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Abstract. Peatlands contain a carbon stock of global con-1 Introduction

cern and significantly contribute to the global methane bur-

den. The impact of drought and rewetting on carbon cyclingPeatlands sequester carbon (C) at estimated rates of 0.074—
in peatland ecosystems is thus currently debated. We studd.094 GtC yr! while contributing approximately 2—-10% to
ied the impact of experimental drought and rewetting on in-the global release of methane into the atmosphere (Bousquet
tact monoliths from a temperate fen over a period~&00 et al., 2006; Mikaloff Fletcher et al., 2004). These processes
days, using a permanently wet treatment and two treatmentare important in the global carbon cycle and sensitive to cli-
undergoing drought for 50 days. In one of the mesocosmsmate change, such as increases in temperature (Lafleur et al.,
vegetation had been removed. Net production ofy®ks  2005) or changes of water tables (Laiho, 2006). Increases
calculated from mass balances in the peat and emission usirig winter precipitation and drier summers with heavy con-
static chamber measurements. Results were compaté@to vective rainfalls, have been predicted for mid and higher lat-
isotope budgets of C£and CH, and energy yields of aceto- itudes (IPCC, 2001). Most peatlands are therefore subjected
clastic and hydrogenotrophic methanogenesis. Drought reto rising temperatures and changes in the hydrologic regime
tarded methane production after rewetting for days to week§Moore, 2002). This may result in an increasing decompo-
and promoted methanotrophic activity. Based on isotope angition and an overall release of carbon from these ecosys-
flux budgets, aerobic soil respiration contributed 32-96% intems (Belyea and Malmer, 2004; Chimner and Cooper, 2003;
the wet treatment and 86—99% in the other treatments. DryLaiho, 2006), but probably lower the production of methane
ing and rewetting did not shift methanogenic pathways ac-(Blodau and Moore, 2003a; Freeman et al., 2002). Methane
cording to 813C ratios of CH and CQ. Although §13C emissions are, however, not always related to production in
ratios indicated a prevalence of hydrogenotrophic methanothe subsurface (Smemo and Yavitt, 2006) and may be dom-
genesis, free energies of this process were small and ofteimated by effects of vegetation (Shannon and White, 1994).
positive on the horizon scale. This suggests that methan&nderstanding methane cycling and respiration pathways un-
was produced very locally. Fresh plant-derived carbon inputder changing environmental conditions is crucial because ef-
apparently supported respiration in the rhizosphere and sudects are not straightforward to predict (Laiho, 2006).

tained methanogenesis in the unsaturated zone, according to Climate change induced disturbance, such as drying and
a'3C-CQ; labelling experiment. The study documents that rewetting events, may cause increased carbon mineraliza-
drying and rewetting in a rich fen soil may have little effect tion but reduced Cklproduction by driving internal cycles

on methanogenic pathways, but result in rapid shifts betweerf electron acceptors such as sulphate and iron (Roden and
methanogenesis and methanotrophy. Such shifts may be prwetzel, 1996). The time scale involved in the depletion of
moted by roots and soil heterogeneity, as hydrogenotrophi&lectron acceptors and the restart of methanogenesis is not
methanogenesis occurred locally even when conditions werget well studied. Under fluctuating hydrological conditions,
not conducive for this process in the bulk peat. an apparent coexistence of different redox processes was ob-
served (Paul et al., 2006). Furthermore, the addition of al-
ternative electron acceptors did not always inhibit,Gio-
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iron reduction (van Bodegom et al., 2004). The respirationrewetting were traced using (i) turnover and (ii) flux calcu-
dynamics is further complicated because methanogenesis lations, (iii) changes in carbon isotopic composition of CO
typically driven by input of fresh organic material and may and CH;, (iv) isotope budgets, (v) changes in apparent iso-
occur in microenvironments (Wachinger et al., 2000) tope fractionation and (vi) thermodynamic calculations.

The application of stable isotopes is a tool to identify
the pathway by which methane is formed (Conrad, 2005;
Whiticar, 1999). Methane produced by acetate cleavage wa Material and methods
found to be not as depleted #3C as CH, produced from
CO; reduction with H. Fractionation factors for aceto- 2.1 Treatments and sampling
clastic methanogenesis range from 1.000-1.032. while frac-
tionation factors of hydrogenotrophic methanogenesis rangd hree intact peat cores (‘mesocosms”), with a diameter of
from 1.045-1.082 (Conrad, 2005; Whiticar, 1999 and ref-60cm and a depth of 60 cm each, were collected in Septem-
erences therein). Based on profiles of L#table isotope ber 2005 at the Scbppnerbrunnen fen site in northeast-
ratios in peat, it was thus postulated that the upper profileern Bavaria (500838" N, 11°5141" E, Fichtelgebirge, Ger-
was dominated by acetoclastic and the lower profile by hy-many). The site can be described as an acidic (pH 3.5~
drogenotrophic methanogenesis (Hornibrook et al., 2000a4-5), minerotrophic fen with highly decomposed peat soils
Popp et al., 1999). A smaller depletion BiC in CH, in rich in sulphur and iron. The mean water table level is lo-
the upper profile is also caused by methanotrophic activitycated at 1322 cm below surface (Paul et al., 2006; Knorr
(Whiticar, 1999). Transport mediated by plants also pref-€et al., 2008). The mesocosms were incubated in the labo-
erentially remove$?C-CH; from the soil and fractionation ratory for~300 days in a climate chamber at°€5(~60%
depends on transport mechanism, water table level, daytimgH, 12 h light/dark cycles, 66@mol s~ photosynthetic pho-
and season (Chanton, 2005; Popp et al., 1999). The isotopi®n flux). The vegetation was left intact in two mesocosms.
composition of emitted methane mostly resembled;@f  One mesocosm was kept wet at a high water table through-
deeper soil layers (Popp et al., 1999), and the fractionation i®ut the incubation treatment (“wet-vegetation” or “W-V”),
thus likely smaller than for other relevant processes. Anothetwhile the other was subjected to a drying and wetting cycle as
tool to explain pathways of respiration is given by the calcu-described below (“drying/wetting-vegetation” or “DW-V").
lation of Gibbs free energies\(G), which is also approxi- ~ The third mesocosm — also subjected to drying and rewet-
mated using hydrogen concentrations, controlling most  ting — was defoliated prior to sampling by covering the veg-
strongly (Lovley and Goodwin, 1988). This approach haseétation since spring 2005 and was kept devoid of vegetation
recently been applied to study hydrogenotrophic versus acef'drying/wetting-defoliated” or “DW-D”) to study vegetation
toclastic methanogenesis in a ombrotrophic peatland (Beegffects.
and Blodau, 2007). The vegetation on DW-V, and prior to defoliation also

Controls on in situ C@and CH, production, such as tem- on DW-D, mainly comprisedAgrostis sp., Nardus stricta,
perature, water table position, and vegetation have been iderMolinia coerulea, Sphagnum fallax, Brachythecium rivulare,
tified (e.g. Granberg et al., 1997; Strom et al., 2003; Roulet efAtrichum undulaturrand Galium hercynicum In the W-V
al., 1992; Updegraff et al., 2001) but the impact of short termmesocosm, there was le8grostis but some moresphag-
disturbances is still uncertain. This research deficiency is adium,and exclusively her€arex rostrataoccurred. The per-
dressed in this study by analyzing génd CH, dynamicsas  manently wet conditions presumably promoted the predomi-
well as the!3C isotopic composition of these pools and the nance ofCarexin W-V with increasing incubation time, thus
peat. The specific objectives were to elucidate the impact ofin increasing effect a€arexon soil processes is probable.
experimental drought and rewetting on (i) C-fluxes and their  After 40 days with a water table of about 30 cm below sur-
isotopic composition, (ii) below-ground methane production face (phase I), the water table of all mesocosms was adjusted
and oxidation and on (iii) methanogenic pathways. Further-to 10 cm below surface. To this end, 30 (DW-V, DW-D) or
more, we identified in which part of the peat profile the pre- 40 mm (W-V) of irrigation were applied within two days, un-
sented effects occur. To this end we used intact peat mondil the water table level was reached. The water table was
liths (mesocosms), allowing us to manipulate soil moisturethen keptat-11.9+/1.3 cm (DW-V) or 9.9+/0.9 cm (DW-
but to hold other controls constant. D) for the following 70 days (phase Il), irrigating daily. Sub-

We incubated three peat mesocosms from a weakly acidicsequently, two mesocosms, DW-V and DW-D, were dried by
northern temperate fen as individual treatments @00 reducing irrigation (phase Ill), while the third, W-V, was kept
days and manipulated irrigation levels while keeping all otherat high water table. Within 50 days, the water table dropped
environmental conditions constant. To study the effect ofto approximately 55cm below surface. The treatment DW-
plant cover on below ground C turnover, we also incubatedD received no irrigation in this phase, while we applied
a defoliated mesocosm. A simulated drought was expected-1 mmd-! on DW-V to induce a similar water table drop
to result in prolonged periods of low or absent methane pro-as in DW-D. Thereafter, the water table was rapidly raised
duction after rewetting. Effects of drought and subsequento 10 cm (begin of phase V). This required 54 (DW-V) and
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53 mm (DW-D), applied within 2 (DW-V) or 5 (DW-D) days.
During phase 1V, the water table was held at 12-7&8
(DW-V) or 9.8+~1.8cm (DW-D) below surface until the
end of the experiment.

Water tables were monitored in piezometers at two depths
(25 and 50cm). Volumetric water contents (VWCs) were
measured using previously calibrated TDR probes at 10, 20,
30 and 40 cm depth (IMKO, Germany). Total porosity was
determined by oven drying of 100 éreamples. From VGCs
and porosity volumetric gas contents (VGCs) in the peat were
calculated.

In the drought phase (Ill), just before rewetting, maxi-
mum VGCs in the treatment DW-V reached 12, 6 and 2% _ _ _
in depths of 10, 20 and 30cm. Only three days after readF]g- 1. Schemat!c drawing of a mesocosm (top view, 60 cm total
justing the high water table, VGCs again decreased to 2_3%q!ameter). 1. piezometers for water table levels (2.5 cm_dlam..);_
In the treatment DW-D, VGCs of 12, 13 and 9% in 10, 20 2: colla_r for methane surface flux measurements (20 cm diam.); 3:
. . TDR soil moisture probes (length of rod<.5 cm) at 10, 20, 30, and
and 30cm in depth, respectively, were measured. Approx—40 deoth: 4: Rhizd® soil solufi lers (10 cm lenath) at &
imately 30 days after rewetting, VGCs decreased to below/ 0 6™ d€pth; 4: Rhizon soil solution samplers (10 ¢m length) at5,

. . - 10, 15, 20, 30, 40, and 50 cm depth; 5: Passive diffusion gas sam-
4% in this treatment. When saturated at 10 cm depth, durln%Iers (silicon tubes of 20 cm length) at same depths as Rifons
phases Il and IV, VGCs adjusted typically to 1% or below in g P

this layer. At high water table, a mean volumetric gas con-

tent of 2% in the upper 5cm of all treatments was assumedy,gjng jinear regression over time (mif>0.9). A schematic
This was a value typically observed at the uppermost SensOfirawing of the mesocosms is provided in Fig. 1.
in 10 cm when the water table was 5cm below that sensor, At the end of the incubation, $C-CO, pulse label was

.e. at 15cm depth. It has t% be noted that a VGC of 1%, jieq to each mesocosm to identify the zone of main
would halve and a VGC of 3% double calculated fluxes at,, activity in the soil. A transparent chamber was placed

the surface, but leaving general trends of changes in turnovel \ aach mesocosm and~s900 ppm, ~63% 13C-CO; at-

unaffected. mosphere was adjusted by dissolving 250 mg of 95@

The irrigation water was prepared according to field Ng,CO;z in 6N HCI and manual mixing of the gas phase.
measurements (Lischeid, personal communication) and wagach mesocosm was exposed to the label for 60 min. Sub-
evenly distributed using a sprinkler. It contained Na sequently, the label was traced in the upper soil gas for the
(5umolL™Y), C&* (6umolL~1), SC;~ (10umolL™?), following 90 h. Stable isotopic composition was analyzed as
ClI= (12umolL=1), NH}, NO; (40umolL~1) and DIC  outlined below.

(~15umol L~1). Sulphuric acid was used to adjust the pH  Finally, the solid phase of all mesocosms was sampled at
to ~4.8 (included in S@‘ concentration). The contribution 10 to 15 cm depth intervals.

of the irrigation water to electron acceptors in the peat was

calculated to be negligible{1%). 2.2 Analytical techniques

saio'::rzlu(trﬁgr\gazrzi?plg?'rst Ieglszt Wrsekggr;?eRfan Concentrations of C®and CH, in gas samples were mea-
P P polymesL.cum p ! sured with a SRI 8610C gas chromatograph, equipped with

glass support) at 5, 10, 15, 20, 30, 40 and 50cm depth. ATQ”—ID and a CQ methanizer. Hydrogen was analyzed on a

measurement of dissolved gases from suction samplers m /A 3000 Hp-analyzer (Trace Analytical). Stable C isotope
be biased due to under-pressure derived degassing, soil 98SES < Lrements of Gaand CH, were perfo.rmed using a GC-
were sampled from horizontally inserted silicon tubes at the

: . ._Combustion-Isotope ratio mass spectrometer (GC-C-IRMS,
same spatial and temporal resolution as the solutes. Wlﬂaeltd3|us Thermo Finnigan, MAT), equipped with a Car-

this passive diffusion technique, the gas phase in equilib—boxen 1010 PLOT column (0.32 ma80m, Supelco). The
rium with the solution is measured; thus it can be applied ] , SUP §

in saturated and unsaturated soil (Kammann et al., 2001 detection limit for CQ and Chy was ~350 ppm. Isotopic

S . . signatures were expressed in the comniamotation in %
Due to the short equilibration time (5-50h), isotope frac- N P o
. : versus the VPDB-standard (Eq. 1).
tionation through the samplers can be expected to be negli-
gible. Methane emission from the mesocosms was measured Rsample
weekly in duplicate, using shrouded chambers on previousl)fS =
inserted collars of 20cm in diameter (one collar per treat-
ment). Five to eight gas samples were taken every 5min andhe §13C measurements were calibrated twice a day, us-

concentration change over time was recalculated into a fluxng NaCQ, with a known isotopic signature of8.84%o

— 1} x 1000 (1)
Rstandard
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(VPDB) and four working standards of GQ5000 and Assuming there was no significant fractionation during
50000 ppm, —33.53%0) and CH (1000 and 10000ppm, breakdown of organic matter (Boehme et al., 1996) and no
—56.37 and—-52.84%o.). For multiple measurements of £€0 carbon losses from the system except from,G@d CH;,
and CH,, the standard deviation was below 0.5%.. For,CH an isotope mass balance for different soil layers was calcu-
samples with a very low isotopic signature-e80 to—110%o lated (Eq. 4). With this data and using methane fluxes from
a standard deviation 0f2.5%. was observed. chamber measurements, an anaerobically generated GO
Carbon and nitrogen content along with the isotopic sig-was calculated (Egs. 5 and 6) (Lansdown et al., 1992). This
nature of the solid phase were determined on a Carlo Erbapproach was compared to anaerobico@@oduction esti-
CN2500 elemental analyzer, connected via Conflo Il inter-mated from CQ evolvement in levels below the water table.
face to a delt¥Us IR-MS (Thermo Finnigan, MAT). In lig-  As a result, a range of estimates of the effect of drought and
uid samples, the pH was determined using a glass electrodeewetting on anaerobic respiration was obtained.
é\:}vt;\ri\gég r\:\?it;hlerllgv(?/gr?;na)?etate were measured using 8 ¢y, Row = Ceo, + Reo, + Cory - Ren 4)
Fiot = Fco, + Fch, (5)
Fiot - Rom = Fco, - Rco, + FcH, - Reh, (6)

Dissolved  inorganic  carbon  (DIC), GH and Respectively,Cco, and Ccp, represent the concentrations
Ho concen.tratlons in the soil gas were cal- of CO; and CH,, and Rco,, Ren, and Row represent the
culated using Henry's law constants 1for 0{5 isotope ratios of Cg CHy, and the soil organic matte€o
(Sander, 19_919) . (Bo,=0.0463molL"atm™™,  gquals the measured sum of the assumed mineralization end
KcH,=0.0017 molC~atm™=). DIC speciation was cal- products CQ and CH,. The termsFco,, and Fcp, are the
culated using pH values obtained from Rhifbsamples diffusive fluxes of CQ and CH;, resulting inFyo, the total
and equilibrium constants from (Stumm and Morgan, 1996).diffusive C flux.

Net turnover of CH in the depth layers of the peat core  For the!3C pulse label an isotope mass balance was cal-
could be calculated from mass balances of diffusive fluxesculated by tracing the label uptake into the soil DIC andyCH
and changes in storage over time according to Eq. (2). pool. This allowed zones of high root associated respiration

ASy ACaupper » AC A 1ower B to be identified and a rate at which the label was taken up to
Ry =—"-+ [DAT] ZT— {DAi’} "z be calculated (Eq. 7).
upper lower

Ax
2 A[Cly

Uco, =

The variableRy is defined as the net turnover rate of a At f (3C)tabel - Amesocosm
speciesA (nmolcn3d-1), with AS4 /At representing the  The termA[*3C]soi is the change if3C content in the total
change in storage of specidsin a layer. The left-hand ex- S0il COy, At is the time interval of labelling (1 h); (*3C)iabel
pression in parenthesis represents the diffusive flut @t is the fraction of3C in the total labelling gas phase (62.9 %)
the upper boundary. The right expression is the flux at theANdAmesocosnis the area of the mesocosm ik nThis results
lower boundary of a layer4,: diffusion coefficient in peat,  in a rate of uptake of CQ Uco,, in mmolnr2h—1.
AC,4/Ax: concentration gradient at upper or lower end of ~The thermodynamic energy yield from hydrogenotrophic
segmentz: thickness of the layer). and acetoclastic methanogenesis, as well as from homoace-

The Change in storage in an individual |ayer was Ca|_togenesis, was calculated using the reactions given in Table 1
culated from concentration changes between two measurdEgs. 8-10). Thermodynamic data was taken from Nord-
ments. Concentration gradients over depth for the time in-Strom and Munoz (1994) along with measured concentra-
tervals between samplings were obtained by calculating thdions of CHi, CO;, acetate and H
mean of two consecutive profiles. The diffusion coefficients As hydrogen measurements in environmental samples
were corrected for porosity using=Do$? (Lerman, 1988) Mmay be biased by clustered distribution of hydrogen pro-
and in case of unsaturated conditions using gaseous diffuducers and consumers (Hoehler et al., 2001), another ap-

sion coefficients (Lerman, 1988) and a correction functionProach to estimat& Gnm for hydrogenotrophic methanogen-
a(a)=a’¢p—2/3 (a: correction factor at air content, ¢: soil esis from the fractionation factarc, which had also been

porosity) (Jin and Jury, 1996). tested in peatland samples (Penning et al., 2005), was ap-
To obtain information about the dominating GHroduc-  Plied (Eq. 11).

tion pathway, an apparent isotope fractionation faetobe- g, . = 118376 VIIn(ee — 1) —In(0.0919| - 12170 (8)

tween CQ and CH, was calculated, using Eq. (3) (Conrad, ) o . .
2005; Whiticar, 1999). For visualization of concentrations over time and depth,

contour plots of the data sets were created using natural
_ 813Cco, + 1000 3 neighbour interpolation as implemented in Surfer Version 8
~ §13Ccp, + 1000 C) (Golden Software).

2.3 Calculations

@)

ac

Biogeosciences, 5, 1457473 2008 www.biogeosciences.net/5/1457/2008/



K.-H. Knorr et al.: Pathways of methanogenesis in a fen soll 1461

Table 1. Stoichiometry of hydrogenotrophic and acetoclastic methanogenesis and thermodynamic data (Nordstrom and Munoz, 1994) as
used to calculate the thermodynamic energy yield from each process.

Process Stoichiometry AG, (kImorlat1%C) Eq.
Hydrogenotrophic methanogenesis: £an) + 4bh(aq) - CHy(aq) + 2H0(l) AGhm=—194.3 (8)
Acetoclastic methanogenesis: @EDO (aq) + H (agq)— COy(aq) + CHy(aq) AGam=—49.8 9)
Homoacetogenesis 2 G@g) + 4Hh(ag)— CH3COO (aq) + 2H0(l) + HT (aq) AGhz=—144.5 (10)

Table 2. Soil C and N content anéf3C isotopic compositions€3C in %o vs. V-PDB) of soil organic matter in each mesocosm. $biC
and N content were measured four timgsstandard deviation), for soil C-contemt2.

Treatment and depth (cm)  C-content (%)13C bulk SOM (%)  N-content (%)

Permanantly wet treatment W-V

5 30.5 —27.20 €0.40) 1.57 £0.52)

17.5 29.1 —27.36 (£0.24) 1.79 ¢0.23)

325 324 —27.53 ¢0.36) 1.45 £0.51)

45 38.5 —27.90 €0.22) 1.29 £0.29)

55 37.3 —28.14 (-0.37) 1.26 0.08)
Vegetated drying/wetting treatment DW-V

5 34.2 —27.69 ¢0.59) 2.16 £0.45)

17.5 26.7 —27.32 (£0.32) 1.54 ¢0.39)

325 22.4 —27.34 (£0.45) 1.26 ¢0.38)

45 15.8 —27.51 0.43) 0.92 $0.44)

55 24.6 —27.89 (-0.42) 1.01 £0.26)
Defoliated drying/wetting treatment DW-D

5 28.7 —27.10 (£0.94) 1.76 £0.65)

17.5 23.8 —26.85 ¢0.34) 1.26 £0.50)

325 30.1 —27.79 &1.53) 1.16 £0.23)

45 39.9 —28.18 (+£0.22) 1.31 ¢0.19)

55 475 —28.35 ¢0.42) 1.52 £0.23)

3 Results 3.2 Concentration and isotope signature of dissolved CO
(DIC) and CH,

3.1 Solid phase data
) ) ) ) At a constantly high water table in the wet treatment W-V,
Soil carbon content (w/w) varied with depth, ranging from ¢oncentrations of DIC increased from below 0.5 mmotL
~29-34% in the top layers, through22-32% in the mid- 4 ahout 140 days to levels of 1-2 mmott in the un-
dle profile to 25-48% in 40-60 cm depth (Table 2). While g5irated zone and up to 7.6 mmofiLat 30 cm depth. In
the level of carbon content in the upper profile was simi- tna treatments DW-V and DW-D. the highest DIC concen-
lar among treatments, treatment DW-V contained less carbofations occurred just below the water table and just prior
below 25 cm depth than W-V and DW-D. to the beginning of the drought phase. The concentrations
The measured!3C in the total soil organic matter of the reached 4.5mmolt! around day 100 in 15cm depth in
top soil ranged from—27.1%o (DW'%) 0 —27.7% (DW-  pw.v, and 3.5mmol L'* on day 111 in 30 cm depth in DW-
V) (Table 2). In DV\(/)'V and DW-D5™°C values decreased p_after rewetting, DIC concentrations recovered quickly to
to —27.9 and—28.3%, respectively. Maximum values of e grought levels within-20 days and continued increasing
—26.8 t0—27.3%0 occurred in~10-15 cm depth. thereafter (DIC data not shown).
Values of $13C of dissolved CQ (§13Cco,) showed a
similar pattern in all mesocosms (Fig. 2). Values-e26
to —27.5%0 occurred in the upper profile or shortly after

www.biogeosciences.net/5/1457/2008/ Biogeosciences, 5, 14332008
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Fig. 2. Values ofs$13C of CO; (left) and§13C of CH, (right) (%o vs. V-PDB) measured in the soil gas phase (saturated and unsaturated)
of W-V (top), DW-V (middle) and DW-D (bottom). Colour scales are similar for all treatments. Dashed lines depict the approximate water
table. For corresponding GQroncentrations, see text, for Gldoncentrations see Fig. 3. If no isotopic signature could be determined for
methane due to low concentrations, the points were left white.

rewetting, and maximum values ef18 to —14%o. occurred ing and rewetting led to concomitant shifts 8ﬁ3CCH4 in
below 30 cm depth, particularly in the permanently wet treat-DW-V and DW-D (Fig. 2). The methanotrophic zone mi-
ment. A smaller maximum df'3Cco, occurred around 5cm  grated downwards with the declining water table level be-
depth in DW-V during wet conditions. Only after rewetting Causeamc(;H4 increased by~10-20%. in DW-V and~5—

did 8*3Cco, approximately matci*3C measured in the soil 10 in DW-D when the water table passed. After rewetting,
solid phased3Copm). Drying and rewetting thus decreased methane in DW-D had again a consistently higlhlifiCCH4
813C¢o2 in the soil DIC pool. than in DW-V in the upper 30 cm but in each treatment values
were similar as before drying. In termsﬁfsCCH4, the pre-
dominating CH production pathway was thus not affected
by drying and rewetting.

Concentrations of Cldpeaked at 46@mol L~ at50cm
depth in W-V, 15Qumol L~ at 30 cm depth in DW-V and
100umol L= at 50cm depth in DW-D (Fig. 3). In both d . Hi3 Ise label il
mesoscocms with vegetation a secondary concentration ma>§— Un er vegetatpn, the’C puise fabel was rapidly trans-
imum of 50—15Qumol L~%in W-V and 40—10Qumol L2 in erred into the soil DICl—apooI in the upper 10 (DW-V) to 20

o
DW-V (phases Il and IV) occurred at (W-V) or above (DW- (W'Vé cr:;. 'Va\lll\J/e\i ofs CCodehanged u? Lo I?/oo mF.DW‘i
V) the water table. This depth segment was densely rootef @nd 8% in W-V, compare 1?f° etore fabelling ( ig. 4).
and showed the strongest changeéli?ccoz and813CCH4 Also considering the shifts i8~°Ccp,, this was equivalent
following the 13C-CO, labelling pulse (see below). During to an “Pta"e of 0.00, 0.21d and 0.57% O.f tlhe to,t?]l, trg(c):er
water table drawdown, CHconcentrations strongly dimin- 2mount in DW-D, DW-V, and W-V, respectively. Within
ished in the newly unsaturated peat. Methane pools Wer%ours, 1.3 and 1'7,% of the mcqrporated label had already
restored following rewetting within approximately 40 (DW- P€€N tran_sformed into methar;;gnow-v ?n[ﬂgwm In sum-
V) and 50 (DW-D) days (Fig. 3). In the densely rooted mary, a given mean storage mmo in the up-

upper 10cm of the DW-V treatment, methanogenesis reper 20cm of all treatments and an application time of 1h,
established more rapidly within 10 day;s this resulted in C-incorporation raté&o, of 0.00, 0.67 and

1.80 mmol C m2d~1 for DWD, DW-V and W-V.

The §%3Ccp, was comparable in the DW-V and DW-D
treatments and adjusted t675 to —110%. below a depth of 3.3 Methane efflux and turnover
15-20 cm, with lowest values in 50 cm depth (Fig. 2). In DW-
V, values of—65 to —75%. were higher in the upper 15cm. During the first 60 days, no methane efflux was detected
The carbon isotopic composition of methane in W-V differed from any of the treatments using the closed chamber method.
substantially, a813CCH4 in this mesocosm was abou#5 to Thereafter, the permanently wet treatment W-V emitted CH
—55%o in the upper 15cm and aroures5%o below. Dry-  with increasing rates, reaching+8.8 mmol nt2d—1 by the
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Fig. 3. Concentrations (lower x-axis), and calculated net turnover rates (upper x-axisyon@té three treatments W-V, DW-V, and DW-D.
Corresponding days are day 64 (after first wetting), day 108 (begin of drought), day 141 (end of drought), day 176 (after rewetting), and day
211 (long term steady state). Different turnover and concentration scales on the x-axis are indicated by letters in italic. For calculation of
turnover rates, see methods section.

second half of the experiment (Fig. 5). These fluxes werehowever, not be solely interpreted as methane oxidation, as

maintained despite decreasing soil water concentrations toalso degassing from previously stored pools contributes to

ward the end of the experiment. In DW-V and DW-D, spo- turnover using the mass balance approach. Therefore these

radic methane fluxes were generally close to the detectiomumbers will not be discussed. After rewetting, methane pro-

limit of this method (0.8—1.5 mmol n? d—1). duction rebounded te-3nmolcn3d~1 in 5cm depth of
Under wet conditions in W-V, calculated methane net PW-V within 10 days and increased tol1 nmolcnm®d~*

turnover (Fig. 3) reached 2 to 8 nmolcid—* and peaked and thus highest 3b5(l)l_ute net production rates. In DW-D,

at the depth where the water table was located. After 12d@tes of 3nmolcm®d~=in 10 cm depth were exceeded only

days of incubation, net CHproduction ceased and Givas ~ after 20 days and did not increase further.

net consumed. Methane production in DW-V peaked at 5cm

depth, reaching 10-15 nmol crid—! at a high water table. 3.4 Diffusive C fluxes and their isotopic composition,

This coincided with a local maximum i&3Cco,, suggest- CO,/CHjy ratios and isotope balance

ing CO to be the precursor. A second but lower maximum of

0-3nmol cm3d~1 occurred at a depth of 20-30 cm. In DW- Based on the concentration gradients at the water table, CO

D, methane production peaked near the water table and folfluxes from the saturated zone in the treatments W-V, DW-

lowed the water table downward in DW-V and DW-D. Nega- V and DW-D were 3.6, 1.1, and 7.6 mmoithd—?1, re-

tive turnover rates occurred above the water table. This mayspectively, with isotopic signatures ef21.8+9.3%. (W-V),

www.biogeosciences.net/5/1457/2008/ Biogeosciences, 5, 14332008
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Fig. 4. Absolute changes iB13C (%o vs. V-PDB) of soil CG and CH in the vegetated wet treatment W-V and drying/wetting treatment
DW-V after application of thé3C-COZ pulse label (time=0 h).

10

—75.0£22.7%0 in DW-V, and—82.9+14.1%o. in DW-D. The
methanogenic surface layer in DW-V emitted methane with
as13C of —60.9+13.9%o, which was thus comparable to val-
ues observed in W-V. During the dry phase, treatment DW-V
0% e emitted CH, with lower §13C values, a probable cause be-
o ing the release of previously stored high#Z depleted CHl.
After rewetting, the treatments W-V and DW-V again emit-
o o o o o ted_ CI—_h of comparable isoto_pic compositic_m aroun@0%o,
doy while in treatment DW-D without vegetatiost3C of CH,
oe WV om DWWV A A DWD fluxes were mostly below-70%..
The diffusive CQ to CHj flux ratios were quite high in all
Fig. 5. Methane exchange of W-V, DW-V and DW-D measured treatments, reaching 45 (W-V), 106 (DW-V), and 61 (DW-
with static chambers. Open and solid symbols denote two replicatd), Considering the isotopic balance, however, these ratios
measurements i'n one col!ar per treatment. Fluxes were calculatediere much smaller, i.e. 5.4 (W-V), 9.7 (DW-V) and 7.2 (DW-
from concentration over time through linear regressief-0.9). D). This would mean that either diffusive G@luxes were
\(ertical dashed lines separate the different phases (I: initial dry, ”:over- or diffusive CH fluxes underestimated. Nevertheless,
firstwet, lll: dry and IV: rewetted phase). both drying and rewetting treatments had higher (@bl
ratios.
] Based on applying Eq. (4)—(6), the contribution of anaer-
—22.7£7.7 %o (DW-V), and—19.9£6.3%. (DW-D). Drying  gpjc respiration to Cfluxes was 64.0 (W-V), 12.8 (DW-V)
and rewetting shifted*3C of diffusive CQ fluxes temporar-  and 9.8 mmol m2 d-1 (DW-D). These fluxes compare to a
ily from around 20 to—-25%. to values below-25%.. Thus,a  measured soil Coflux in DW-D of 94 mmolnr2d-1. The
suppression of methanogenic activity, leading to less residughentioned fluxes from concentration gradients and isotope
13C enrichment in the released €@ supported. mass balances were taken as lower and upper estimate of
Methane fluxes at the water table were 0.08, 0.01 ancanaerobic C@ fluxes, and the 94 mmolnfd—1 CO; flux
0.12mmolnT?d~1 in W-V, DW-V and DW-D, respectively, of DW-D was used as the total soil GBux reference for all
and had an isotope signature ef59.2+9.9%. in W-V, treatments. With these assumptions the aerobig fies

-10 4

-20

CH, flux (mmol m? d™)

-40 1

-50
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from the soil accounted for 32-96% (W-V), 86—99% (DW-
V), and 89-92% (DW-D) of the total C{rlux.

14

o=1055 [a=1.04
3.5 Isotope ratio cross plot and apparent fractionation fac-
tors 16 - ® W-V bottom

O W_Vtop

A DW-V bottom
As depicted in the isotope ratio cross-plot (Fig. 6) for DW- 18 ] . e
V and DW-D, mos#*3Cc, ands$'3Cco, pairs from below O DW-D top
the water table showed apparent fractionation facier®of § 20 .
>1.065 (solid triangles and rectangles). Above the water ta- &'
ble, values of 1.07-1.04 were calculated with few exceptions b
<1.04 (open triangles and rectangles). Overall, fractionation £ 2]
factors in DW-V and DW-D increased with depth. This pat- |
tern was essentially not affected by drying/rewetting. Frac- -24 1 f:;oval
tionation factors in the wet treatment W-V differed from the oo
values observed in DW-V and DW-D. Valuesaf observed -26 °
in W-V below the water table (solid circles) plotted between
the lines ofac=1.055 andrxc=1.04. Above the water table 28 i . i i i
ac<1.04 was calculated (open circles). An increasing con- -100 -80 -60 -40
tribution of acetoclastic methanogenesis or methanotrophy 8'3C of CH, ()

thus seemed likely (Fig. 6).
Fig. 6. Cross-plot of corresponding3Ccp, ands!3Cco, values
3.6 Concentrations of acetate and hydrogen and thermody(%o.) in the soil gas of the three treatments W-V, DW-V, and DW-
namic calculations D. Diagonal lines for different fractionation factosg: (Whiticar,
1999; Conrad, 2005) are also given. Arrows A and B indicate
Acetate concentrations generally ranged from 50 toranges of fractionation factors indicative of hydrogenotrophic and
100umolL~1 (Fig. 7) but increased to about 300— acetoclastic methanogenesis, respectively. The dashed arrows indi-
350mol L-1 in the unsaturated peat of DW-V and DW- c_ate dirgctigns in which pairs would be shifted by methane oxida-
D prior to rewetting. Subsequently, acetate concentrationé'onI (omqlatmn) (;r. remoyal from. the system (Ghemoval). For
decreased below 50mol L~ and finally readjusted to pre- explanation see discussion section.
drought levels in about 30 days. Concentrations were higher

in W-V, especially in 5-10cm and 50 cm depth, where CON- hamically feasible process in all treatments with & am of

; -1
centrations often exceeFjed atnol L. —30 to —60 kJ mot (Fig. 8, AGam), especially at shallow
Hydrogen concentrations were mostly below 1 nmotL depths. Homoacetogenesis (ha) fromCd H (Eq. 10)

(Fig. 7)'_l|” W-V and DW-V, concentration reached 2.5~ o0 jired 9~ 70 kJ mot L in all treatments. To make the pro-
SnmolL™* at 5-10 cm depth during wet periods. The con- qogq exergonic, Heoncentrations of-50 nmol L1 would
centration maximum of bithus coincided with a maximum have been needed.

in the activity of roots and Ckiproduction. In DW-D, H
concentration reached a maximum of 0.7—1.7 nmdl in
50 cm depth, where the maximum in gEbncentrations was
also measured.

Using the relationship ofAGnm for hydrogenotrophic
methanogenesis and the apparent fractionation fagtor
(Eqg. 3) given in Penning et al. (2005) (Eqg. 11), this process
) ) . was viable in all layers where the isotopic composition of

The Gibbs free energy yield from hydrogenotrophic ¢, could be quantified. Values @ Gnm shifted from pos-
methanogenesia Ghm was mostly positive (Fig. 8). This jiye values, as calculated using the measuredéhcentra-
finding was primarily caused by low hydrogen concentra—tions' to values ranging from2 to —80 kJ mot L H follow-

. : -1
tions (see Eq. 8). Concentrations 8#nmolL™ would g the relationship derived in Penning et al. (2005).
be necessary for methanogens to gain energy. This result

is an apparent contradiction to the predominance of hy-

drogenotrophic methanogenesis as derived f6AC anal- 4 Discussion

yses. The process became only temporarily exergonic in

the upper 5-15cm of the soil in DW-V, which coincided 4.1 Respiration and methanogenesis

with high production rates in this depth. A similar pattern

was found in the DW-D treatment. In W-V treatment, hy- Generally, methane concentrations measured in this study
drogenotrophic methanogenesis was only exergonic near therere lower than previously observed in bog mesocosms
water table, again coinciding with a production maximum of (Blodau and Moore, 2003a) but were comparable to other
CHy. Acetoclastic methanogenesis (Eq. 9) was a thermody{en soils (Chasar et al., 2000; Smemo and Yavitt, 2006). The
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Fig. 7. Concentrations of hydrogen (upper x-axis) and acetate (lower x-axis) in the three treatments W-V, DW-V, and DW-D. Corresponding
days are day 52 (after first wetting), day 101 (begin of drought), day 136 (end of drought), day 176 (after rewetting), and day 216 (long term
steady state). Different concentration scales on the x-axis are indicated by letters in italic.

isotopic composition of methane in W-V was in accordancecreased rooting would raise rates of methane oxidation and
with 813CCH4 reported in other studies, particularly if sedges emission from the rhizosphere.

were present. Values observed in DW-V and DW-D were
considerably lighter in isotopic composition than previously

reported (Chasar et al., 2000; Lansdown et al., 1992; Pop Hornibrook et al., 2000c), but the isotopic signature of the

et al., 1999; Waldron et al., 1999). In the wet treatment organic matter was more or less consistent7%o.

W-V, concentrations of methane and total dissolved carborbnly small differences id13C in this peat suggested that the
dioxide reached a steady state and were high enough to sus-

Rotopic signature of C®formed by respiration should not
tain measurable emissionCarex roots can access deeper pic 519 & yresh

i hich ead o the ol vary much with depth. Major effects @3C in CO; should
Soitiayers, which may lea to'Qi-bypassmg't e soil (Popp thus be due to methanogenic activity (Whiticar, 1999). A
et al., 1999). Furthermore, high productivity of plants and residual enrichment 9RC in CO, as observed in this study
well developed root systems were shown to support methang, . qjstent with prior investigations (Hornibrook et al.,

production and emission (Joabsson and Christensen, 2001%000& Lansdown et al., 1992; Waldron et al., 1999) and is
Slowly declining CH concentrations, during the growing typical for methanogenic environments, due to strong frac-

season aCarexdominated sites, were already reported bY tionation during methanogenesis (Conrad, 2005; Whiticar,

Joabsson and Christensen (2001) who hypothesized that |r1-999)_ Therefore, it was frequently found tha#Cco, does

The C content of the fen soil under study was, in some
arts of the profile, low compared to other organic soils
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Fig. 8. Values of AG for hydrogenotrophic £ Grm) and acetoclastic methanogenestsiam) over depth and selected time points as
calculated according to the stoichiometry given in Table 1. Corresponding days are day 52 (after first wetting), day 101 (begin of drought),
day 136 (end of drought), day 176 (after rewetting), and day 216 (long term steady state). Na&Gthatis mostly negative in all
treatments, i.e. energy could be gained from this process according to the thermodynamic calculations. CAGirgsilg,mostly positive

for hydrogenotrophic methanogenesis using measured hydrogen concentrations but again negative using the fractionatiofséecadso
Fig. 6). Further explanations see text.

not matchs13C of the solid phase (Hornibrook et al., 2000a; ration were 0.7-1.8 mmol Cnf d—! under vegetation, and
Waldron et al., 1999). At greater depths in WN?’CCOZ thus in the same range as reported for arctic wet sedge tun-
reached values of around15%. compared to 43Csoy of dra (King and Reeburgh, 2002). The labelling experiment
—28%o0. The diffusive CQ fluxes from below the water table demonstrated that in our peat, the rhizosphere associated res-
were also considerably less depletedi@ (—20 to —23%o) piration was mainly limited to the upper 10—-20 cm. Fresh or-
than the soil organic matter and in contrast to the lighter val-ganic matter input through plants may therefore fuel anaer-
ues reported by Lansdown et al. (1992). obic microbial activity in these layers to a great extent, as

_ _ _ proposed by Coles and Yavitt (2004). Accordingly, changes
Following the!3C-CO, label experiment, the signal was in §13C of the soil CH pool were detected after approxi-

quickly transferred intd!3Cco, within the soil, in a period  mately 24 h. Within 90 h, about 1.3 to 1.7% of the label that

of 12 hours. Although less than one percent of the tracehad been taken up had been transformed into methane. Thus,
amount had been taken up, calculated rates of iDCorpo-
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in the studied mesocosms, recent photosynthetates and roof methane at shallow depths of DW-V coincided with the
associated C®may contribute considerably to Ghbroduc-  results from the labelling experiment. Methane production
tion, coinciding with previous studies in which methanogen- above the water table has so far only been documented with
esis was found to depend on input of fresh and labile carbomespect to potential methane production in laboratory incuba-
compounds provided by vegetation (Whiting and Chanton tions (Coles and Yavitt, 2004), but this study illustrated the
1993; Popp et al., 1999). According to Chimner and Cooperpossible detection of methane production above the water ta-
(2003), one may thus expect that for the peat used in thidle in intact soils.
study manipulating the water table would have most impact Concerning the temporal dynamicsaiisccoz, increased
on soil respiration when manipulated within the range of therespiration activity after rewetting was often observed (Fierer
most active surficial zone. Interestingly, the £@corpora-  and Schimel, 2003; Blodau and Moore, 2003b). Our study
tion was the same order of magnitude as the depth integratedemonstrated that almost the complete soil,(@0ol must
CH, production in the upper 20cm. It is plausible to hy- have been renewed, as the isotopic composition after rewet-
pothesize that plants with aerenchyms could transport oxyting matched thes'3C of the solid phase, thus differing
gen into the soil at comparable rates and thus provide effecsubstantially from the isotopic composition before drought.
tive oxidation potential for Cllor other electron acceptors. Upon interpretation, the suggested origin of this result is
caused by the drought-induced, temporal suppression of
4.2 Impact of drying and rewetting on methane dynamicsmethanogens after rewetting due to consumption of alterna-
and isotopic composition of CCand CH, tive electron acceptors (Achtnich et al., 1995; Dettling et al.,
2006). Therefore, the fractionating effect of methanogens
The drying/rewetting cycle had substantial effects onon 813Cc02 was temporarily suppressed, a()‘n’Ccho2 ap-
methane production and dynamics in the studied mesocosmgyroached the isotopic signature of the solid phase. It is plau-
as was expected from previous work (Aerts and Ludwig, sible that the elevated acetate concentrations had contributed
1997; Blodau and Moore, 2003a; Shannon and White, 1994to this post-rewetting respiration pulse, as this is a commonly
Updegraff et al., 2001). Drought successfully suppressedised substrate (Achtnich et al., 1995). These results further
methanogenic activity. This suppressive effect persisted on 8upport that there is no isotope fractionation during break-
time scale of days to weeks after wetting, with response timeglown of organic matter (Boehme et al., 1996), as the effect
depending on depth. In this study, experimental drought low-should be largest at the re-build-up of the soil Q@ol.
ered the water table by 30 - 40 cm. This treatments closely As the zone of higheal3CCH4 values closely followed the
resembles natural patterns observed in the field site (Paul atater table drawdown and re-elevation, thi€ enrichment
al., 2006). VGCs of up to-12% were considered high, as in the CH, pool is suggested, to a great extent, to be at-
compared to the study of Mainiero and Kazda (2005), whotributed to CH, oxidation and residudfC enrichment (Popp
documented that a change in water content@% may in- et al., 1999; Whiticar, 1999). Another methanogenic path-
troduce oxygen into unsaturated peat. The rewetting evenivay was probably effective in the wet treatment W-V, and
of 54 (DW-V) and 53 mm (DW-D) irrigation, was also akin may have occurred in DW-V, as the isotopic composition of
to heavy rain naturally occurring at the site (Lischeid, per- methane in 5-10 cm depth was heavier than in DW-D. If the
sonal communication). The experiment was thus successfudhift in isotopic composition observed in the upper profile
in creating a realistic “extreme” drying/rewetting event. As was solely related to a different production pathway in the
the timescale of this experiment wa800 days, it is reason- rhizosphere, one would, however, not expect this pattern to
able to assume that the observed effects are relevant on thellow the water table.
field scale. A direct extrapolation of the results to the field is, The defoliated treatment DW-D had lowest obserstC
however, limited by the higher incubation temperature andin the CH, diffusive flux. This number reflected the strongly
the absence of advective flow in the mesocosms. 13C-depleted methane from bottom layers. Treatment DW-V
During dry phases in DW-V and DW-D, methane concen-and especially W-V emitted methane less depleted*@
trations rapidly decreased with the peat becoming unsatuThis methane was near the surface presumably produced
rated. After rewetting, methane production was retardedfrom fresh plant material as according to Popp et al. (1999),
likely because electron acceptors were preferentially usedt non-vegetated sites methane was found to be more de-
for respiration (Peters and Conrad, 1996; Roden and Wetzepleted in'3C than at vegetated sites and the authors attributed
1996). Methane concentrations in the lower profile graduallythis to the presence of vegetation. Treatment DW-V showed
increased after rewetting. In subsequent days, the concentra-layered profile in terms of isotopic composition of methane,
tions increased more rapidly in the shallow and rooted peats during phases of low water table, the lower profile emitted
of DW-V. Thus, methanogenesis recovered more quicklyhighly 13C depleted methane as observed in DW-D. At high
in this case in comparison with the mesocosm experimentsvater table level, the isotopic composition of the efflux was
with peat from a dry, ombrotrophic bog (Blodau and Moore, comparable to W-V. Probably, because roots did not pene-
2003a). In this study, methane was even produced abové&ate below 15 cm in DW-V, a lower contribution of fresh
the water table (Knorr et al., 2008). This rapid production plant derived compounds may have caused methane to be
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produced at lower rates and to have a different isotopic sig4.4 Impact of drying and rewetting on methanogenic path-
nature in the lower profile. ways

4.3 Impact of drying and rewetting on anaerobic and aero-Below the water table in DW-V and DW-D, high fraction-
bic respiration ation factors of>1.065 were observed. These values fell
) o ] in the uppermost range efc, reported by previous stud-
Ratios of CQ/CH; of diffusive fluxes were high compared jes (Conrad, 2005; Whiticar, 1999), and therefore suggest
to othe_r studies in methanogem(_: environments (e.g. Yavitihat CH, was, to a great extent, formed by hydrogenotrophic
am_j Seidmann-Zager, 2006). Drying and rewetting raised th?nethanogens. Penning et al. (2005) suggested that high
ratio to as much as 61 for DW-D and 106 for DW-V, thus fractionation factors reflect thermodynamically unfavourable
shifting respiratory activity away from methanogenesis asconditions for hydrogenotrophic methanogens. In this study,
found in previous work (Ach_tnlch etal., 1995; Dettling etal., this was presumably caused by the drying/rewetting event,
2006). Calculated from the isotope mass balance (Egs. 4-6)yhich resulted in low hydrogen concentrations due to the
these numbers were much smaller, however, ranging from fresence of other electron acceptors in the bulk peat.
(DW-D) to 10 (DW-V), and 5 in W-V. This may be due 10 Most - values calculated for levels above the water ta-
a significant proportion qf aergblc.QCproductlon near the ple were in an overlap range af from hydrogenotrophic
water table. By calculating diffusive fluxes from the satu- anq gcetoclastic methanogenesis (Whiticar, 1999; Chasar et
rated zone, one cannot differentiate between @@duced al., 2000), and most values @f: for the latter pathway sum-
under aerobic and that produced under anaerobic pathwaygsarized by Conrad (2005) were still lower. 3:1\3CCH4 of
Although a lack of replicates does not allow for attributing approximately—70%o of the methane formed in the shallow
this solely to drying and rewetting, these treatments showeqjepths of DW-V andx¢=1.05-1.07 thus supported that the
h|ghgr CQ/CH.4 ratios. methane to a great extent was formed by hydrogenotrophic
Using the isotope mass balance and measured CHpethanogens and not by acetotrophs (Whiticar, 1999). This
chamber fluxes for W-V, an anaerobic €Ulux of s iy contrast to prior studies, reporting a predominance of
64 mmol nT2 d~1 for this treatment was calculated. This flux acetotrophs in shallow peats (Chasar et al., 2000; Popp et
was much higher than that reported for a bog in the study,|  1999; Homibrook et al., 2000a). Predominance of hy-
of Lansdown et al. (1992). Assuming GHluxes at the de-  grogenotrophs would further be supported by highgceh-
tection limit of our chamber technique, calculated anaerobic.antrations at shallow depths in this treatment. Methan-
CO; fluxes for DW-V and DW-D of 10-13 mmol rf d~* otrophic activity at the aerobic/anaerobic interface may have
would approach the numbers calculated by Lansdown egpifteds13Ccyy, to less negative values as observed in greater
al. (1992), although the values would be higher by a fac-gepths during drought (Whiticar, 1999). This would along

tor of 2—-4. This may be due to the higher temperature,yith the net turnover calculations explain why methane ef-
used for incubation, in comparison to field site temperaturesf ,x could not be measured in this study.

There were obviously too many differences among the meso- agier rewetting of DW-V and DW-D, as soon as methane

cosms, such as in the vegetation, which probably obscuredncentrations were high enough to measure the isotopic

increased anaerobic respiration due to the drought and S“t?:'omposition, highxc values similar to that which were ob-

sequent rewetting. We speculate that fresh carbon and elegepeq before the drought period were found. Drying and
tron accepting capacity input at greater depths thral@ilex o\ yetting thus did not shift methanogenesis away from-CO
roots in W-V may have contributed to this exceptionally high v qction, as this would have been indicated by lower appar-
anaerobic C@production under constantly wet conditions. ot fractionation factorac (Whiticar, 1999: Conrad, 2005).

Minding uncertainty due to a lack of replicates, one may 1ne inverse pattern 0313Cc02 and §13Ccy,, referring to
furthermore assume the non-vegetated treatment to represegf, enrichment of-3C in CO, in zones 0f4 production of

soil respiration for the other treatments. This estimate aI'CH4 poor in 13C, therefore suggests that in this peat hy-
lowed calculating aerobic COfluxes for all treatments 10 yy5genotrophic methanogens dominated also under transient
account for 32-96% in W-V and 86-99% in DW-V and DW- ¢4 gitions of soil moisture. Up to now it has been speculated
D of the total CQ soil flux. Although somewhat specula- 5t the predominance of acetoclastic methanogens in surfi-
tive, these numbers supported the importance of the few Cergjg| heat may be related to the temporary occurrence of aer-
timetres of aerobic layer above the water table of similar fen,iaq conditions (Hornibrook et al., 2000a; Popp et al., 1999).
site_s. This layer c_onsisted of most easily degradable fresh_orDue to the high water content in the upper profile, even at a
ganic carbon (Chimner and Cooper, 2003; Coles and Yavittyater table of 50 cm below surface, one may assume that the
2004) and thus supports high rates of respiration (Knorr e4eration of the peat was still poor (Lafleur et al., 2005). Thus
al., 2008). anoxic microenvironments likely provided a suitable habi-
tat for methanogens during drought (Wachinger et al., 2000).
Furthermore, some hydrogenotrophs were demonstrated to
have a capacity for iron reduction and had possibly shifted
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their metabolic pathway (van Bodegom et al., 2004). also apply in this case, though.

Thermodynamic calculations revealed that no energy The observed range of fractionation factors in the wet
could be gained from hydrogenotrophic methanogenesis inreatment W-V would lead to the conclusion that a significant
any treatment when geochemical conditions were average@art of methane was produced via acetoclastic methanogen-
on the scale of the sampling devices. It cannot be ruledesis. On the basis of the comprehensive data set, however,
out that the latter process occurred, though. Consideringve did not follow this interpretation of values af-. Due to
the results mentioned above and the postulates of Penninthe inverse pattern <3f13Cc02 and813CCH4, also in this case,
et al. (2005), it is still reasonable to assume,GfS the pre-  and isotope mass balance considerations, a dominant con-
cursor of CH in the peat. Only in the permanently wet treat- tribution of hydrogenotrophic methanogens must have oc-
ment W-V acetoclastic methanogenesis may have been moreurred. Additionally, values ofc were still in the overlap
important. Strongly negative values calculatedAa¥ 5, co- range of fractionation factors from both processes (Whiticar,
incided with lower values ofic. In the DW-V and DW-D  1999; Conrad, 2005). The measur?éaCCH4 values also co-
treatment,A Gnm of hydrogenotrophic methanogenesis was incide well with data from other fens whefgarex species
mostly dominated by the observed low concentrations ofwere found (Chasar et al., 2000; Popp et al., 1999), as was
hydrogen. Clustering of hydrogen producing and consum-he case in W-V.
ing bacteria in spatially heterogeneous samples was shown The apparently low fractionation in the W-V treatment
to lead to a severe underestimation of hydrogen concentrawas, in our opinion, due to methanotrophic activity through-
tions, when sampled with common techniques (Hoehler ebut the profile, which was possible only in the W-V meso-
al., 2001). cosm with Carex species being present. It is well docu-

Hydrogen measurements serve as an indicator on the scal@ented thaCarexspecies can transport oxygen into the soil
of the measuring device. Larger sampling devices may thusind thus, support the activity of methanotrophs (Popp et
reflect hydrogen concentrations, which are not representaal., 1999; Mainiero and Kazda, 2005). From solid phase
tive for processes occurring in microenvironments (Hoehlersampling, it had become clear th@arex roots had grown
etal., 2001). Minding the results from mass balance considthroughout the mesocosm down to 60cm. The effects of
erations, i.e. methane production at considerable rates, me@arex roots are represented in the isotope ratio cross-plot
sured hydrogen concentrations were likely underestimateqFig. 6). The arrow shifting$**Ccp, towards less nega-
by about two orders of magnitude. In our case, hydrogentive values, but correspondingly decreas&ﬁ@Cco2 denotes
concentrations on the sampling scale of 20cm were thusnethanotrophic activity. This effect, however, only partly ex-
presumably dominated by iron or sulphate reducing bacteplained the position of th&*>C pairs of the W-V mesocosm.
ria, while methanogenesis was still possible in microenvi- Another process, shifting th&t-_13CCH4—513CCOZ pairs along
ronments. Although this point cannot be clarified without the lines of constant. towards both less negati\¢3é3CCH4
further analysis of e.g. hydrogen isotopes or isotope analand313cco2, was needed. We propose that this shift is due to
ysis of acetate (Conrad, 2005), a dominance of acetoclasa “removal” of CH;, which is especially obvious in the pres-
tic methanogenesis from our point of view seems unlikely. ence ofCarexroots. This “removal” may be both, methan-
Such high values ofic as observed in DW-V and DW-D  otrophy at and emission through the aerenchyms, but in both
have never been reported for acetoclastic methanogens in amases, the lighter isotope is preferentially released in form of
study to date. The validity of the thermodynamic calcula- CO, or CHy through the plant aerenchym. Such selective
tions may therefore be questionable under such dynamic ognrichment of heavier isotopes has already been described
heterogeneously structured redox conditions, in which therfor lake sediments, where the lighter isotope tends to escape
modynamic equilibrium may not be reached on the scale unfrom methanogenic sediments by ebullition (Gu et al., 2004).
der study and the existence of different microenvironments isTransport through roots can cause the same effect.
likely. Discrepancies in results derived from thermodynamic
calculations and isotope fractionation factors may eventually
be used to study biogeochemical heterogeneity in wetlands Conclusions
soils.

A process combination that also needs to be mentioned number of key patterns of respiration and responses to dry-
with regard to closing isotope mass balances (Hornibrook etng and rewetting in a fen soil could be identified. Estimat-
al., 2000b) is the conversion of GQo acetate (homoace- ing heterotrophic respiration from the defoliated treatment,
togenesis) followed by disproportionating acetate into,CO aerobic CQ production could be calculated via isotope bal-
and methane (acetoclastic methanogenesis). This combancing. Based on this approach, aerobic respiration predom-
nation seems unlikely to be important, however, /86, inated overall C fluxes even when the unsaturated zone was
for homoacetogenesis was always positive. For homoaceshallow. This finding is in agreement with earlier work sug-
togenesis to become viable, even higherddéncentrations gesting a very small contribution of anaerobic respiration to
of >50nmol L~ would have been needed. The argumentsC fluxes in a bog ecosystem and the investigated fen (Blo-
about thermodynamic calculations and soil heterogeneitydau et al., 2007; Knorr et al., 2008). Methanogenesis in the
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soils was dominated by the hydrogenotrophic pathway acBelyea, L. R. and Malmer, N.: Carbon sequestration in peatland:

cording to isotopic fractionation factors and must have oc- Patterns and mechanisms of response to climate change, Global

curred in microenvironments, as in most of the peat matrix Change Biol., 10, 1043-1052, 2004.

hydrogen concentrations were too low to support this pro_Blodau, C. and Moore, T. R.: Experimental response of pe.atland

cess thermodynamically. According to this finding, similar Z?rbaogn ggg;‘:'cs to a water table fluctuation, Aquat. Sci., 65,

e e e I g . ndor, T .M sl G i
o ' ! . in a peat soil during a water fluctuation and sulfate pulse, Soil

p|rat|or1 processes under_ conditions that appear adverse on g; | Biochem., 35, 535-547, 2003b.

the soil horizon scale. This concept may eventually lead t0 &jpqau, C., Roulet, N. T., Heitmann, T., Stewart, H., Beer, J.,

better understanding of variable responses of respiration and |afleur, P., and Moore, T. R.: Belowground carbon turnover in

methanogenesis to changes in soil moisture and temperature a temperate ombrotrophic bog, Glob. Biogeochem. Cycles, 21,

in peat soils. The vegetation likely had an effectsdAC of GB1021, doi:10.1029/2005GB002659, 2007.

CHyg, as we observed consistently higher values in the permaBoehme, S. E., Blair, N. E., Chanton, J. P., and Martens, C. S.

nently wet treatment W-V, which was the only treatment con- A mass balance of C-13 and C-12 in an organic-rich methane-

taining Carexspecies. Mass balance considerations and iso- Preducing marine sediment, Geochim. Cosmochim. Acta, 60,

tope budgets supported a selectivedemoval, especially 3835-3848, 1996. )

underCarex The study thus demonstrated that the choserPuSauet P, Ciais, P., Miller, J. B., Dlugokencky, E. J., Hauglus-

combination of mass balance and isotope budgets can serve taine, . A., Prigent, C., Van der Werf, G. R., Peylin, P., Brunke,
P 9 E. G., Carouge, C., Langenfelds, R. L., Lathiere, J., Papa, F., Ra-

as a us.efull approap_h to analyze processes patterns and rate%onet’ M., Schmidt, M., Steele, L. P., Tyler, S. C., and White,
under in situ conditions. The study also showed that rates ;. contribution of anthropogenic and natural sources to atmo-
and depth distribution of methanogenesis and methanotrophy spheric methane variability, Nature, 443, 439-443, 2006.

were strongly impacted in the short term, which has oftenChanton, J. P.: The effect of gas transport on the isotope signature
been reported. The most prominent effect was a shift in the of methane in wetlands, Org. Geochem., 36, 753-768, 2005.
zone of isotopically heavier CHfollowing the water table Chasar, L. S., Chanton, J. P., Glaser, P. H., and Siegel, D. I..
level, indicating that Clg-oxidation followed the water ta- Methane concentration and stable isotope distribution as evi-
ble level. The predominant hydrogenotrophic methanogenic dence of rhizospheric processes: Comparison of a fen and bog
pathway remained stable through the drying/rewetting pe- in the glacial lake agassiz peatland complex, Ann. Bot.-London,

. . i 86, 655-663, 2000.
riod, however. Even strong changes in redox Condltlons’Chimner, R. A. and Cooper, D. J.: Influence of water table levels

coupled tFI) changllnglgva]}llabllrl:ydof organic shgbstrates, dlo nc_)t on CO, emissions in a colorado subalpine fen: An in situ micro-
necessarily entail shifts from hydogenotrophic to acetoclastic ¢, study, Soil Biol. Biochem., 35, 345-351, 2003.
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