterlogged peat
soil

Two-dimensional mapping of O, in the saturated peat soil
showed the presence of a relatively uniform O, penetration depth
0f 4.6 + 0.2 mm (n = 3) following the soil contours (Fig. 5a—c, Table
1). Below this depth, the O, content was below the detection limit
(Fig. 5¢). The DOU was calculated to 864 +173 umol O; m 2h~!
(n=3) (Eq. (2)) resulting in a mean volume-specific O, consump-
tion in the soil-water interface of 5.2+ 1.0 nmol Oycm 3s~!
(n=3).

Three MIMS CHy4 profiles were made on different dates on the
same waterlogged peat column (Fig. 5a), and the exhibited the
same overall pattern although absolute concentrations differed
markedly (Fig. 5a). Lowest CH4 concentrations were measured near
the surface in the oxic zone and down to a depth of 1 cm. CHy
concentrations were found to increase to a maximum concentra-
tion at ~5cm depth where concentrations ranged from 365 to
546 uM. Concentrations decreased to between 175 and 186 pM
25 cm depth. Between 25 and 40 cm depth, CH4 concentrations

a CH, conc. (uM) b
0 200 400 600
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Table 1

Oxygen characteristics of the fully saturated peat soil at the soil—water interface + 1
standard deviation. Average volume-specific O, consumption measured in the
soil—water interface. n=3.

0O, penetration depth (mm) 4.6+0.2
Diffusive oxygen uptake (umol O, m—2h~1) 864 +173
Average volume-specific oxygen consumption (nmol O, cm~3s™!)  52+1.0

increased to concentrations close to the maximum concentrations
found at 5 cm depth. After profiling with the MIMS, ebullition of gas
was observed from the hole produced. Average headspace
measurements of CH4 emissions from the fully saturated peat soil
was 65.4+103.7 mgCHs-Cm~2d~! (n=3) of which one of the
mesocosm emissions differed significantly from the other two,
possibly due to CH4 ebullition resulting in the large SD. Ignoring the
mesocosm with the high emission rate gave an average emission
rate of 0.18 £ 0.01 mg CH4-Cm2d~! which was similar to emis-
sions measured in the field at similar environmental conditions
(fully water saturated, 10 °C).

3.3.2. Oxygen and methane dynamics during drainage

During the drainage sequence, the O, content in the peat soil
increased from 0% air saturation to 55% air saturation within 42 h
(Fig. 6a, b). As the water level decreased below the surface,
compaction of the swelled peat was observed on the planar
optode image (Fig. 6a T3p — T1400). The O, penetration followed
a preferential flow pattern through macropores resulting in
a heterogeneous O, distribution. As the water level dropped from
0 cm to —12 cm, the O, content at 4 cm depth increased from 3 to
25% air saturation while CH4 concentrations at 4 cm depth were
constant around 600 uM (Fig. 6b). Soil CH4 concentrations
decreased when the soil O, content on average increased above
30% air saturation. As the water level further decreased to —20 cm
depth from 1400 to 1750 min, O, content increased to 34% air
saturation and CH4 concentrations decreased from the stable
concentration of 600 pM to roughly 500 uM at 1750 min. Between
1750 and 2020 min the water level decreased to —26 cm. The O,
content increased only slightly to 35% air saturation yet the CHy
concentration decreased from 500 pM to 150 pM. Penetration of
0, followed soil macropores and although the water table was
well below the height of the planar optode image there were both
oxic and anoxic zones within the soil depth studied (Fig. 6). After

C
[0,] (% air sat.)

Depth (mm)

/

Fig. 5. (a) Three depth profiles of CH4 concentrations (M) and O, content (air sat.) in a soil mesocosm on three dates (A 29.11.07, O 30.11.07, ® 03.12.07). CH,4 concentrations
profiles are measured by membrane inlet mass spectrometry. The O, profile is an average of the three profiles shown in the planar optode image (b). (c) The average O, content from
three profile lines in the soil—water interface (marked by a box in image (b)) including 1 SD from the mean.
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2750 min the water level was at —40 cm and the O, content was
49% air saturation and the soil CH4 concentration was below
25 uM. As the O, saturation increased further to above 55% air
saturation, the soil CH4 concentration decreased below 10 M. The
standard deviation of O, measurements differed considerably
dependent on the point of time in the drainage sequence. During
fully water-saturated conditions where the soil was anoxic stan-
dard deviations ranged from 0 to 5% air saturation whereas during
drainage the heterogeneity of O, level increased immensely with
standard deviation increased to 100%. After prolonged drainage,
standard deviations decreased as soil O, content became more
homogeneous. The planar O, optode images of the drainage
sequence covering a period of 50 h (at a frame rate of 10 min
intervals), has been combined to a short movie visualizing the O,
availability during a drainage sequence (Supporting information,
Video 1).

3.3.3. Oxygen dynamics during saturation

During water saturation, the mean O, image content (12 cm?)
decreased from 57 + 16% air saturation to <1% air saturation within
22 h(Fig.7a,b). The water followed preferential flow patterns as water
first filled the soil macropores. From O, measurements at 10 min
intervals, it was observed that O, contents declined most rapidly
within the first 10 min after saturation (0.16 pmolO;cm>3s™1),
Within the first hour after water saturation, the O, depletion rate
decreased to 0.12 pmol 02 cm~3s~! and between 330 and 1330 min
after water saturation O, depletion rates decreased to
0.01 O pmolem>3s~L From 22 to 50 h after water saturation, O
depletion rates decreased to 0.001 pumol O, cm—>s~!, i.e. the same
magnitude as O, consumption in the soil—water interface. An oxic soil
aggregate (O, content >10% air saturation) was present at the 3 cm
depth up to 24 h after the saturation event. The volume-specific O;
consumption rate within this aggregate was calculated to be ca.
0.045 nmol O, cm 3 s, considerably slower than in the surrounding
soil. The planar optode measurements showed a large heterogeneity
in the soil O availability. As the soil became more saturated and the O,
content decreased, standard deviations also decreased. The planar O,
optode images of the saturation sequence (10 min intervals) were
combined to a short movie visualizing the O, depletion during
drainage (Supporting information, Video 2).

3.3.4. Heterogeneity of peat O, distribution — impact of
bioturbation

The drainage and saturation sequence showed a biotic
controlled heterogeneous soil structure resulting in small-scale
variations in the O, availability (supporting information, Videos
1-3). During drainage, preferential flow of water and O, was
observed along worm borrows and grass stalks resulting in O,
contents ranging from as low as 0% to 100% air saturation well
above the water level (Fig. 8a—c). Video 3 (Supporting information,
Video 3) shows the effect of bioturbation before and under
drainage, where macrofauna including earthworms move in the
soil creating first a pathway where O, contents are lower around
the worm that subsequently acted as a macropore with a faster
response to changes in O, supply. Overall, the two-dimensional O,
imaging performed during the drainage and saturation showed
a highly dynamic subsurface O, distribution that cannot with the
same spatial resolution be portrayed by point measuring probes.

4. Discussion
4.1. Soil characteristics

The spatial distribution of labile C is a key aspect of the potential
effects of changes in water level on subsurface C dynamics. We used
13C NMR to identify functional C compounds, relative reactivity, and
their spatial variation within the soil profile. The surface peat
contained a high amount of labile O/N-alkyl C indicative of high soil
degradability (Kiem et al., 2000). This is in line with the observed
high basal soil respiration rates in the same depths (Fig. 2d) and the
young age of organic material deposited in the surface layers. The
high accumulation rate of organic carbon in our site is considered
due to a large biomass of P. arundinacea produced annually
(Landstréom et al., 1996). The high reactivity of the soil surface layer
suggests that labile substrate is not a limiting factor for CHy
production under anaerobic conditions. While the presence of O; is
the most important constraint on methanogenesis in wetlands,
previous laboratory studies indicated that substrate supply is the
primary control once anaerobic conditions have been achieved
(Whalen, 2005). This implies that substrate may be a limiting factor
in deeper layers.

4.2. Soil O; and methane concentrations

Soil CH4 concentration profiles at three contrasting water levels
(Fig. 3) showed that O, availability is closely related to the water
level and limited by the low O, solubility and diffusion in water as
compared to air. Few mm below the water level the soil was anoxic
containing O, contents below the detection limit (Fig. 6a). The
actual depth of the water level below the soil surface also affects the
distribution of O,. Above the water level, the moisture content and
the corresponding diffusivity is strongly influenced by capillary rise
and the high water holding capacity of peat (Witkowska-Walczak
et al., 2002; Weiss et al., 1998). This was seen in the planar
optode images during the drainage sequence (Supporting infor-
mation, Video 1). Therefore O, contents do not increase substan-
tially in close vicinity to the water level and therefore, anoxic
conditions were noted 10—30 cm above the actual water level.

Soil CH4 fluxes were directly influenced by the water level, when
the water level fluctuated between 0 and 30 cm. When water levels
dropped below —30 cm, the soil CH4 efflux ceased, during such
conditions all the produced CH4 was apparently oxidized within the
soil matrix before reaching the soil surface. This is consistent with
other studies showing a rapid CH4 oxidation by methanotrophs in
the presence of O, (Watson et al., 1997).

Gas transport mechanisms driven by pressure gradients trans-
port CH4 away from anoxic aggregates (Thorstenson and Pollock,
1989) The anoxic zones present above the water level (Fig. 6)
facilitate CH4 production but were apparently not large enough to
exceed the CH4 oxidation at the interface between such anoxic
microenvironments and oxic surroundings. This is observed as
there is an immediate decrease in CH4 concentrations above the
water level despite the anoxic zones. Higher concentrations of CHyg
(up to 35,000 ppm) observed below 50 cm depth are considered
a result of CH4 production below 50 cm but also due to a reduced
diffusion through a layer of fine grained gytje situated between 55
and 60 cm. In the laboratory experiment, this gytje layer of reduced

Fig. 6. (a) O, (% air sat.) distribution in the peat column during a drainage experiment. T: time in minutes. WTD: water table depth. The images size is 6 x 8 cm. At T the column was
fully saturated with 5 cm aerated water above the soil surface and was drained to —40 cm. The white box indicates the area used in the areal integration of O, content during
drainage. x signifies the depth of the MIMS orifice for CH4 measurements. (b) O, contents (@) and CH4 (x) concentrations measured during the drainage sequence. O, content were
calculated as an average concentration in a 1 x 4 cm area between 3.5 and 4.5 cm depth from planar optode images. Error bars show +1 SD from the mean. CH4 concentrations are
measured using MIMS at a fixed depth of 4 cm. Perforated vertical lines indicate when planar optode images in (a) were taken.
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Fig. 7. (a) O, (% air sat.) distribution in a peat column during a water saturation experiment. T: time in minutes. WTD: water table depth. The images size is 6 x 7 cm. At T, the
column was drained to —40 cm and was thereafter fully saturated with 5 cm aerated water above the soil surface. (b) Area-integrated O, (@) content measured during a drainage
experiment. The O, content was calculated as an average in a 4 x 6 cm area between 2 and 6 cm depth from planar optode images. Error bars show 41 SD from the mean. Perforated

vertical lines indicate when planar optode images in (a) were taken.

diffusivity was not included. Furthermore, plant-mediated gas
transport was not taken into account in our study as vegetation was
not incorporated in our mesocosm experiments or static chamber
plots. In the field, plant roots of P. arundinacea are known to facil-
itate transport of both O, downwards and CH4 upwards (Laanbroek,
2010) thus influencing both O, and CH4 concentrations. Future
studies of such plant related gas exchange would also benefit from
the planar optode methodology introduced in this study.

During fully saturated conditions in the peat mesocosm, highest
CH4 concentrations were observed around 5 cm depth below the
soil surface decreasing towards —25cm depth and thereafter
increasing again with depth (Fig. 5a). The CH4 concentration range
measured in the mesocosm experiment corresponded well to field

measurements and to previous studies of CH4 concentrations
measured in Swedish peat soil cores at 10 °C (Sheppard et al.,
2006). NMR analyses showed that the surface peat deposits
(0—5 cm) contained the largest amount of young and labile carbon
and thus had the potential for the largest CH4 production. In
contrast to the non-vegetated laboratory mesocosm, the density of
live roots in the top 20 cm of the soil was high. P. arundinacea is
known to be able to transport O, to the root tips where it leaks out
to the surrounding soil matrix creating a 0.1 mm aerobic layer
around the roots (Edwards et al, 2006). Such rhizosphere
oxygenation may explain the absence of high CH4 concentrations in
this layer with ample labile carbon in the field (Fig. 3), in contrast to
higher near-surface CH4 concentrations observed in the laboratory
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Fig. 8. (a) Planar optode b/w image of mesocosm peat profile at WTD — 4 cm. (b) Planar optode image of O, distribution in peat mesocosm profile at WTD — 4 cm. (c¢) Schematic

image of soil heterogeneity, O distribution, and fate of CH,4 produced in the anoxic zone.

mesocosm (Fig. 5a). This further limits the importance of ebullition
under field conditions, particularly, as compared to laboratory
conditions without plants.

Most known methanogens are neutrophilic, thus the near
neutral pH of the peat soil should not limit CH4 production. CHy4
concentrations increased at depths 25 cm below the soil surface
due to reduced oxidation at depth. This is in agreement with
observations of CH4 ebullition events through the hole after
profiling signifying a gas phase accumulation at depth.

MIMS profiles were made in different parts of the column to
reduce effects of repeated profiles. This may be the reason for part
of the large variability in CH4 concentrations. Although the general
trend in profiles was similar, CH4 hotspots with concentrations up
to 6 fold higher than the surrounding were noted in one profile.

4.3. Soil methane flux

Headspace measurements of CHy4 emissions from the water-
logged peat soil in the mesocosm (0.2 mg CHs-Cm~2d~") and in
the field (2—17 mg CHy4-C m~2d 1) were very low in comparison to
emissions reported from other studies of temperate wetlands
(23—254 mg CH4-Cm~2d ™", Crill et al., 1988). Our low values could
be due to enhanced oxidation of the CHy in the 5 cm overlaying
oxygenated water column in the mesocosm (Bubier, 1995), but our
field soil fluxes were also found to be in a similar range. One of the
replicate mesocosms had a high emission rate during the
measurement period (263 mg CH4-C m~2d~!) which may be due to
ebullition of free phase gas, commonly trapped beneath confining
layers which may have escaped as a consequence of air mixing
inducing a small pressure affect before the sampling (Whalen,
2005). Therefore this sample was omitted.

4.4. Oxygen and methane dynamics under changing water levels

Planar optode data underlined that the presence of small-scale
structural heterogeneity in the soil must be considered in order to
understand subsurface gas dynamics at the pedon scale during
changes in water level. Mapping of two-dimensional O, contents
with planar optodes enabled both a visualisation (Supporting
information, Video 1) and a quantification of the role of heteroge-
neity in the O, distribution. Areal integration of O, measurements
(4.5 cm?) showed e.g. that the O, content above the water table
after drainage can vary from 0 to 100% air saturation in periods up
to several days after lowering the water level.

MIMS CH4 concentration measurements were relatively stable
at fully water-saturated conditions around 600 uM decreasing
only slightly with increasing 0O, content (y=—-28x+ 720,

r?=0.67). As drainage continued, area-integration of O,
measurements (4.5 cm?) showed that below 30% air saturation, O
was not a limiting factor for the presence of CH4 in the soil studied.
This is due to both reduced CH4 production in the limited anoxic
zones and increased CH4 oxidation, as oxic zones become more
widespread resulting in a large surface area to volume ratio,
enabling increased oxidation.

Under saturating conditions, water percolation was observed
through macropores in the peat soil. Such macropores are the result
of plant roots and activity of soil fauna (in this case earthworms, see
Supporting information Videos 2 and 3). Moving earthworms in the
soil create pathways. At first the O, content is lower around the
worm potentially as a result of enhance diagenetic activity. From
marine environments it is well described that burrow linings of
infauna represent microbial hotspots of intensified mineralization
activity (Aller and Aller, 1986; Jorgensen et al., 2005). However,
burrows in the wetland subsequently act as macropores where fast
response to changes in water and O, supply can be observed (Abe
and Buck, 1985) as well as facilitating ebullition of gases. Macro-
pores enable oxygenated water from precipitation to infiltrate
faster and to displace trapped gas in the pore space.

Air displacement also resulted in a faster O, depletion rate at the
start of saturation. In contrast, macropores can under field condi-
tions also facilitate transport by capillary forces of reduced ground
water up through the soil profile. However, this was not studied in
this experiment.

After saturation, O availability from the surface is reduced to the
amount which diffuses through water and is released fromroots. The
planar optode image shows the oxygenated air is displaced by the
water in the same macropores seen in the drainage sequence. An
oxic soil aggregate was present up to 24 h after the saturation event
illustrating that CH4 oxidation can take place even in reduced bulk
soil systems and that zones of lower O, consumption are present.

4.5. Limitations and future perspectives of planar optodes

It cannot be disregarded that all work with planar optodes
potentially results in physical changes of the soil structure due to the
effects of a Plexiglas wall as well as the wall presenting an area with
potentially less friction for macrofauna burrowing, etc. Using planar
optodes to evaluate structural changes under changing water levels
may not reflect conditions in the soil interior. Compaction presents
the largest challenge as the soil must be in direct contact with the
planar optode in order for O, measurements to be reliable. However,
in this study the effect is kept minimal as the soil was not dried for
longer periods of time to avoid lateral soil compaction and to
maintain a continuous soil contact with the wall.
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In contrast to the temperature-controlled and non-vegetated
conditions studied in the laboratory mesocosms, natural systems
are very dynamic. Future studies including living P. arundinacea are
important for assessing the linkage between plant-controlled O,
transport to the rhizosphere as well as acting as CH4 conduits from
anoxic layers to the atmosphere. Radial O, loss from roots is of
interest as it could increase CH,4 oxidation in an otherwise anoxic
zone, reducing the amount of CH4 reaching the aerenchyma. In
contrast, root exudates produced are an important labile carbon
source for CH4 production possibly counteracting the increased
oxidation in the root zone. The present study has proven that the
planar optode setup is an effective method for assessing the O,
distribution in wetlands and highlights the need for future studies
of O, distribution in relation to greenhouse gas emissions (both CHy
and N;O) under natural vegetated conditions.

5. Conclusions

Wetland ecosystems exhibit a complex interaction of environ-
mental parameters in the soil matrix. It has previously been diffi-
cult to visualize the heterogeneity of the peat structure and to link
this heterogeneity to O availability under fluctuating water levels.
However, this study shows i) the potential of planar optodes for
studies of O, dynamics controlled by soil structure and fluctuating
water levels, ii) that small-scale soil heterogeneity resulting from
macro-flora and macrofauna strongly affect the spatial distribution
of Oy availability in wetland soils under fluctuating water levels,
and iii) that O in turn controls the oxidation of CH4 under aerobic
conditions, and the distribution of anoxic zones where CH4 can be
produced.

The O, content above the water table after drainage was found
to vary from 0 to 100% air saturation on the cm? scale. Oxic zones
were observed below the water level and anoxic zones were
observed above the water level in periods up to days after changes
in water level. This visualisation and quantification of soil hetero-
geneity in relation to O, dynamics and changes in water level is
important in the understanding of CH4 consumption and transport,
in wetland ecosystems with fluctuating water levels, both small
scale (cm?) and on an ecosystem level in a global change
perspective.
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