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Summary

Peatlands have an important role in the global carbon cycle and constitute the largest
pool of carbon stored in terrestrial ecosystems due to their disproportionally high areal
soil carbon density. This globally relevant carbon stock is the result of a process mostly
initiated after the last glaciation period. A key factor for this long term carbon
accumulation is the relative low decomposition of organic matter in these
predominantly water logged ecosystems. Hydrological conditions play thus a
fundamental role in peatlands and the feedback of carbon cycling in these ecosystemsin
response to climate change is under debate. Peatlands are important CO, sinks but also
constitute global sources of CH4. The atmospheric exchange and production rates of
these greenhouse gases are strongly influenced by the hydrological regime. An
increased frequency of extreme meteorological conditions resulting in drying and

flooding eventsis predicted to occur in the future.

The major issue regarding the climate change debate at the global scale is how rapid
these greenhouse gases are being released to the atmosphere. Despite the generd
consensus regarding the broad effects of drying and flooding on CO, and CH4
exchange, belowground processes producing such greenhouse gases and their response
to water table dynamics is underrepresented and usually simplified or overgeneralized.
Temperature, moisture, oxygen content and nutrient content are among the major
environmental controls for organic matter decomposition rates in peat soils. Another
important and intrinsic control is peat quality or humification degree of organic matter.
The interrelation and relevance of all these factors vary among sites and with

hydrological condition in atemporal and spatial scale.

This work presents investigations focusing on belowground redox processes aiming to
witness the dynamic interrelation of soil physical and chemical (soil gas and pore water
chemistry) variables, and evaluates the relevance of some controls of organic matter
decomposition during a wide range of hydrological conditions. Most of this work shows
information under in situ conditions and complementary laboratory experiments were
performed minding the in situ observations. The findings contribute to general
knowledge by providing raw data in fen peats under fluctuating and contrasting water
table conditions in a relatively high spatiotemporal resolved scale. Dryings led to
increased air filled porosity, O, intrusion, CO, degassing, inhibition of methanogenesis
and renewal of electron acceptors. The opposite trend occurred upon rewetting with
pulses of iron and sulphate reduction and delayed methane production to a variable
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Summary

extent. Upon flooding, continued anaerobic conditions stimulated the accumulation of
reduced products, methanogenic precursors (acetate and hydrogen) and CH..

The general assumption that the water table directly controls the oxygen content in peat
was relativized. This work shows that such relation is greatly influenced by peat
physical properties, which partially control the changes in moisture. Based on these
findings, the mineral content and the degree of compaction in organic soils can be
implemented to more accurately represent the dynamics of aeration in peats upon water
table changes. Another general assumption is that drying events, i.e. temporary decline
of water table below mean position, lead to increased CO, production and emission
from peat soils to the atmosphere. Such statement was a so relativized and must account
for the depth distribution of respiration rates in relation to the mean water table of the
peat deposit. Based on these findings, the high relative contribution of upper peat layers
already exposed above the water table mask the effects of increased CO, production in
deeper peat upon water table drop. Additionally, the role of moisture was shown to be
little for aerobic respiration. This work also evaluates the importance of drought
severity by accounting for the post drought effects on methane production. More intense
and prolonged drying events led to a greater regeneration of electron acceptors in peat
soil, which broadly suppressed or limited methane production upon rewetting. This
relation was not simple and severa factors such as water table position, post drought
water table fluctuations, temperature and organic matter content contributed to the
recovery of methane production after drying. The provision of substrates by
fermentation processes limited peat respiration during shalow water table and drying.
In contrast, accumulation of acetate and hydrogen was observed during flooding
indicating a decoupling of fermentation from terminal metabolism and favouring the co-

occurrence of iron reduction, sulphate reduction and methanogenesis.



Zusamenfassung

Moore spielen eine wichtige Rolle im globalen Katstoffkreislauf und stellen mit
ihrer Uberproportional hohen Kohlenstoffspeicherupgo Flache den gréfl3ten
terrestrischen Kohlenstoffspeicher dar. Dieser beele Speicher wurde zumeist erst
nach der letzten Eiszeit aufgebaut. Ein Schlugddelfdur die Langzeitspeicherung des
Kohlenstoffs ist dabei die vergleichsweise langsade¥setzung des organischen
Materials in diesen zumeist wassergesattigten Gitemen. Die Hydrologie spielt
somit eine bedeutende Rolle fur Moore und moglisbhswirkungen des Klimawandels
auf den Kohlenstoffkreislauf in Mooren werden datiiskutiert. Moore sind einerseits
wichtige CQ-Senken, andererseits stellen sie eine bedeutendibeQ@ur CH, dar. Die
Produktion und der Austausch dieser Treibhausgagedar Atmosphare werden
malf3geblich durch die hydrologischen Randbedingunggasteuert. Diese
Randbedingungen werden sich der Vorhersage naaterinZukunft &ndern, hin zu
haufigeren Extremwetterbedingungen, die eine Zumahlion Austrocknungs- und
Uberflutungsereignissen zur Folge haben.

Ein Hauptgegenstand der Debatte des Klimawandelgt lin der Vorhersage, mit
welchen Raten die Treibhausgaskonzentrationen inAtl@osphére ansteigen. Trotz
eines Konsenses Uuber die generellen Effekte deengadglichen hydrologischen
Bedingungen Austrocknung und Uberflutung auf die,@@d CH, Flusse, sind doch
die zugrundeliegenden Prozesse im Boden und ihreakt®e auf
Wasserspiegelschwankungen nur unzureichend bechtigti und werden meist nur
vereinfacht oder generalisiert dargestellt. TemjperaFeuchte, Sauerstoff- und
Nahrstoffgehalt stellen die wichtigsten Einflusstakn fur die Zersetzung organischen
Materials in Torfen dar. Ein weiterer wichtiger,trinsischer Faktor liegt in der
Torfqualitat oder der Humifizierung des organisciMaterials. Die Zusammenhénge
und jeweilige Relevanz dieser Einzelfaktoren moggamnk unterschiedlich sein, je nach

Standort und hydrologischen Bedingungen, sowollideials auch raumlich.

Diese Arbeit fokussiert auf die Untersuchung denzBsse im Torfprofil, unter der
Bodenoberflache, und betrachtet die Relevanz deme®uingsfaktoren der Zersetzung
organischer Substanz unter einer weiten Spanneologischer Bedingungen. Ein
Grolteil der Arbeit beruht auf in-situ Prozessbebbiangen und komplementaren
Laborexperimenten unter Bertcksichtigung diesesitim-Beobachtungen. Die Arbeit
tragt damit zum generellen Verstandnis der Red@ga®ge und -dynamik bei und liefert
dazu physikalische und chemische (Bodengase ureh®Rasserchemie) Rohdaten aus
3
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Niedermoortorfen unter fluktuierenden und kontexstnden Wasserspiegel-
bedingungen — in zeitlich und raumlich vergleichseehoher Auflosung — zur
Verfolgung der dynamischen Interaktion der Variableund Prozesse.
Austrocknungsereignisse fuhrten zum Anstieg destgéfiiliten Porenraums,
Sauerstoffeindringtiefe, C@Ausgasung, Inhibierung der Methanogenese und zur
Erneuerung der Elektronenakzeptorpools. Gegensid¢zlAblaufe konnten nach der
Wiederbefeuchtung beobachtet werden; es kam zuefula der Eisen- und
Sulfatreduktion, die mit verschiedener Intensité Methanproduktion unterdriickten
und verzogerten. Nach experimenteller Flutung dkrchHe fuhrte die anhaltende
anaerobe Respiration zur Akkumulation der reduereEndprodukte, der Edukte der

Methanogenese (Acetat und)Hsowie von CH

Die generelle Annahme, dass der WasserspiegeltdirekSauerstoffverfligbarkeit im
Torf kontrolliert, muss relativiert werden. Die Belaung Wasserspiegel -
Sauerstoffeindringtiefe wurde stark durch Torfmadigenschaften Uberpragt, da diese
Eigenschaften auch mafR3geblich die Wassergehaltsérgdn beeinflussen. Basierend
auf den Ergebnissen dieser Studie kann durch Eelez des Gehaltes an
mineralischen Komponenten und der TorfkompaktiomeeiVerbesserung des
Verstandnisses der Beluftung von Torfen bei Watsmedsschwankungen erreicht
werden. Eine weitere generelle Annahme war bisth@ss Austrocknung (Absenkung
des Wasserspiegels) zu einem Anstieg der Respiratid somit der COEmissionen
fuhrt. Auch diese Annahme konnte nicht belegt werds zeigte sich, dass hierzu eine
detaillierte Untersuchung der Respirationsraten Berzug zur aktuellen Lage des
Wasserspiegels notwendig ist. Die Ergebnisse di€Serdie zeigen, dass der
dominierende Beitrag der obersten, ungesattigtefsdlmchten zur Gesamtrespiration
kleinere Anderungen der G@roduktion in den tieferen Torfschichten bei Brlif
Uberdeckt. AuBerdem hatte die Bodenfeuchte wemfjuss auf die aerobe Respiration.
Diese Arbeit belegt au3erdem die Wichtigkeit deemsitat einer Austrocknung fur die
anschlielende Dauer der Unterdriickung der Methaesgenach Wiederbefeuchtung.
Starkere und langere Trockenphasen fuhrten zu eieestarkten Bereitstellung von
Elektronenakzeptoren im Torf, die die Methanogenas&erdriickten. Dieser
Zusammenhang war komplex, da sowohl die Positiors d&asserspiegels,
Wasserspiegelfluktuationen nach Wiederbefeuchtliegiperatur und auch der Gehalt

an organischer Substanz das Einsetzen methanoBedergungen beeinflussten. Die
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Bereitstellung von Substraten durch Fermentatiofiirsdie Respiration limitierend bei
normalen Wasserspiegelstanden und in Trockenph&mse@Gegensatz hierzu zeigt sich
in der Akkumulation von Acetat und ;Hwéahrend Uberflutungsereignissen eine
Entkopplung der Fermentation von der terminalenatfeung zu C@Qund CH, und der
Substratiiberschuss ermdglicht eine raumlich-zealit)berlappung von Eisen- und

Sulfatreduktion, sowie Methanogenese.
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Extended Summary

1. General introduction

The carbon cycle is the exchange of carbon betwblendifferent environmental
compartments: lithosphere or pedosphere, hydrosphénosphere and biosphere. The
biosphere plays an important role in this cycletgh the combination of metabolism
types, anabolism and catabolism; vegetation fix€s @to the organic realm and the
decomposition of this organic carbon back to inargadorms is mediated by soil

organisms.

Peatlands are not widespread but constitute thgesarpool of carbon stored in
terrestrial ecosystems due to their disproportigniaigh soil carbon density per area.
Estimations indicate that peatlands only occupyual3éo of the world’s land area but
store up to 550 gigatonnes of carbon, which is fejant to 30% of all global soll
carbon, 75% of all atmospheric carbon, equal tdeahestrial biomass, and twice the
carbon stock in the forest biomass of the worldiogien and Couwenberg, 2008).
Peatlands constitute a clear example of ecosystdmrenthe carbon cycle is
imbalanced; the rate of carbon input in the ecesysessentially through GGixation

by vegetation, is greater than that of carbon legathe system following decomposition
in form of CQ, CH, dissolved and particulate organic carbémportantly, the
difference between the rate of carbon fixation eadbon loss is not large and peat does
not accumulate due to high primary production betause of low decomposition in
these predominantly water logged ecosystems (WiaddrVitt, 2006). Although the
estimates vary as exposed elsewhere (Clymo, 1885t of the original plant material
(>80 %) is “lost” and only the remaining fractiaaccumulated as peat. Peat formation
and accumulation require thus long term periodsddes, centuries, millennia) and the
globally relevant carbon stock stored in peatlarsdshe result of a process mostly
initiated since the last glacial period, about 1@@® 20000 years ago depending on the
region of the globe (Yu et al., 2010).

Overall, peatlands are considered important indbyvgemporary global carbon cycle
because remove carbon from the atmosphere andsteqiteas peat (Turunen et al.,
2002; Vasander and Kettunen, 2006). However, pedglare also important global
sources of methane (Cicerone and Oremland, 198®) eXchange of these greenhouse
gases and the feedback of carbon cycling in pedglamresponse to climate change is
under debate (Bridgham et al., 2008; Davidson artkskns, 2006; Limpens et al.,
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2008; Tarnocai, 2006). Current predictions of clenghange indicate the greatest
temperature rises and changes in precipitationctiuroin northern latitudes (IPCC,

2007). Hydrological conditions play a fundamentalerin peatlands, which strictly

depend on a positive water balance for their foionat Both the absence of

precipitation or increase of temperatures, throungineased evapotranspiration, might
lead to an increased frequency of drought peribdsontrast, periods of flooding are

also expected due to extreme events, general swulegrecipitation, reservoir

construction or beaver ponds expansion. These qteedichanges in the hydrological

regime strongly affect the carbon store from peaftaand the production rates of these
gases.

Peat has been defined as a “light brown (almoshd#d to black organic sediment
formed under waterlogged conditions from the phdecomposition of mosses and
other bryophytes, grasses, shrubs or trees” (ShdigB8). Peatlands are generally
considered to have a peat layer at least 30 crk that can be up to several meters deep
(Gorham, 1991). A major and broad classificatiorpeétlands relies on the origin of
nutrients that these systems receive in relatiadheo hydrology. Bogs or ombrotrophic
peatlands are mostly or exclusively fed by preaiph, whereas fens or minerotrophic
peatlands are, in addition to precipitation, fedgbyundwater or surface water (Wieder
and Vitt, 2006). Peatlands are traditionally coased as vertically structured systems;
the terms acrotelm (upper layer) and catotelm (ele&gyer) were proposed based on
hydrological criteria to broadly differentiate thisrtical structure (Ingram, 1978). The
acrotelm is the peat layer hydrologically “activehere water table fluctuations take
place and subjected to periodic peat aeration velsetbe catotelm is permanently
saturated. This hydrological criterion is widelycapted as a useful distinction to
analyze peat decomposition and accumulation (Bebmé Malmer, 2004; Clymo,
1984). All these definitions and classificationanparily distinguish organic from
mineral soils and are useful to generalize thelgedtecosystem type and its structure
and function. However, the boundaries of thesesiflaations are not easily discernible
in nature and a quantification of the soil propsti(Verry et al., 2011) and
environmental factors (Amon et al., 2002; Bedfond &odwin, 2003; Bridgham et al.,
1996) is required to better apply these broad qatisce

The decomposition of peat involves the transforomatand humification of organic
matter, its loss in form of C{ CH,, dissolved and particulate organic carbon and of
8
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other elements, and the consequent change in p@hystoucture (Clymo, 1984).

Decomposition rates, quantified using litter bagsubatedn situ for at least few years,

indicate that climatic conditions, specifically tpemature and precipitation regimes
(influenced by geographical location), and the tgpditter strongly influence the rate
of organic matter decomposition (Moore et al., 200fbfymow et al., 2002; Wieder

and Vitt, 2006). A less time consuming approachgt@antify decomposition is the

determination of C@and CH production rates, which has been extensively uesed
identify controls on decomposition rates such asptrature, oxygen, moisture and
nutrient content (Hogg et al., 1992; McNeil and Wiadton, 2003; Minkkinen et al.,

2007; Moore and Dalva, 1997; Yauvitt et al., 1997).

The role of hydrological conditions in the carbgrlang of peatlands has been usually
evaluated by measuring the exchange of @ad CH. Changes in water table have
been generally reported to have a strong effethe®xchange of these gases (Aurela et
al., 2007; Bubier and Moore, 1994; Dowrick et 2DP6; Freeman et al., 1993; Moore
and Dalva, 1993; Moore and Knowles, 1989; Silvolaak, 1996). These findings
generally show that drying, i.e. temporary declievater table below mean position,
leads to an increase of G@nd a decrease of GHmissions from peat soils to the
atmosphere, whereas wetter conditions lead to pp®site response. This finding is
attributed to poorly investigated assumptions. Aaneple is the believe that soil shifts
from anaerobic to aerobic conditions upon a dedineater table, and as a result, that
deeper water table decline leads to greater @@ission. Another example is the
commonly expected temporal sequence and zonatioedoix processes in peats. The
studies in this thesis evaluate, among others,etleecepts by focusing on and
characterizing belowground processes like peattiaarand redox dynamics in a fen
peat during a wide range of water table fluctuatjoand by quantifying the depth
distribution of CQ production and methanogenesis and their responde/{wet cycles

and flooding.

2. Aim and research hypotheses

This thesis focuses on the impact of short-ternteex¢ hydrological conditions on
carbon cycling and the related redox processesgatspof a northern degraded fen. The
goal of this work has been to provide a quantiaagsessment of belowground redox

9
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dynamics and of production of G@nd CH undergoing contrasting moisture regimes
in situ and under controlled conditions. A manipulation vediter table simulating
extreme drought and flooding was performadsitu to gain an understanding of the
temporal and spatial scales of redox dynamics a&tspe@uring hydrological change. The
investigations focused on the dynamic relation leetw water table, moisture and
oxygen as control for redox processes and, @ CH production, and described
interannual variability in a detailed spatiotempaesolution. The following general

hypotheses were used as a framework for the rdspagsented in this thesis:

- The effect of drought on respiration might be ligdlitin relatively dry peatlands
due to the small contribution of deeper peat layersarbon fluxes and the high
water content retained in peat.

- Rewetting and particularly flooding lead to stroshgcrease in respiration rates
and favour methane production depending on thenalti®e electron acceptors.

- Air filled porosity controls transport rates andygen availability in peat soils,
and the oxygen presence controls respiration, whiobeeds in a continuum of
oxidation and reduction processes.

3. The depth distribution of peat quality and its impatance regarding the

impact of drying events

As plants decay, their remains decompose and tatshegins to form and accumulate.
Because deeper peat is older and has undergonengesition for a longer time than
the material recently deposited on the surface ddgmmposability and quality of the
remaining organic material typically decreases wdipth (Bozkurt et al., 2001).
Several studies have shown a decreasing decomptysalih peat depth (Basiliko et
al., 2005; Glatzel et al., 2004; Hogg, 1993; Jaatiet al., 2007; Jaatinen et al., 2008;
Kechavarzi et al., 2010a; McKenzie et al., 1998uiSgand Sundh, 1998; Waddington
et al., 2001; Wang et al., 2010; Yauvitt et al., ZPHowever, this vertical distribution
varies among peatlands because the conditions wwmdieh decomposition occurred
also influence the quality of the remaining orgamatter in deeper layers. In this
regard, the decrease of decomposability with dep#ms to be related to the mean
position of the water table (Laiho, 2006). Therefatespite the general consensus that
CO, production rates, as indication of decomposabildgcrease with depth, this

10
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decrease and the steepness of this vertical distyiib strongly vary from site to site,
i.e., the contribution of a given depth intervalthe depth-aggregated G@roduction
strongly varies from site to site. In this regaatthough CQ production and emissions
are typically expected to increase upon water taeldine, some findings contradict
this expectation and show no strong impact of dyyevents on peat respiration
(Chimner and Cooper, 2003; Lafleur et al., 2009)clst findings argue for the
importance of the depth distribution of organic teatdecomposability to assess the
impact of drying events on GQCemissions in peatlands. In addition to this depth
distribution, an improved prediction for the siesponse of COemissions to drying
events should evaluate how much production ratesgd from anaerobic to aerobic
conditions and how relevant soil moisture is afiech change. Because of the several
possible combinations of factors, there are no dwong events equal. The impact of
drying severity on C@production rates and on the recovery of,Qioduction after
drying events, once rewetted, is poorly investidatétudy 1 of this dissertation

addresses these issues using peat incubations eortteslled conditions.

4. An important threesome: water table — moisture — oxgen

Oxygen concentration is a key control on organi¢tenadecomposition in peatlands.
Much evidence has been collected from peat incabatihat CQ@ production rates are
higher in presence of oxygen (Gao et al., 2009iz8leet al., 2004; Hogg et al., 1992;
Inglett et al., 2011; Moore and Dalva, 1997; Oquaistl Sundh, 1998; Turetsky and
Ripley, 2005; Van den Pol-Van Dasselaar et al.91%9addington et al., 2001; Yavitt
et al., 1997). The presence of oxygen in peat s®ilstimately related to water table;
the water table position is generally used as &ypfor location of the oxic-anoxic
interface in peat soils (Makiranta et al., 2009y@a et al., 1996; Waddington et al.,
2002). This concept is fundamental for the invedian of carbon cycling in peatlands
since based on this criteria, the position of thetew table is used to establish the
occurrence of aerobic and anaerobic condition®iis,sand thus to determine the rates
of organic matter decomposition and of £&hd CH production. Oxygen is rapidly
depleted in water saturated peat soils despitabitsidance in the atmosphere (~21%).
This is because diffusion of gases, the main tramigpechanism in peat deposits, is

~10* times faster in air than in water. Once atmospheximen becomes dissolved the

11
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transport rate thus strongly decreases (Lerman8)13ecause of the high organic
matter content and high oxygen demand, oxygen pahetrates some millimetres in
peat soils (Benstead and Lloyd, 1996; Lloyd et H98). This situation is modified
when peat soils undergo drying and a fraction ef pheviously water-filled pores is
replaced by air. Then, oxygen transport rates asgeand, despite oxygen consumption
also increases, leading to greater,Q@oduction, oxygen concentrations become and
remain high or close to oxygen saturation in peds.sDespite its utmost importance
for carbon cycling in peatlands, the relation betwevater table, moisture and oxygen

concentrations in peat soils is poorly investigatad barely quantifieth situ.

An important control on this relation is the phydistructure of the peat matrix and the
peat physical properties. Relations between sucdnd moisture content and the
influence of peat compaction, or bulk density, wacknowledged more than 40 years
ago under controlled conditions in the laboratdpdlter, 1969). The peat matrix is
complex as shown by dedicated works characteriziveg pore space, texture and
particle arrangement in these soils (Cohen, 1982 quantitative link of these
properties with moisture retention and thus with gas diffusivity is quite unknown.
Under field conditions, the prediction of peat ntwie based on the water table position
is poor since, in addition to the hysteretic reggoof moisture to water table change,
water losses by evaporation and water gains byigtaton influence the moisture
content in unsaturated peat (Kellner and Halldio0Z2 Price, 1997; Price and
Schlotzhauer, 1999; Schlotzhauer and Price, 1988). investigation of this complex
relation (water table — moisture) is not generalbcompanied by an investigation of
peat aeration dynamics and only recently some estugiported oxygen content in peats
under different and dynamic moisture regimes empimgsthe complexity of oxygen
distribution in the peat matrix (Elberling et @&010; Elberling et al., 2011ptudy 2
investigates the relation between water table —stum® — oxygen and GOt
particularly focuses on the importance of physigahat properties in such relations.
Based on the influence of water table and peat esctign and ash content on the
oxygen content in peat, a simple logistic regressimdel quantifying the probability of

oxygen penetration in peat was developed.

12
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5. Anaerobic respiration, fermentation and redox zonaibn in peat soils upon
hydrological change

The transformation from vegetation and litter t@atpeccurs in a stepwise manner. Plant
tissues are mainly formed by lignin and lignocelkd and their polymers xylan and
cellulose (Hamberger et al., 2008; Trckova et28(05). Burrowing and feeding activity
of soil invertebrates, dominated by enchytraei@dsdl to a pre-digestion of litter
(Carrera et al., 2009; Silvan et al., 2000). Thasilitates the action of fungi and
bacteria, which combine aerobic and anaerobic pe®mse during organic matter
decomposition. Conceptually, organic matter is ddgd by exoenzymatic action
through depolymerization and hydrolytic reactionsl &urther, anaerobic fermentation
processes generate &Qow-molecular weight carbon monomers,, Hormate, and
acetate (Appelo and Postma, 2005; Hamberger et2@D8). These fermentation
products serve as substrates for additional, @@duction through respiratory
processes, and for GHproduction through the predominant hydrogenotropdmc
acetotrophic pathways (Conrad, 1999; Williams anmdwiord, 1984). Fermentation
provides electron and energy donors, whose oxidasocoupled to the reduction of
electron acceptors during anaerobic respiration amethanogenesis. Due to the
reduction potential of electron acceptors, the gnereld for the oxidation of a given
substrate, especially acetate or hydrogen, folldias order aerobic > anaerobic
respiration: Mn reduction > NQreduction > Fe(lll) reduction > Sulfate reductisn
Methanogenesis (Hoehler et al., 1998; Schink, 200d)e range of substrate
concentrations, and particularly of dissolved hgem, is indicative of the predominant
redox process in anaerobic subsurface environni€otsl-Ruwisch et al., 1988; Lovley
and Goodwin, 1988). Water table changes influeheeokygen input and thus shift the
redox conditions in peat; under water saturated ditimms, organic matter
decomposition occurs predominantly anaerobicalilileg thus to the consumption of
electron acceptors, whose abundance and avaijabddntrol the activity of
methanogens (Achtnich et al., 1995; Peters and &iprir996; Ratering and Conrad,
1998). The availability of electron acceptors imfpsoils, such as sulfate and nitrate, is
controlled by atmospheric input (Watson and NedwiB8) and, additionally, by the
reoxidation of reduced compounds during dry evemtsch lead to a renewal of
electron acceptors (Devito and Hill, 1999; KnorrdaBlodau, 2009; Shannon and
White, 1996; Warren et al., 2001). This abundantelectron acceptors following

13
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drought and the subsequent suppression of methaesigehas been proposed as a
mechanism responsible for the reduced methane iemssebserved after rewetting of
peats (Dowrick et al., 2006; Freeman et al., 1928;ci and Chapman, 2006; Knorr and
Blodau, 2009).

Some studies have referred to these post-droudgbttefon methanogenesis and
methane emissions (Freeman et al., 1994; Kettunah,€1999). Despite this issue has
been reported and tested in incubations and undatratled conditions in the
laboratory, few studies have addressed the dynamficsdox processds situ in peats
undergoing water table fluctuations (Duddlestonakt 2002; Knorr et al., 2009;
Shannon and White, 1996). Both the quantificatibmegenerated sulfate upon drying
and its influence on the the recovery of methanegesnupon rewetting have barely
been evaluated, and the control of peat propentigarding these processes is not well
documented. Additionally, most studies related tatew table changes in peatlands
focus on drying and few studies have addressedetfeets of flooding on carbon
cycling in peat soils.Study 3 of this dissertation provides an analysis of these
knowledge gaps by evaluating soil gas and porenwditemistry of peats undergoing

dryings of different severity as well as flooding.

6. Study site and approach

The investigations were carried out in the Schl@obrunnen Il fen or by using samples
of this site. The site is a small (<1 ha) soliggsmomoderately sloped (5°), partly
forested fen located in the Fichtelgebirge regimorth-east of Bavaria, at an elevation
~750 m above sea level. The region underwent peaaation for glasswork until
approximately 1950 (Firbas and v. Rochow, 1956) aothe deteriorated drainage
ditches are still observable at this site. Meanuahrmprecipitation (1961-1990) was
1156 mm and mean annual temperature 5 °C. Themgtebe considered a moderate
rich fen (Vitt and Chee, 1990). Vegetation is doatéd by vascular plants that provide
with a small and dense hummock — hollow microtoppby. Vegetation includes
Mollinia caerulea, Carex rostrata, Carex canescens, Juncus effusus, Nardus stricta,
Eriophorum vaginatum, which form plant cushions or hummocks. The narhmNows
between these plant cushions are either colonize&gdhagnumspp. or covered by
decaying litter from vascular plants. Peat is vdgltomposed (H7-H9, von Post scale),
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typically ~50-70 cm thick with argillaceous matérfelay) lying beneath it and has a

high and variable mineral content.

The site is fed by water streams maintaining weddens in peat throughout the year.
Groundwater and stream water flow from north totsoWater table levels were
monitored using piezometers with pressure transduaeording data in central data
loggers. Piezometers were cleaned and maintaineth esason, and manual
measurements of water table depth were regularfpmeed to check the reliability of

automatically recorded data. Water table levelseweanipulated for drainage in 2008
and flooding in 2009. These manipulations weregraréd in plots located downstream
and were compared to natural water table fluctaatidrainage was accomplished
using a roof and pumping water from drainage déchad ended by sprinkling an
irrigate simulating a rewetting event. Flooding washieved by channelling and
discharging stream water on the peat surface byysnebperforated PVC-pipes and by
installing PVC foils in the peat to ameliorate tle¢éention of discharged water. A visual

overview of the site installations during such npartations is shown in Figure 1.
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Figure 1. Site view over time and installations for thesitu water table manipulations (dry-wet cycle i®&@nd flooding in 2009).
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Samplers and sensors were installed in peat totordoelowground redox processes.
Silicone tubes were assembled and installed to mignwithdraw soil gas samples
relying on passive diffusive equilibration of tlyas permeable material (DeSutter et al.,
2006). Using this principle, COsensors were isolated using PTFE to monitor
concentrations at higher temporal resolution (Jassal., 2005). Samplers for pore
water served to monitor dissolved redox sensitpyeces. Temperature and moisture
sensors were additionally installed. Depth-specdadibrations were performed to
monitor moisture and corrections for the outpueath sensor were applied. Moisture
content is expressed as air filled porosity (AFR)iradex of soil aeration relevant for
microbiological processes (Linn and Doran, 1984hj&@ming et al., 1999). A visual
summary of these installations is shown in Figuzesnd 3. Adjacent to the soil
installations, peat cores were extracted to detenbulk density and ash content

(Figure 4), and to characterize organic matterigual

Figure 2. Installation of soil gas and pore water sampleis peat profile.

17



Extended Summary

Figure 3. Installation of moisture, temperature sensoff$) @d CQ sensors (right).
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| maacyast]
% [ s

Figure 4. Peat core and ash material from the Schiéppnmenien site.

Incubations under controlled conditions were useidtestigate the effects of drying on
CO, production rates and the recovery of gbtoduction upon rewetting (Figure 5).
The procedure used Btudy 1 aimed to minimize the disturbance of the origipaht
structure during sampling and throughout the expenit while monitoring the moisture
content. Temperature, moisture and drying durati@ne controlled and adjusted to
values observed to occur situ. The calculation of production rates accountedd@y
and CH distribution between water and gas phase andaltrestrelatively high natural
mineral content, production rates were expresseddan dry weight of organic matter
content, which was determined for each sample. Séteup and methodology of
incubations varies strongly from study to studyshswn in Table 1. The amount of
incubated peat and the headspace volume diffetlg@aong studies (Table 1). These
differences may contribute, in addition to the pé&atubated and the different
environmental conditions, to the wide range of satanong studies (Table 1). A
consistent methodology would thus be required téopm a direct comparison of rates.

Figure 5. lllustration of sampling and setting for the ibations.
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Rate measurement (Length /

Peat type - Origin Incubation setting® Frequency / Shake / H vs H+D) Condition © CO, rates" CH,rates®  Study®
- 0,
Bog: pristine and 3 gwp + 20 mL distilled 4d/daily/Yes/H AN 1t%1a5nsa/:)elr(z)vt\)liecr 0to 5T 1
managed, Canada water in 50 mL flask 30 d/ 2-3 times per week / No / H AE 0.91t03.41
Lake water fed wetlands, 10 g wp in 125 mL flask 4-5d/daily/ Yes/H AN 4,710 22.9 0.04 to 18.5 2
Canada un/flooded ) )
5 rich fens (pH>7), . , AN (40.6 02tof
Canada 10 g wp in mason jars 2d/0,4,12, 24, 48h [ NeD AE (55.7f 041004 3
Bog-poor fen: natural, — : AN 0.21t0 4.87
abandoned, Canada Peat slurries ~35 g in 250 mL 2d/0,12,244%h/Yes/H AE 037 t0 15.69 Not Measured 4
12 peatlands, USA and 70 g wp + site water up to 75 AN ~(2 to 20) ~(<0.28)
Canada mL in 125 mL flasks 2d/1,7,24,48h/Yes/H+D AE ~(3 to 25) >
Bogs, fens and swamps, . AN 1.59 to 38.64 <0.01t0 6.25
most from Canada 5 g wp in 50 mL flask 5d/ Unknown / Yes / H(assan AE 18210 113.64 6
4 permafrost zone 20 g mixed peat in 250 mL Increasing time intervals / Yes | H AE 250 to <1000 Not Measured 7
peatlands, China flasks
. . Flooded ~0.83 t0 5.83
Peat in the edge of 4 cm dia x 10 cm depth t —
tibetan plateau, China columns 30d/10,20,30d/No/H '?rllzoi(stz?;/)o ~1.67 t0 8.33 Not Measured 8
Hollows, raised bog, Peat slurries ~20 mL in 130 19, 40, 27 d / hours to days / Yes / AN 0.06 to 0.15 <0.006 9
southern Sweden mL flasks H+D AE 0.16 to 0.57
Agricultural fen peat, Peatrings (5 cm x 2 cm long) 12h/3.6.12h/No/H AE (different 1.6 10 30 Not Measured 10
UK in 530 mL jars ' moistures) '
4 Sphagnum spp. froma. ¢ ;g o\ in 300 mL jars 2-3d/5-10 min, 2-3d/No/ AE <4550 47.73 NotMeasured 11
raised bog, Sweden H(assumed)
Bog hummocks, Canada Sgwp - 20 mL distilled 2 d/atleast 3 times / Yes / AE 56.82 to 129.55 Not Measured 12
water in 50 mL flask H(assumed)
3 wet grasslands AN 24 t0 29.45 0.008 to 0.69
Netherlands 25 g wp in 580 mL flask 3-5 d/ daily / No / H(assed) AIE_l(lc?HO“)uL 28.91 to 31.09 -0.66 10 -0 81 13
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Poor fen dominated by  Peat rehydrated, distilled / ] Flooded <0.91 10 6.82 0 to 0.05
black spruce, Canada  water inoculumin 2.8 L 16-18 h / unknown /No / H Drying <1.14 to 45.45 14
. . . AN flooded 1.14 t0 6.52 0.3t0 4.53
Subtropical fresh water ~10 g mixed peat in 60 mL
marsh, USA serum bottles Few hours / No / H(assumed) ~ AE (65-7.5 % 6.5 to 27.42 15
saturation)
_Bog-fer_1 transect: 6 mL wp 66 h / unknown / No / H(assumed) AE 0.823P1 Not Measured 16
drained-pristine, Finland
Mesotrqphl_(: pine fen, 6 mL wp in 210 mL 66 h / unknown / No / H(assumed) AE 2.73 10 44.29 Not Measured 17
Rovaniemi, Finland
. . . AN 0.5 to 40° 0to 28
Minerotrophic forested 83 mL wp (~85 g) in 250 mL - - - Study
fen, Germany jars 30h/1,6,24,30h/No/H+D Ariég{ﬁ:fs?t 1to 58 0to 1.3 1

 Incubation setting — Amount or volume of peat inaied in the flask volume, wp refers to wet peat.

® Rate measurement — The length and frequency gilsanTefer to the measurement of a single ratdesmspecifically stated in the study, we assunteshaking. Some
studies calculate rates based only on the condiamtia the headspace (H) and others also inclhdset in the dissolved phase (D). Most studies ey concentrations
using gas chromatography but a few quantify comaéiohs using alkali traps (i

¢ Condition — AN refer to anaerobic conditions, (Nished incubations) and AE to aerobic conditions.

4 CO, and CH rates — Range of reported values (mean valueshasen in parentheses). Units are umol o, ®OCH, per gram dry weight peat per day (Lmol ¢'cii)
unless other symbols appe&ir(dicates that it is unsure if mass was expresseal dry or wet weight basiSindicates mass expressed in dry weight of orgamittenas in
our study *indicates mol if d*). Negative values imply consumption. Each studyitoned rates under different conditions (tempeespdepths, moistures) and usually
expressed values in different units than those fegrerted. For more exact values under the speswficlitions refer to the study.

¢ Study — 1: Glatzel et al., 2004; 2: McKenzie et 8998; 3: Turetsky and Ripley 2005; 4: Waddingtoal., 2001; 5: Yavitt et al., 1997; 6: Moore ddalva, 1997; 7: Wang
et al., 2010; 8: Gao et al., 2009; 9: Oquist anddB1998; 10: Kechavarzi et al., 2010a; 11: HA®93; 12: Basiliko et al., 2005; 13: Van den PoR\Rasselaar et al.,
1999; 14: Hogg et al., 1992; 15: Inglett et al.1 2016: Jaatinen et al., 2007; 17: Jaatinen e2@08.

Table L Summary of information and reported £&hd CH rates from studies using peat incubations.
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7. Summary of results

Both peat incubations and estimationsifositu conditions indicate that GGand CH
production was fastest in the uppermost peat l&yembic CQ production rates at 0-5
cm contributed between 48 and 67% of the deptheagged CQproduced (50 cm), the
following layer (5-10 cm) contributed between 1@ d®% and the contribution of all
deeper layers (between 15 and 50 cm) ranged betd@eand 1 %. These spatial
differences were even more marked for ,Okhose production in the upper 5 cm
contributed between 83 and 88 % to the depth-agtgddCH produced (50 cm). These
results highlight the importance of upper peat dlayand of the mean water table
position regarding the short term effects on redjgn during drying events as
exemplified in Figure 6. Further information regagithe effects of drying on G&and
CHy production rates is reported 8tudy 1

44 0

-10 4
-15 4
-20 4
-25 4
-30 4
-35 4
-40 4
-45 4
-50 4
-55 4
-60 4
-65 4
-70 4

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

5cm

10 cm
15 cm
20 cm
25ecm Q.
30cm
40 cm
50cm

25

i EmOoCoEEER

CO, rates (umol g OM™ d™)
o
WT position (cm below peat surface)

AFP range (%)

CO, emission (mmol m™h'™)

Figure 6. The left graph shows the depth distribution of,@@oduction rates during
anaerobic (~water saturation) and aerobic conditadang different soil moisture (% air
filled porosity — AFP). Based on those rates, hlgpbtal CQ emissions from the 50
cm deep peat profile (filled circles) were calcathtfor different water table (WT)
positions and are shown with mean peat respiramissions observeith situ (empty

symbols) in the right graph. The hypothetical emiss double when WT declines from
0 to 5 cm depth but such substantial increase doesccur with further WT decrease.
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Water table manipulations were successful bothosesags drying was reinforced in
2008 and flooding accomplished in 2009. Precimtatvas a major control of the
moisture condition and all water table rises unddural conditions were linked to

precipitation events as shown in Figure 7.

£ 12 1 ]
E 4] .
% 41 1 No data
g 0 - r r . . L
—~ 04 i
E 20 PN I A e VI Ay
'g Iég ] Natural fluctuations | ]  Natural fluctuations
-80 4 . . . . . . . . i, . . . . .
T 97 i 1 ~ ]
E 9] Dwing NEYPYSRY I W
o _38 o, manipulation i Flooding manipulation
E -60 1 -
-80

160 180 200 220 240 260 280 300 320 100 120 140 160 180 200 220 240 260 280 300
Day of year 2008 Day of year 2009

Figure 7. Precipitation and water table (WT) dynamics dg2008 and 2009.

Redox dynamics were strongly linked to water tatbianges, which triggered a chain of
processes in peat soilSt(dy 2, 3). During dryings, air filled porosity (AFP) increed
and led to @intrusion, and, consequently, inhibition of metbgenesis, C@degassing
(dissolved inorganic carbon — DIC), a shift fronaarobic to aerobic respiration and a
renewal of electron acceptors occurred. Upon réwggttO, intrusion was again
constrained and a pulse of anaerobic respiration tduthe abundance of electron
acceptors previously generated was observed. Metiaduction after drying was very
slow or non-existent and broadly suppressed undérsulphate levels. When available
electron acceptors became limiting during the pestetting phase a stronger €H
accumulation in soil was observed. More severendryed to higher regeneration of
sulphate but its consumption rate, and thus supiesof methanogenesis upon
rewetting, was partially controlled by organic neattontent. Upon flooding, continued
anaerobic respiration and fermentation led to depieof electron acceptors and to the
accumulation of reduced products, methane and meggaic precursors, primarily
acetate and H These processes and their response to the vabterranipulations are

shown in Figures 8 and 9.
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Peat physical properties strongly influenced thepoase of air filled porosity upon
water table change. In addition to water table tpwsi ash content (non-organic matter
content) and bulk density controlled oxygen penetnain peat. Based on this
observation, the data set was used to develop,dansof logistic regression, a simple
model predicting oxygen penetration in peat ushresé peat physical properties and the
water table as predictors. The coefficients obthiman be used to calculate a
probability of oxygen presence in peat at a givanmtion:

—1602+0.2RWT - 0053ASH

e
= 1+ e—1602+ 0.2RWT - 0053ASH

whereAH is the mineral content in % dry weight aR@&/T is the relative water table,
that is, the distance between the water table andrhitrary datum with a given ash
content (or bulk density). A comparison between abserved @ concentrations and

the predicted probabilities is illustrated in FigurO.
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Figure 10. lllustration of the logistic regression model dmped to predict the

presence of oxygen (DO) in peats using the wab#e faosition and ash content as
predictors. C1, C2 and C3 refer to different inigeded locations.
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8. Conclusions and perspective

The studies of this dissertation investigate sodcpsses related to organic matter
decomposition, evaluate their depth distributiod atentify some controlling factors to
better understand the impact of hydrological charagecarbon cycling. Based on these
findings, a chain of processes occurs in a givenigo of water saturated peat soil
undergoing a dry-wet cycle as shown in Figure 11.

Drying-WT drop 7==

Air filled porosity

Potential CO,

increase emitted t

Diffusivity - Peat CO, storage

increase capacity |
0,

penetration

!

Cco,
production

1

Rewetting

|

Reductive processes restart:

NO;-, Fe(III), SO, 2 reduction,
Methanogenesis

]

Flooding

i Electron acceptors
depletion

Reductive processes cessation ‘ CH, production { ‘

Oxidative processes initiation:

‘ e acceptors build-up ‘

‘ Aerobic respiration enhanced ‘

Figure 11 Scheme of processes in peat undergoing hydrabgmanges.

This scheme is a generalization for all peats logischot address the different response
of each peatland and of each water table changerddults show that drying periods
might not be related to higher G@missions$tudy 1), that a given water table decline
leads to a variable change in air filled porosByu@y 2) or that greater sulfate release
in peat during drying does not necessarily implgrager CH, production recovery upon
rewetting Gtudy 3). It becomes thus necessary to provide reliabbd pelicators to
describe the quantitative relation of a given pssceand consider their depth
distribution. Based on the observations in thiskvand from the reviewed literature,
three main types of potential indicators and tldejpth distribution are considered most
relevant to evaluate the impact of temporary wasdde change on organic matter
decomposition in a given peat material. These tlyemips of peat properties are
summarized in the conceptual model of peat decoitiposhown in Figure 12.
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Conceptual model of peat decomposition

Bitumen

Vegetation % . .
l ool Uronic Acids Fermentable substartes
Peat OM = _285%, carbohydrates
o] N2 | / Cellulose Xylan ——— Xylose
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Zo o \C lulose hydrolysis
Aminoacids Lignin ellulosé —— Glucose
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Dry Material lF
R Alcohols, Propionate, Butyrate,
00% Org. Acids, Long-chain FA
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Mn == Mn ——| CO, H, Acetate
NOs™ |Tbry* | NHs 1 ,/'-\./\ Ac.
””””””””” Fe3* 9y Fe2+ H. _ ~I B
Ds S pH+ ' -
AFP so2z || H,s
”””””””””” Hum.ox. || Hum.red
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R

WT: Water Table, AFP: Air Filled Porosity, Ds: Diffusivity, OM: Organic Matter, IM: Inorganic Matter, P/D: Precipitation/Dissolution,
FA: Fatty Acids, F: Fermentation, R: Respiration, Ac.: Acetogenesis, Ac.M: Acetoclastic Methanogenesis, H.: Hydrogenotrophy, H.M:
Hydrogenotrophic Methanogenesis, M.Ox.: Methane Oxidation, % values refer to wt from Carex peat H5-6 (in Bozkurt 2001)

Depth distribution of peat properties to assess the impact of dry events

General Process controlled Potential indicators

property
Pore space Water holding capacity: O, | Total porosity, Pore size, Connectivity,
(physical penetration, DIC degassing, Compaction, Ash content and type

properties)

anaerobic spots

(Sand, Silt, Clay)

OM (organic
C chemistry)

Degree of increase between
anaerobic and aerobic CO,
production

Litter origin (vegetation), C content
and recalcitrance (Aromatics,
Metabolic vs Structural carbohydrates)

IM (Inorganic

Matter) .

Renewal of electron
acceptors > CH, delay

Solid phase content for TEAP (MnO,,
Fe(OH);, TRIS)

Figure 12 Conceptual model of peat decomposition and deisthibution of peat

properties with potential relevance for carbon ieygduring dry-wet cycles. TEAP

refers to Terminal Electron Accepting Process.
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First, physical properties were an important cdriimo the relation water table change
and moisture change (Figure 12). This complicated laysteretic relation is crucial
because it strongly influences the changes in glifity and thus, the transport rates and
oxygen penetration in peat. Several models existm@thematically characterize
diffusivity in water unsaturated soils using soibisture. This issue has received
attention and criticism (Elberling et al., 2011; ddder et al., 2010; Pingintha et al.,
2010). A question like “How much and how rapid deésfilled porosity change and
which relevance has this change on diffusivity uomjiven drop or rise of water
table?” is fairly difficult to answer for a giveneat and even more so for peats in
general. In this regard, an improved assessmeahedbrtuosity in the unsaturated zone
by describing the geometry of drained pores aedbfiit saturation levels (Rezanezhad
et al., 2009), as well as the link between the pgpace and the degree of peat
decomposition (Rezanezhad et al., 2010) may heetier describe soil diffusivity and
transport of gases for different peats upon wabletfluctuations. Adding complexity
to these relations, not only soil physics but dls chemical origin of peat influences
the moisture retention (Kechavarzi et al., 2010achavarzi et al., 2010b; Okruszko,
1993).

A second group of indicators refers to the charaagon of peat organic matter and its
“quality”, which could be useful to quantify G@nd CH production and their response
to water table change (Figure 12). In this regéitter origin, von Post index, total

carbon content, soluble carbon fraction, ligninteat, hemicellulose content, ratio of
carbon to nitrogen, aromatics content, ratio ofabelic to structural carbohydrates and
other humification indexes have been used (Bloda Siems, 2012; Glatzel et al.,
2004; Inglett et al.,, 2011; Moore and Dalva, 1991retsky et al.,, 2008), but a

validation for different peat materials and thesponse to dryings is lacking.

The third group of peat indicators refers to therganic matter in peats whose content
might determine the pool of renewed electron aarepduring drying thus influencing
anaerobic respiration pulses upon rewetting anthdéurrecovery of methanogenesis
(Figure 12). In this regard, the effect of the atamce of electron acceptors on
anaerobic respiration rates, on methanogenesisresgpn and how these relations
change according to the abundance and type ofr@tedbnors are poorly evaluated
situ and differ among sites (Dettling et al., 2006; t&wGrier et al., 2011). This is
probably in close relation with the response ofrotial communities to hydrological
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changes in peats whose investigation is little e as the knowledge of intermediate
metabolism or fermenters (Drake et al., 2009; Kiralg 2008).

Climate change induced shifts in hydrological ctinds are relevant for the carbon
cycling in peatlands and alter organic matter dgmusiiion rates. The findings of this
dissertation demonstrate that water table chanpesugh the associated changes in
peat moisture and gas transport rates in soilsngly influence the fate, form and rate
of carbon released during organic matter decompasiThe frequency of both drying
and flooding are predicted to increase and bothemé hydrological conditions have
contrasting effects. On an annual period, bothrbermittent oxygenation of peat soils
during dry-wet cycles and moderate water tabletdlattons favour higher COand
lower CH, emissions when compared to flooded conditionsré&fbee, the alternation
of these hydrological changes adds complexity ® dlaluation of the feedback of
carbon cycling in peatlands. This work strengthtéres importance of the uppermost
peat horizon regarding the production and excharigeO, and CH. The role of peat
structure on moisture retention and thus peat iaeratespiration and methanogenesis
in the unsaturated peat zone deserves consideratimm assessing the impact of

hydrological change on organic matter decomposition
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Effects of experimental drying intensity and duration on respiration and methane
production recovery in fen peat incubations

Cristian Estop-Aragonés, Christian Blodau

Study published ii%oil Biology & Biochemistry: doi:10.1016/j.s0ilbio.2011.12.008

Abstract

Drying and rewetting to a variable extent influetive C gas exchange between peat soils and
the atmosphere. We incubated a decomposed and ctedgdan peat and investigated in two
experiments 1) the vertical distribution of €&nhd CH production rates and their response to
drying and 2) the effects of temperature, dryingemsity and duration on G(production
rates and on CHproduction recovery after rewetting. Surface gatn to 5 cm contributed
up to 67% (CQ and above 80% (CHiof the depth-aggregated (50 cm) production. As CO
production sharply decreased with depth water ttd¢éuations in deeper peat layers are thus
not expected to cause a substantial increase Inrespiration in this site. Compared to
anaerobic water saturated conditions drying in@@apeat C@ production by a factor
between 1.4 and 2.1. Regarding the effects ofttieiesd factors, warmer conditions increased
and prolonged drying duration decreased @f@duction whereas the soil moisture level had
little influence. No significant interactions amofagtors were found. Short dry events under
warmer conditions are likely to result in greatesiaks ofCO, production rates. Upon
rewetting, CH production was monitored over time and the recpwars standardized to pre-
drying levels to compare the treatment effects. deé production increased non-linearly
over time and all factors (temperature, dryingnsiey and duration) influenced the pattern of
post-drying CH production. Peat undergoing more intense and lodigeng events required

a longer lag time before substantial Qdoduction occurred and warmer conditions appeared

to speed up the process.

1. Introduction

In peatlands, plant biomass production has exceddedmposition of organic matter (OM)

after the last glaciation and resulted in accunmutabf a global relevant storage of terrestrial

carbon (Gorham, 1991; Vasander and Kettunen, 20Béptlands release C both via

emissions, mostly as GGand CH, and via leaching in form of dissolved inorganitda

organic carbon, CHand particulate organic carbon. Carbon dioxide &itd, are end
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products of the decomposition of OM and constitut@ajor fraction in the C balance of the
ecosystem (Worrall et al., 2007a). In relation limate change, the frequency of drying and
flooding is predicted to increase in many regiodMedhl et al., 2007). Temporal shifts
between aerobic and anaerobic conditions, a majura for peat accumulation and gé&nd
CH, production rates, are thus expected and raiseeconabout the influence of such
hydrological changes on the exchange of these hoerse gases with the atmosphere.

A key control on turnover rates is peat OM “qudlitihat is, the organic chemistry of the
decaying plant material, which is site specificeTipe of vegetation and the associated litter
were shown to be related to production rates (Maoik Dalva, 1997). The ratio of metabolic
to structural carbohydrates in mosses was showbetctrongly related to thein situ
decomposition as well (Turetsky et al., 2008). Hoave the rates of both GHas well as
aerobic and anaerobic G@roduction do not seem to be related to a pagrcOM fraction
(Inglett et al., 2011).

Production rates of CQand CH have typically been determined by incubating [saaples
under controlled conditions. This way controls arafprespiration were identified and their
effect quantified, among them presence of oxygemperature and peat moisture. Aerobic
conditions, related to oxygen penetration in pela¢mthe water table (WT) declines, favours
CO, and inhibits CH production, whereas anaerobic conditions, asstiaith high water
content, favour lower C£and greater CiHproduction rates (Glatzel et al., 2004; Hogg et al
1992; Moore and Dalva, 1997; Oquist and Sundh, 1%@8tsky and Ripley, 2005; Yawvitt et
al., 1997). Warmer conditions have widely been regabto raise production rates both under
aerobic and anaerobic conditions (Gao et al., 2B@@g, 1993; Hogg et al., 1992; McKenzie
et al., 1998; Moore and Dalva, 1997; Waddingtoal ¢22001; Wang et al., 2010; Yauvitt et al.,
1997). Peat moisture was shown to be an importantral (Jaatinen et al., 2008) but its
influence on CQ production is more intricate. Relative to watetusated conditions CO
production typically increases with drying up to eptimum moisture content and then
decreases with further drying; such a pattern leas lmbserved in some studies (Hogg et al.
1992; Howard and Howard, 1993; Waddington et &l012 Wang et al., 2010). The response

is very variable among peats and Q@oduction was also reported to decline as volumet

water content decreased (McNeil and Waddington 3R0Bigher moisture contents have
been associated with greater £@oduction in agricultural fen peat, although tlesponse
differed greatly among horizons and temperaturaficating strong factor interactions
(Kechavarzi et al., 2010a). Overall, these studiggyest that the response of gfoduction
to drying not only differs among sites but alsoraes with depth within a given site. A close
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relation exists between WT and geimissions, which typically decrease during drygngnts
(Huttunen et al.,, 2003; Moore and Dalva, 1993). ibgywas also shown to cause a
regeneration of the electron acceptor pool and ugevetting CH production is usually
delayed due to electron acceptor reducing bactarieompeting methanogens (Achtnich et
al., 1995; Blodau and Moore, 2003; Knorr and Blqd2@09). The severity of the drought
event might be thus expected to lead to longerpe@iion of methanogenic conditions upon
rewetting. Water table decline is commonly assedatith greater C®emissions from peat
soils. Such a response generally occurs if the dioswm starts from a WT position above the
peat surface (Moore and Dalva, 1997; Moore and Keswi989) since anaerobic conditions
prevail in the entire profile. Under field condn®, however, the WT is mostly lower,
depending on the site, microtopography, and timgeaf. Emissions were shown to increase
during WT drawdown in some sites (Silvola et aB98) but not in others (Chimner and
Cooper, 2003; Lafleur et al., 2005; Silvola et dl996). Previous measurements at the
Schléppnerbrunnen fen, here investigated, repantedncrease in soil COemissions by
intensified and prolonged drought compared to @tWT decline in summer (Muhr et al.,
2010). Such a response has been attributed to amgstdecline in organic matter
decomposability with depth. High respiration rates the surface layers would then
effectively mask changes in respiration rates engborly decomposable peat layers at greater
depth that are exposed to changing redox conditions

While this reasoning is intuitive, we are currentigking clear evidence that a strong decline
in OM decomposability can explain the reported latkesponse of soil respiration fluxes to
drought in peat soils. Furthermore, drought periealy in duration and intensity and might
occur in different seasons, i.e. under differemigerature conditions. The studies discussed
above provided insufficient information about trembined effect of these factors on peat
respiration and specifically on the recovery of {#oduction after the drought. In light of
these knowledge deficiencies, we first quantifieddoiction rates of Coand CH with depth

to confirm such reasoning and also identified effexf drying on these rates. In a second
experiment, we investigated the effect of comboraiof temperature, drought duration and
intensity on CQ production rates and GHproduction recovery after rewetting. We
specifically hypothesized that a switch from oxacainoxic conditions in deeper peats would
have little impact on total CQOproduction in a peat column aggregated from, G@duction

in the incubation experiments. Secondly, we exgkttat CQ production in individual soil
layers would be raised with drying intensity andadion and that Cldproduction recovery

would be substantially retarded.
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2. Material and Methods

2.1 Site description

The Schléppnerbrunnen site has been previouslyitledcin a number of studies (Knorr et
al., 2009; Muhr et al., 2010; Otieno et al., 200R)e site is a small (<1 ha) soligenous fen
surrounded by Ricea abies forest located in the Fichtelgebirge region, nadst of Bavaria,
at an elevation ~750 m above sea level. The regimoierwent peat extraction for glasswork
approximately until 1950 (Firbas and v. Rochow, @98nd some deteriorated but visible
drainage ditches suggest this site was not an égoefMean annual precipitation (1961-
1990) was 1156 mm and mean annual temperatureTsfCWT fluctuated between 5 and 15
cm below peat surface during at least 50% of thee y@d was only above 5 cm depth for
about 5% of the year in 2008 to 2009. Seasonal \&dliite of 70 cm below surface was
observed in summer. Vegetation is dominated byulas@lants mainly including/ollinia
caerulea, Carex rostrata, Carex canescens, Juncus effusus, Nardus stricta and Eriophorum
vaginatum. The narrow hollows between plant cushions arbeeitolonized by sparsely
found Sphagnumspp. patches or covered by decaying litter from vagcplants. The peat is
dense, with bulk density (BD) in this study >0.trg>, well decomposed (H7-H9, von Post
scale), has a high and variable mineral conterit dépth (8 to 80 %), and forms a 50 to 70
cm thick deposit with a clay horizon underneathtHa upper 60 cm the C content ranged
from 16 to 48% and the N content from 0.9 to 2.2adr et al.,, 2008a). The mean pore
water pHin situ was 4.8 (2008-2009).

2.2 Incubation experiments

Two different experiments were carried out withamemon methodology to determine €0
and CH production rates by incubating peat. All samplesren collected in hollows
dominated by decaying litter in absence of denggetation to reduce plant living tissues and

root abundance in the incubations.

2.2.1 Depth distribution of CO, and CH,4production and drying effects:
Three peat cores at least 50 cm deep were obtarikda Finnish box corer on 27 August
2009. Each core was sliced in 5 cm layers usingii@. kA known volume of each layer was
obtained by pushing a PVC cylinder (5 cm long, eh6i.d.) through each peat segment with
the aid of a knife. This procedure maintained thregimal peat structure during the
experiment. Samples were kept in a coolbox with pegks (~4°C), transported to the
laboratory within 4 h after collection, and subnestgpvernight in a MNflushed distilled water
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bath to obtain water saturated conditions whileimining exposure to oxygen. The peat
material was coherent and its structure preserfted submergence. Each cylinder containing
the water saturated peat was subsequently weigt8&sd wet peat) and immediately placed
in 250 mL jars, which were capped and flushed Wghto commence the anaerobic phase.
The cap contained a sealed rubber stopper with needles allowing for Nflush and
headspace sampling. All jars were wrapped with alium foil to avoid exposure to light
other than during the drying periods when caps weraoved. An initial period under
anaerobic conditions, during which peat was waaturated for 263 days, was followed by an
aerobic period of up to 69 days, when peat dried avater loss was monitored
gravimetrically. Production rates were repeatedigasured using three replicates of each
layer. Anaerobic and aerobic rates were determimatbpth layers of 0-5, 5-10, 10-15, 15-
20, 20-25, 25-30, 35-40 and 45-50 cm. Additionalimations from depths 0-5, 15-20 and 45-
50 cm were kept as anaerobic controls throughoaitetkperiment. This experiment was

carried out at 11°C.

2.2.2 Effects of temperature, drought duration and intensity on CO, and CHy,
production:
In the upper peat layer (0-5 cm) the effects ofemperature, 2) air filled porosity (AFP, as
surrogate for drying intensity) and 3) drought diaraon CQ and CH production rates were
investigated using a factorial design with two lever each factor in three replicates (Table
1). Each factor level represented conditions simidahose previously observeasitu in this
fen peat (Estop-Aragonés et al.,, 2011 unpublistesdilts). Additional samples served as
anaerobic controls at both temperatures. Samples ealected on 24 September 2009 and
randomly assigned to treatments. Soil was extraotdg a saw and a small spade and
sample preparation followed the described protosoilg the aforementioned PVC cylinders.
Samples were anaerobically incubated for 24 dayd atr 20°C, depending on the treatment.
Caps were then removed from the jars, except fatrals, to commence the drying. Initial
aerobic CQ production was quantified without delay and wabss monitored subsequently
by weighing. The mean BD of 6 additional samples determined to calculate, based on an
averaged total porosity and water saturated camdifi the required loss of water to the
targeted water content of each treatment (5 or 2AFRB, Table 1). Once the targeted AFP
was reached, it was kept constant (x 2%) for 1@B@rdays, according to treatment, by
regularly adding distilled water with a syringe.rébic production rates were subsequently
measured three times and statistically evaluatednpBes were subsequently rewetted to
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saturation and incubated anaerobically to monitmt{rying anaerobic CQproduction and

recovery of methanogenesis.

Treatment Temperature (°C) AFP (%) Duration (days)
Cold — Wet — Short 11 5 10
Cold — Dry — Short 11 25 10
Cold — Wet — Long 11 5 30
Cold — Dry — Long 11 25 30
Cold Control 11 - -
Warm — Wet — Short 20 5 10
Warm — Dry — Short 20 25 10
Warm — Wet - Long 20 5 30
Warm — Dry — Long 20 25 30
Warm Control 20 - -

Table 1. Factorial design to determine controls on,Q@oduction during drought and
methane production recovery upon rewetting. Eadatinent consisted of 3 replicate
incubations and was subjected to a combinationhadet factors (temperature, air filled
porosity — AFP, and drying duration) representinfjecent drought scenarios. Permanent

anaerobic treatments were included for each teryreras controls.

2.3 Analytical procedures and calculation of production rates

Production rates were calculated from the lineardase of C@and CH concentration in
jars with time. During the anaerobic phase jarsewfershed with N for 8 minutes prior to
sampling causing a small loss in water filled pagosom 100% up to 95% by the end of the
experiment. During aerobic conditions jars werepdyncapped instead. In all incubations
headspace samples (2 mL) were withdrawn at 1, &na430 h from the capped jars using a
disposable syringe and G@nd CH analyzed on a SRI 8610C gas chromatograph with FID
and a CQ methanizer. The calculation of production ratesoaated for CQ distribution
between water and gas phase using Henry’'s law aansbrrected for temperature for €0
and CH (Sander, 1999). Formation of HgQvas neglected due to low pH observed in this
site (mostly below 5.5). Changes in the headspakene due to peat drying were taken into
account and corrected (Hogg et al., 1992). At thet & the experiment, samples were dried
(105 °C) to constant mass to determine BD and fobabsity for each sample. Then, the
degree of water saturation was calculated for saafple and the calculation corrected for the
headspace volume change in each jar during thexgirjfloisture content in this study is

expressed as air filled porosity (AFP) which, agalssly to water-filled porosity, is
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considered as index of soil aeration with relevafocethe microbiological processes in soil
(Linn and Doran, 1984; Schjonning et al., 1999). @htent was determined from mass loss
for each sample by placing a subsample at 550 7 foours. Due to the relatively high
natural mineral content production rates are exgagdased on dry weight of OM following
Turetsky and Ripley (2005). The G@nd CH production rates were calculated from the
coefficient of linear regression to evaluate andaee from the data set those measurements
with potential leaking during sampling or saturatio the headspace. Rates with a R?<0.9
were discarded leading to a 6% (experiment 2.2l)aa9% data loss (experiment 2.2.2) with

respect to C@production rates.

2.4 Statistical analysisand other calculations

Repeated measures analysis of variance (RMANOVAS performed using SPSS 18 for
Windows to test the significance of factors anddibons, andoost-hoc analyses applying the
Bonferroni correction were used. This analysis weed to evaluate differences between peat
depths and to test if the low and high level ofretector (temperature, drought duration and
intensity, refer to Table 1) and their interactiosignificantly controlled aerobic GO
production rates. Additional tests using the anaier€0; rates as a covariate to remove the
initial between-treatment effect were also perfairbeat did not yield substantial changes in
the significance of the factors tested. Correlatioalyses were applied to determine relations
among variables. Throughout the text, we refersignificant’ if P <0.01 unless otherwise
specified. In the analysis of the depth distribmtod production rates, the contribution of each
interval depth was quantified as % relative to dggregated production under anaerobic and
aerobic conditions. With regard to effects of terap&re, drying intensity and duration the
main effect of each factor was quantified usingrtiean response of aerobic £gyoduction
between low (11°C, 5% AFP, 10 days duration) amh [i20°C, 25% AFP, 30 days duration)
levels (Berthouex and Brown, 2002). The effecteshperature was also quantified withyQ
values calculated as:Q= (R, / R)' ™~ ™ where R and R are the production rates at
temperatures 11(11°C) and F(20°C), respectively. The recovery of methanogenafier the
rewetting was expressed as a % relative to themmaxri measured CHate of each jar during
the initial anaerobic period, previous to dryindneTsame analysis using mean values, rather
than the maximum CHproduction, led to the same pattern. Methanogenesncubated soil
typically evolves non-linearly as different factoasfect CH, production rates over time
(Leffelaar et al., 1999; Segers and Kengen, 19B8)illustrate the CHkl production recovery
lines were fitted to the data using a sigmoid fiorct

49



Study 1

3. Results

3.1 Depth distribution of CO, and CH,4 production rates and drying effects:

3.1.1 Anaerobic phase

Anaerobic CQ production decreased with time between 27 and 88%pared to initial
measurements. Production was fastest in the upmtqmeat layer, which contributed between
38 and 60% of the depth-aggregated anaerobig @@duction at rates between 15.48 and
5.55 pmol C@ g OM* d*. The layer of 5-10 cm depth contributed betweeratdd 20% at
rates between 4.56 and 2.25 umol,@QCOM* d™. Differences between the uppermost layer
and those beneath, and the second layer and tleomsath 25 cm depth, were significant
(RMANOVA). Production of CQ in deeper layers (between 15 and 50 cm) was simaile
contributed between 9 and 1% each; rates were lysselbw 1 umol C@ g OM* d* (see
anaerobic phase in Fig. 1).

Methanogenic conditions were not favourable attthree of sample collection due to the
seasonal WT decline to about 30 cm below surfaceusnally no Ci was detected during
the initial measurements; the maximum rate was @7 pmol CH g OM* d*. The
anaerobic incubation was thus extended and measantsmesumed between day 250 and
263. By then, CHl production had substantially increased only in tipper 5 cm, which
contributed between 83 and 88 % to the depth-agteddCH produced at rates between 2.32
and 1.41 umol Cklg OM* d*. Methane was also produced in the next depthviakerf 5 to

10 cm and contributed between 6 and 15%. Howeespite the long anaerobic incubation
time, at least one replicate per depth below 10damnot produce methane at detectable
levels. Such incapacity for Ghproduction in layers below 10 cm depth was alsdiocoed

by the anaerobic control incubations from 20 andcB0 depth for up to 320 days under
anaerobic conditions (Supplementary data S1). Ratesntrol jars did not differ to the other
samples during the anaerobic phase for a giverhd&upplementary data S2) and decreased

over time (Supplementary data S1).

3.1.2 Aerobic phase
Aerobic CQ production rates were on average between 110 4¥%dhigher than anaerobic
ones depending on depth and AFP (Fig. 1). Rat8ssatm contributed between 48 and 67%
of the depth-aggregated GProduced and ranged from 38.81 to 13.87 pumo} §OM* d™.
The following layer (5-10 cm) contributed betwedhand 19% with rates ranging from 6.77
to 3.08 pmol C@ g OM™* d'. The contribution of deeper layers (between 15 Bddtm)
ranged between 10 and 1 %. Statistical differefclbswed the same pattern as during the
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anaerobic phase. The effects of soil moisture @a @oduction were not apparent; as peat
became drier rates varied randomly and no considtegttion of change was observed under
the investigated moisture range.

During the aerobic period, GHbroduction was inhibited in the peat. This inhiwtidid not
occur immediately though, as up to 1.27 pmol,@HOM?* d* were produced in samples of
the upper 5 cm-thick layer exposed to air for 6sdaty~5% AFP.

Changes of BD, ash content and total porosity waigh depth are given in supplementary
information (Supplementary data S3). There weratipessignificant correlations between
BD and ash content and between ash content andpmtasity, and significant negative

correlation between BD and total porosity.
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Figure 1. CO, production rates from different peat depths mesbun incubations during
anaerobic conditions (~water saturation) and aldifigrent soil moisture during a drying
process under aerobic conditions at 11°C. Moistsrexpressed as % air filled porosity
(AFP). Bars represent the mean of three replicategsured at different times under a given

condition and error bars indicate one standardatiewvi around the mean.
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3.2 Effects of temperature, drought duration and intensity on CO, and CH, production:
3.2.1 Initial anaerobic phase

Anaerobic CQ production was initially 35.68 + 4.83 at 11°C, &@38 + 4.56 umol Cg
OM™ d?! at 20°C and slowed over time by an average faaft@ (20°C) and up to 3 (11°C)
during the final measurements in this phase, astitited in Figure 2. In contrast, £H
production accelerated during this phase from +.236 to 2.21 + 1.60 pmol CHy OM* o

! at 11°C and from 6.72 + 4.65 to 14.92 + 2.68 p@bl, g OM* d'at 20°C. Accordingly
CO,:CH, ratios decreased over time to 9.76 = 9.81 at 1¥@ 1.66 + 0.25 at 20°C.
Anaerobic CQ@ production and methanogenesis were positively etated at both
temperatures and were significantly greater at 20D at 11°C. Mean fQvalues were 4.51
for methanogenesis and 2.32 for anaerobig @©duction. At a given temperature anaerobic
CO; production did not differ among treatmen&s< 0.99 at 11°C an = 0.16 at 20°C). At
11°C, CH, production rates were similaP & 0.84) but at 20°C, rates did significantly diffe
among treatments. The variability among treatments$ the effects of temperature on CH
production rates during this initial phase are shawrFigure 3.
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Figure 2. Evolution of CQ and CH production rates for the wet — short treatmenke(fi
symbols) at 11 and 20°C undergoing a wet-dry-resyele. For clarity, only these treatments
are shown. In the aerobic phase, the measurememkedhavith a cross was performed at
water saturation. The following 3 values, used fimther statistical comparisons among
treatments, correspond to the drying intensity dodation stated in Table 1. Permanently
anaerobic controls are shown in open symbols. BPontticate mean values and error bars
represent one standard deviation of three repficate
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Figure 3. CH, production rates in the upper peat layer (0-5 omgasured during the initial
anaerobic phase illustrated in Figure 2. Valuesastiee significant temperature effects on
CH, production and the variability among treatmentthinia given temperature. The dotted

line shows the mean of each treatment.

3.2.2 Aerobic phase

Rates of CQ@ production were significantly faster than in thr@earobic phase and at the high
compared to the low temperature (Fig. 4). Dryingation significantly lowered mean GO
production but AFP had a minor effect (Table 2).iM@ortant interactions among the factors
were found and only the three way interaction (Terafure x AFP x Duration) was almost
significant @ = 0.057). Based on averaged data of each treatthen¢ffect of AFP, duration,
and temperature, was quantified. Changing fromidlaeto the high level (refer to Table 1)
raised CQ production by a factor of 1.03 (AFP) and 2.12 (pemature) and lowered it by a
mean factor of 1.24 (duration), respectively. Me@qp value was 2.99 for aerobic GO
production.

As observed in the profile experiment, £ptoduction rates ceased during aerobic conditions
but not immediately as methane production (0.05 [u@td, OM™ d™*) was still detected 15

days after air exposure at 11°C.
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Figure 4. CO, production rates in the upper peat layer (0-5 omgasured during the initial
anaerobic phase and during the posterior aerobéseplunder different drought scenarios
(refer to Table 1). The statistical effects of temgture, air filled porosity and drought
duration are shown in Table 2.
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Source df Mean square F P
Temperature 1 10992.01 323.12 <0.001
AFP 1 55.94 1.64 0.218
Duration 1 999.85 29.39 <0.001
Temperature x AFP 1 84.57 2.49 0.134
Temperature x Duration 1 20.53 0.60 0.449
AFP x Duration 1 27.58 0.81 0.381
Temperature x AFP x Duration 1 143.16 4.21 0.057
Error 16 34.02

Table 2. Three-factor repeated measures ANOVA assessingfteets of temperature, air
filled porosity (AFP) and duration on aerobic £@oduction rates in the upper peat layer (O-

5 cm).

3.2.3 Final anaerobic phase

After rewetting and under anaerobic conditions,haeé production restarted after some lag
time and increasingly and non-linearly recovered. make the recovery quantifiable and
comparable among treatments, rates were standdritizare-drying levels, regressed against
time and lines were fitted to the mean values usirsigmoid function (Fig. 5). Post-drying
rates were usually lower than pre-drying for thenitayed period, except for the cold — wet —
short treatment. At both temperatures, wet treatmescovered initially on average faster
than dry treatments, although such differences wetemaintained over time (Fig. 5). At
11°C, the initial CH production recovery ranked wet — short >> wet Rgle dry — short

dry — long. This pattern was also maintained at22Based on the available data for the short
treatments. The fitted lines illustrate that calglatments required more time for substantial
CH, production and thus reached the “final” producticonditions later than at warmer
conditions (Fig. 5).
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Figure 5. Recovery of CH production over time in the upper peat layer (0rb) after
rewetting of each drought treatment (refer to Tdl)leRecovery is expressed as % relative to
the production of each sample during the initiahenobic phase, previous to the drought.
Points indicate mean values for each treatmenteamuat bars one standard deviation. Curves
fitted to the data of each treatment follow a siginfunction to illustrate the non-linear
recovery of methanogenesis. The wet — short trestatel 1°C reaches 225% (not shown for

clarity).
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4. Discussion

4.1 Depth distribution of production rates and drying effects on peat respiration

Our experiments demonstrate that both,@ad CH were mostly produced in the upper 5 cm
layer of this fen peat (Fig. 1), where fresh platter was provided and root activity and
exudation were likely at a maximum prior to samglias demonstrated B3C-labeling in an
earlier paper (Knorr et al.,, 2008a). This depthtriigtion of production rates has
consequences fon situ respiration related to WT position. In previousrkia was found that
experimental changes in WT deeper in the peat,iwhioadly serves as a boundary between
oxic and anoxic conditions, had little influence ©@, fluxes at the site (Knorr et al., 2008b;
Muhr et al., 2010). Similar findings have been mpd also from other sites (Chimner and
Cooper, 2003; Lafleur et al., 2005; Silvola et 4896). To relate such findings to our results,
we aggregated the determined aerobic and anaepobdtction rates using a hypothetical
WT as control for both modes of respiration, andnttplotted C@ emission from soil
respiration against WT (Fig. 6). According to thegercise and in agreement with our
hypothesis the increase of g@roduction due to a switch from anaerobic to aeerob
respiration with hypothetical WT decline would haiM#ie effect below a depth of 5 cm
because of the subordinate contribution of thegerdé&ato soil respiration (Fig. 6). As the
mean annual WT position at this site was 15 cmvieg@leat surface in 2008 and 2009, drought
events with WT falling deeper than 15 cm are thoigaly to raise production and G@ux
substantially. Such an interpretation is in agregmwith the previously mentioned
experiments at this site reporting no major eftdd€ O, exchange during experimental drying
(Knorr et al., 2008b; Muhr et al., 2010), and algith diminished CQ emissions during
flooding conditions (S. Wunderlich, pers. commutita).
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Figure 6. Hypothetical CQ emission from the peat profile (filled circles,cubations at
11°C) subjected to different WT position based acodpction rates from Fig. 1 and averages
of all aerobic and anaerobic rates for a given leyT was assumed to constitute the redox
boundary between aerobic and anaerobic conditi@meor bars refer to one standard
deviation. Note that hypothetical emissions douwtihen WT drops between 0 and 5 cm depth
but such substantial increase does not occur withdr lowering of the WT. For comparison
mean peat respiration emissions obserieditu at different locations undergoing drying
during May-July 2008 are displayed as well (emptgnisols, chamber measurements from

Muhr et al., 2008; error bars represent standawd,ar1=3).

The results are also in agreement with the welkkndact that peat material becomes more
recalcitrant against decomposition with depth, w&h increasing age of the peat (Hogg,
1993). Extensive evidence has been presented hapfdduction rates in incubations are
highest near the peatland surface and decreasedejitin (Basiliko et al., 2005; Hogg et al.,
1992; Jaatinen et al., 2007; McKenzie et al., 1988ddington et al., 2001; Yauvitt et al.,

1997). Regarding the response of peat respiraioVT position and drying and rewetting,
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the decline in C@ production with depth is thus critical. Our resuihdicate a small
contribution of depths > 10 cm and such patternates been reported elsewhere (Jaatinen et
al., 2007; Jaatinen et al., 2008; Waddington et 2001), whereas in other studies this
decrease of COproduction with depth was not as sharp (Basilikale 2005; Hogg et al.,
1992; Waddington et al., 2001). Such differenceslyi mirror the long-term conditions under
which peat decay has occurred, in particular watspect to the average position of the WT
(Laiho, 2006). Sites with a deeper long-term WIbwalfor a longer exposure of buried OM
to aerobic decay. The zone of high peat decomplityabithen shallow and often well above
the zone where WT typically fluctuates. Our reswdte in agreement with the broader
hypothesis that “dry peatlands” show little respored CQ flux to temporary drought,
whereas a greater increase in Q®oduction will occur in sites with a WT closer tioe
surface (Lafleur et al., 2005).
Regarding CH production the contribution of the upper 5 cm oétpe&as even greater than
that of CQ as methanogenesis was irrelevant or not detecialidgers below 10 cm. These
results are roughly in agreement with previous measents in mesocosms showing a more
rapid potential for recovery of methanogenesihadurface peat after rewetting (Knorr et al.,
2008b). Previous studies in wet grasslands alsadidhe greatest CHproduction in the
upper soil horizon (Van den Pol-Van Dasselaar et 1899) but the distribution of GH
production in peats was generally more variabla ttat of CQ production (Glatzel et al.,
2004; McKenzie et al., 1998).
Temperature was shown a major control for both @@duction and methanogenesis in our
incubations as shown in many investigations befdfe.report mean {Q values falling in the
range of previous reports and a higher temperatapendency of methanogenesis than of
CO, production (Blodau, 2002). Upper peat layers ugden situ greater temperature
variations as the influence of air temperature eatpemperature decreases with depth. Thus
peat respiration and methanogenesis are likely notosely related to air temperature in
peatlands with a substantial contribution of thpargpeat layers to Gnd CH production,
as is the case in the Schléppnerbrunnen fen. Wheeiuobserved that the duration of drying
significantly decreased average aerobic, @@duction rates (Table 2), contrary to what we
had hypothesized. This finding suggests that miafaubstrates became limiting with time
after drying began and confirm that large initiaspiration pulses following an anaerobic-
aerobic transition (Blodau and Moore, 2003; Kndrale 2008b) are unlikely to be sustained
over time. To ascertain if longer dry periods disad to substrate limitation and lower peat
CO, production under natural conditions, as observedur incubations, is speculative.
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Nonetheless, such a substrate limitation related¢hto length of WT decline has been
suggested to occun situ in a fen (Jaatinen et al., 2008). The responsdraaght duration
seems to be related to the peat type; long-termgttohad a larger effect in a bog and an
oligotrophic fen than a short-term drought but imasotrophic fen, the ranking of effect
strength was short-term > long-term (Jaatinen.eR8D7). These findings suggest that during
drought microbial substrates might become moredtapiimiting in nutrient-rich sites
compared to other peatland types. Anaerobi¢ @©duction also decreased with incubation
time (Fig. 2), was high upon rewetting and decréaafterwards. Water tables fluctuate
constantly and these results suggest that repesited transitions between aerobic and
anaerobic would lead to the highest {foduction rates under both conditions.

The small influence of AFP on GQroduction (Table 2) suggests that moderate clsamge
moisture occurring during WT drawdown do not subt#dly influence CQ fluxes from
these peats, which was an unexpected finding. We hiave to conclude that a variation of
WT position in the deeper peat and moderate chamgemisture in the uppermost reactive
peat layer have little or no effect on g@roduction in this site. To what extent these ifigd
can be extrapolated to other sites is uncertaioch Sun extrapolation requires knowledge of
soil structure parameters, such as pore size amdectvity, that influence the fraction of a
soil exposed to anaerobic conditions at low AFFhj@ming et al., 1999) and the soil surface
area affected by desiccation at higher AFP (Richandd Kump, 2003). Relative to initial
water saturation conditions, GQ@roduction is expected to increase during peaydiaition

up to an optimum when further drying leads to arel@®e. Under aerobic conditions, £O
production in our incubations was consistently loagthe beginning of the drying when peat
was near water saturation compared to drier cardit(note marked cross in Fig. 2). Aerobic
CO; production increased at AFP >0%, but randomlyadarip to AFP values <50% (Fig. 1)
without an apparent pattern for the tested conubtidherefore “optimum” moisture for GO
production in this peat seems to cover a broad eaofy unsaturated conditions. This
insensitivity of respiration to soil moisture may belated to site disturbances such as
drainage; CQ production was shown to stay lower and relativ@ystant for even a wider
range of AFP conditions in drained compared to nahisites (Waddington et al., 2001). Such
response is in agreement with our findings in tbkl&pnerbrunnen fen as the site is known
to have been drained in the past.
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4.2 Drought effectson CH4 and its production recovery upon rewetting

In both experiments, we observed £id be produced for a few days following exposure t
air during the drying period. This phenomenon sstgthat @ did not penetrate uniformly in
the peat matrix, which apparently provided anaerahicroniches, a trait that has been
previously postulated for this fen soil (Knorr ét, 2008b). Activity of methane oxidizing
bacteria might have also contributed to the dedlnenethane release after venting of the
incubation flasks (Jaatinen et al.,, 2005). Otheswtise response to drought and oxygen
exposure was expected and can be related to impatiethanogens, strict anaerobes (Fetzer
et al., 1993; Kiener and Leisinger, 1983; Kim et a008). The fairly short delays observed
for a marginal recovery of methanogenesis espgaalhigher temperature (Fig. 5), that have
been also reported from mesocoms experiments hatbetpeats (Knorr et al., 2008b), may be
related to an adapation of the communities to omyskeess (Oquist and Sundh, 1998). In
agreement with field measurements in peat fromstpgads (Van den Pol-Van Dasselaar et
al., 1999) production patterns among samples readaconsistent over time; samples with
high rates of methanogenesis before drying uswddlg recovered first, particularly at low
temperature.

We monitored post-drying CHates and standardized the recovery to pre-dmates (Fig.

5), which indicates a relative rather than absohgeovery of the process and a relative
impact on the methanogenic population. The noralirghape of the curves agrees with the
evolution of CH production in incubated peats (Leffelaar et @99 and references therein).
The authors argued that Ghbroduction follows three distinct temporal phages- low
initially, Il — high in the middle, Il — “stablefinally) each controlled by different factors (I —
electron acceptors, Il — growth of methanogenss;-IHnaerobic carbon mineralization). We
observed the delay for the onset of gioduction (Phase 1) to be related to the droegknt
with more severe drying requiring a longer lag dorinitial recovery. More intense drought
events lead to higher concentrations of electraepiors in this fen peat (Knorr et al., 2009
and Estop-Aragonés, unpublished results). Suchwanef electron acceptors is thus very
likely to have occurred in a similar manner in mwubations and may explain the observed
pattern in the lag time for the onset of Obtoduction recovery. The data also suggest higher
temperature to shorten this initial recovery phasapared to the colder treatments. A shorter
delay on methane production with increasing tenmpegawas also observed in incubations
from drained fen soils undergoing water saturaiierman et al., 2009). The faster depletion
of electron acceptors substrates under warmer gonsliargues for such finding as increasing

temperatures are expected to speed up the onsall ghases (Leffelaar et al., 1999).
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According to this reasoning, colder treatments ireglulonger to reach full recovery (Phase
[l). At this final stage and assuming that the maned period after rewetting was long
enough, CH production was on average lower at 20°C comparékat at 11°C. Considering
the previously mentioned substrate limitation, tireater rates associated with the high
temperature must have led to faster substrate titaplevhich could explain the lower final
CH, production observed at the high temperature treatnPPrevious experiments supplying
amendments to slurries from this fen also showedl tiethanogenesis rates were substrate
limited (Hamberger et al., 2008; Wust et al., 2000)this regard, it must be again remarked
that during the initial anaerobic phase, the higk4, rates at 11°C were observed at the end
of the phase whereas they occurred earlier at 209€possible that methanogenic substrate
depletion already occurred during that phase. Olyense suggest that CHproduction
recovery under warmer conditions occurred fasteabse of more rapid electron acceptor
consumption and levelled off at a lower level besawf substrate limitation in the

incubations.

5. Conclusions

The frequency of drying and flooding is predictedricrease in many regions with substantial
peatland cover (Meehl et al., 2007) and more fragjaaed intense shifts in WT position and
between aerobic and anaerobic conditions in paat®expected. The depth distribution of
production rates, the degree of change upon shift inaerobic to aerobic conditions and the
mean WT positionn situ were considered to assess the impact of tempdranght on peat
respiration. As documented in many studies, we mBsgeoxic conditions to substantially
raise CQ production, by up to 110%, and to inhibit prodaotof CH,, even for considerable
time periods after rewetting. The effect of dryimig aggregated soil respiration was limited,
however, because G@roduction rates sharply decreased with depthupper 5 cm-thick
peat layer contributed about 50% to the total, @@duction in this fen soil. Water table
fluctuations and associated shifts in oxygen abdity and the mode of respiration below
this depth had thus only a small impact in our nhaestem. Therefore, the study lends
further credibility to observations and experimérftadings that changes ah situ WT
position have a smaller impact on soil £€fflux in dry bogs and degraded fens than
previously thought. Within individual soil layermpacts may already occur from short and
moderate drought, because more intense or longengdidid not raise C@ production
further, within the limits of soil physical condiis applied and observéa situ at the site.

The lack of response to more intense and longengliiypay be attributed to adequate oxygen
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availability at relatively low AFP and an evolvirgubstrate limitation soon after drying
begins. In contrast, drying intensity and duratioore substantially influence the recovery of
CH, production, which took longer after more intensgrdy and at the lower experimental
temperature. Given an unchanged frequency, moenset and longer drought will thus
probably suffice to lower methane emissions aftewetting in electron acceptor-rich
peatlands. This should especially be the case wbittemperatures are low, such as in early
summer, because electron acceptor stores thenoreget time to be depleted.
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Supplementary data

The supplementary data for this study includes tales §1 and S2), a figure §3) and a

picture.
Depth (cm) Initial Final
CO, 5 11.41 (2.63) 5.32 (2.62)
20 1.62 (0.40) 0.99 (0.19)
50 0.60 (0.42) 0.46 (0.12)
CH, 5 0.01 (0.03) 1.16 (1.09)
20 0.00 (0.00) 0.01 (0.02)
50 0.01 (0.02) 0.00 (0.00)

Table S1. CO, and CH production (umol g OM d%) during the initial (days 6 to 32,
measured in 4 occasions) and final (days 253 tq B#&€asured in 9 occasions) phase in
anaerobic controls in the depth distribution expent. No measurements were performed in
between. Values are means (x SD) of each depth.

Depth (cm) Control No Control

CO, 5 9.87 (3.72) 10.33 (3.18)
20 1.50 (0.43) 1.21 (0.32)

50 0.57 (0.39) 0.80 (0.53)

Table S2. Anaerobic CQ production (umol g OM d?) in controls and no control jars during
the anaerobic phase (before the drying). Valuesreans (+ SD) based on measurements at
days 6, 12, 20, 32, 253 and 260.
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Figure S3. Bulk density, organic matter (OM) content and ft@@rosity in the peat profiles
investigated in the depth distribution experimdtints are mean values and error bars are

one standard deviation of three replicate cores.

|
Picture of the upper horizon of the fen peat profile ob¢al using a corer for the depth
distribution experiment. Visually, hemic peat wamdly identifiable. Vegetation remnants

were only recognized in the upper 1-2 cm and pelavbwas highly decomposed, i.e. sapric.
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Abstract

Changes in hydrological conditions are expectedraag alter carbon cycling in peatlands.
Peat aeration with water table change has not carlynbeen investigated and the water table
Is often assumed to constitute the oxic-anoxic damy in peat. We analyzed temperature,
moisture, oxygen (&) and carbon dioxide (Cconcentrations in profiles of a temperate fen
during two seasons. A drying-rewetting cycle arabdling were induced and compared to
controls. The response of moisture and water tpbsgtion varied greatly and was related to
gradients of peat compaction and ash content. Baakg drought raised air filled porosity
(AFP) to a maximum of 15 — 38% in shallow peat axgerimental drought up to 50%.
Decline in water table and soil moisture broadty e G penetration and C{Qlegassing and
rewetting and flooding to anoxic conditions and C&&cumulation in peat pore water. In
dense peat witlr 20% ash content the unsaturated zone remainety pant in oxygen,
however, and up to 5% AFP and 20 cm above watde t@ concentrations frequently
remained below 50 umol L-1. Moderately intense simoirt drying did not induce substantial
oxygen penetration in the compacted soil profilds likelihood of presence of oxygen in the
peat was predicted by logistic regression usingmable and ash content or bulk density as
predictors (p < 0.0005). The model is potentialseful for predicting the position of the
redoxcline in peat deposits and may assist in impgp statistical models of trace gas

emission from peatlands.

1. Introduction
After the last glaciation, the imbalance betweeimpry production and decomposition has
resulted in a globally relevant storage of orgazacbon in two important peatland types,
ombrotrophic bogs and minerotrophic fens (Turunemlg 2002; Vasander and Kettunen,
2006). In Canada, for example, bogs account fdve6dhd fens for 32 % of the total peatland
area of 1136 thousand KnfiTarnocaj 2006]. The long-term C sink function of peatlahés
been variable in response to changes in climate @006). Among the several impacts
related to climate change, the frequency of draugimd flooding is predicted to increase
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(IPCC, 2007) thus raising concern about the regpoh€& cycling in these ecosystems during
such events.
Peats are predominantly submerged soils, where esxygput is limited thus favouring
anaerobic respiration and leading to slow decontiposirates and peat accumulation.
Changes in water table are related to shifts imk@eranaerobic respiration and have been
shown to influence both Gnd CH emissions from peat soils (Aurela et al., 200&ekRtan
et al., 1993; Moore and Knowles, 1989). Oxygen irgiso is a critical factor for the renewal
of inorganic electron acceptors that potentiallpmess methanogenesis (Knorr et al., 2009)
and for the activation and deactivation of exo-emey that may be critical controls in peat
decomposition (Freeman et al., 2001). Other fadtwascontrol peat respiration include: peat
organic chemistry (Yavitt et al., 1997), humificati degree (Glatzel et al., 2004), peat
temperature (Hogg et al., 1992; Minkkinen et aiQ0?), peat moisture (Hogg et al., 1992;
Waddington et al., 2002) and nutrient content (Minkn et al., 2007). Usually, GO
emissions are greater during dry and warmer camditiBubier et al., 2003; Silvola et al.,
1996) and lower during flooded conditions (Hoggakt 1992; Moore and Knowles, 1989).
The water table is commonly assumed to establistotiic-anoxic boundary in peats and has
been used, together with temperature, to preditaxes (Lafleur et al., 2005; Waddington et
al., 1998). In contrast, other findings indicatattthis assumption is not always valid (Deppe
et al., 2010). However this last study was basethermeasurement of reduced redox active
species rather than oxygen concentrations and ekeréormation about oxygen dynamics in
peats during water table fluctuations.
Peat soils typically have high porosities and aseally water saturated. When water table
drops, a fraction of the pore space volume, preshofilled with water, drains and air filled
porosity (AFP) increases. As diffusion is 21ibnes faster in air than in water, AFP is thought
to greatly control transport rates of gases, ix/gen and CQ in the peat profile. Thus,
dissolved inorganic carbon (DIC) and dissolved @wyd@DO) concentrations in peat pore
water reflect the balance between transport andowar rates of these gases, which are
affected by changes in AFP as water table fluciufDeppe et al., 2010; Knorr and Blodau,
2009). Previous findings showed that water talbdat physical properties and water retention
capacity €AFP) are related; periods of lowered water tableulted in more dense peat
(Mulqueen, 1986; Okruszko, 1993) and more densd pad a higher water retention
(Boelter, 1969). The greater total porosity in wmpacted compared to compacted peat
implies a greater water storage under saturateditbmms but under a given suction, the finer
pore-size distribution associated with more comgxhgieat resulted in a lower water yield
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coefficient and higher water content (Boelter, 19@&uttler et al., 1994; Price, 1996;
Schlotzhauer and Price, 1999). A further effectrfroompaction is the higher amplitude of
water table fluctuations due to the lowered spegifeld in peat (Price, 1996). Thus, peat
compaction controls moisture contents during waadte change and also influences gas
content in peat, i.e. oxygen and £€ncentrations. This control is particularly relevan
drained peatlands, which cover several hundredstmml knf worldwide and contain more
decomposed and compacted peat soils (Parish 208B).

Predictingin situ peat moisture from the position of the water tablaot straightforward, as
the relation between AFP and water table was shionmme hysteretic and greatly affected
those peat layers closer to the water table positelliner and Halldin, 2002). Changes in
water table may be disconnected from changes ihnsoisture since water loss due to
evaporation or gain during precipitation events rmagur in the unsaturated zone, especially
close to the surface, without affecting the phreatne (Price, 1997). This internal water
cycling (dewfall/distillation) has additionally beehown to rapidly influence G@missions

in the unsaturated zone (Strack and Price, 2009hi$ regard, most studies reporting soil
moisture dynamics during water table change am fsrogs whose soil rigidity, depending on
the site, can be considerably lower than in fens.

In this study we tested the hypotheses that a)ianexommon in the water-unsaturated zone
of dense peat soils and that b) occurrence of analBove the water table can be predicted
from bulk density and mineral content of peats.tiis end we monitored belowground DO
and DIC concentrations and soil moisture in conplats and experimentally dried and
flooded plots in a degraded northern temperate Tée. effects of treatments and of natural
water table change were analyzed and related tghlysical peat properties. We further
developed and tested a logistic regression modeichapredicts the position of the oxic-

anoxic boundary in peat soils based on physicdl pregperties and water table.

2. Material and methods
2.1 Sitedescription
The Schléppnerbrunnen site is a small (0.4 hapsonbus fen located in the Fichtelgebirge
region, northeast of Bavaria, at an elevation @ualy50 m a.s.l. surrounded byaea abies
forest. Peat extraction for glasswork industryikelly to have occurred historically as inferred
from deteriorated drainage ditches in the site. iMaanual precipitation (1961-1990) was
1156 mm and mean annual temperature 5°C. It magobsidered a moderate rich fen (Vitt
and Chee, 1990). Vegetation is dominated by vasgldats and include®lollinia caerulea
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Carex rostrata Carex canescenduncus effusydNardus strictaand Eriophorum vaginatum
(Knorr et al., 2009; Muhr et al., 2010). Plant dosls form a small hummocky
microtopography and the narrow hollows between trem either colonized by sparsely
found Sphagnumspp.patches or covered by decaying litter from vascplants. The peat is
well decomposed (H7-H9, von Post scale) and ~5@#iGthick with argillaceous material

(clay) lying beneath it.

2.2 Water level manipulation and measurements

The study site is displayed in Figure 1 and has lpeeviously described (Knorr et al., 2009).
Water table was manipulated in three plots (D1, @2 D3; D plots) and compared to
controls (C1, C2 and C3; C plots) with drainagelths installed in 2006. Groundwater flows
from north to south following the site surface €°). D plots, located downstream, were
drained and rewetted in 2008 and flooded in 2008iHage was accomplished by preventing
precipitation with a temporary roof and pumping edter from the ditches in D plots in
2008. Drainage lasted from day of year (DOY) 165IUDOY 218, when rewetting took
place by sprinkling an irrigate similar to rain wa{Knorr et al., 2009) at a constant rate (0.42
m3 h%) providing 103 mm for ~8 hours. The roof was themoved and water table allowed
fluctuating naturally in D plots until the floodingn 2009, water from a nearby creek was
withdrawn and permanently and homogeneously digethton D plots using perforated
PVC-pipes. PVC foils were additionally insertedtire surrounding edges of D plots to a
depth of ~30 cm. The flooding avoided water tahlettiations and lasted from DOY 135 to
DOY 303. Each plot received a minimum average ofrfi2a* discharged water (pH 4.6, in
mg L, DO ~6, nitrate ~3.75, sulphate ~14, DOC ~15, DEN) during the flooding, which
mostly ran off by overland flow. In each plot, poezeters with calibrated pressure
transducers (26PCBFA6D, IBA Sensorik GmbH, Seliggaits Germany) hourly recorded the
water table. Data from the 3 piezometers closeitesampling locations is used to report the
water table of each plot. Water table refers to distance between the position of the
groundwater table and the peat surface. Changsgriace elevation occurring during water
table fluctuations (Whittington and Price, 2006)revenot monitored but this process is
unlikely in our highly decomposed, compacted anallstiv peat deposit (Price and
Schlotzhauer, 1999). Besides, subsidence decredtbesme and physical properties become

stable with repeated drying (Okruszko, 1993), wisehsonally occurs at this site.
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Figure 1. Sketch of the fen site. Six experimental plotsshe@ x 5 m, were designed and
accessed using wooden platforms. Water table wasgpolated (drying/rewetting in 2008 and
flooding in 2009) in plots D1, D2 and D3. No marigiion took place in plots C1, C2 and

C3. Water from the main watercourse was useditgaie D plots during the flooding.

2.3 Installationsin peat profiles: samplersand sensors

In each plot, a ~30 x 30 cm pit was dug in a hollsing a saw to horizontally insert gas and
water samplers and sensors and refilled with thieaeted peat material. Gas samplers
consisting of 20 cm long rubber stoppered siliadpes (8 mm i.d., 10 mm o.d.), reinforced

by internal PTFE rings, and connected to the sarfacgas impermeable polyurethane tubes
connected to stopcocks were installed at 2.5, &, 10, 12.5, 15, 17.5, 20, 25, and 30 cm

depth. MacroRhizon® samplers (UMS GmbH) for pordervavere installed next to the gas
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samplers at the same depths. Additional samplesthigr profiles were also monitored (Knorr
et al., 2009). Temperature and moisture sensor<Cd0VHD; ECHO EC-5) were connected
to data loggers (ONS-U12-008 Synotech GmbH; EM&xdgon Devices, Inc.) and installed
at 5, 10, 15 and 20 cm, or at 5 and 15 cm deptpsrikng on the plot, to hourly monitor peat
temperature and moisture. Moisture sensor outpw exdernally calibrated against AFP.
Known peat volumes from different depths were of#di minimizing compaction and
submerged in water for days to ensure saturateditomms. Peat was left to dry while
recording mass and mV changes covering the rangalaés observed in field. Shrinkage
was not considered but it occurred with greatesrisity beyond the range of observed values
in the field. Total porosity was measured as thessgifference between saturated to dry
conditions. The calibration was repeated threedifoe each depth and data were pooled for
depth intervals 0-10 cm and 10-20 cm. Based onntalde data, at some time during 2008-
2009 all depths where sensors were instahesitu reached water saturation. The maximum
output from each sensor during the monitored peneas thus assumed to saturated
conditions (AFP = 0%). The difference to that maximwas then calculated over the time
series and converted to AFP using a three-ordgmpaiial function (Auxiliary Material S1).
Infrared CQ sensors GMP221 and GMP222 (Vaisala Oyj, Helsiskgled with PTFE and
silicon tubes measured G©@oncentration at 5, 10, 15 and 20 cm depth in @&lp in 2008,
similarly to a design reported previously (Jassalle 2005). Data was recorded hourly by a
MI70 data logger (Vaisala Oyj, Helsinki). The fremey of sampling allowed sufficient time
for diffusive equilibration (DeSutter et al., 2006)

2.4 Soil gas sampling, analysis and quantification

Samples (~7 mL) were generally withdrawn weekh\2008 and biweekly in 2009 using 10
mL plastic syringes (Carl Roth GmbH) and transimwathin 2 hours after collection into
RAM™ vials with screw caps PTFE / Butyl Liner 9 mm ¢ath). Error from diffusive loss
of sample while being in the syringe was at mog¥bwithin 2 hours based on preliminary
tests. Concentrations of,Gand CQ were measured by gas chromatography and thermal
conductivity detection (Agilent GC 6890, Carboxeuenn) and quantified with certified gas
standards (C¢ and dilutions from synthetic air ¢D Due to the sample transfer from the
syringe to the vial, @up to 13045 ppm (~24 pmol*LDO, 6% oxygen saturation) was
occasionally detected in,Mlushed vials; all @concentrations reported here were corrected
for such potential contamination and may thus uestenate true @concentrations by 0 to

24 umol L%, Dissolved concentrations (DO and DIC) of the riead gases were calculated
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based on Henry's constant which were corrected téonperature based on Lide and
Frederikse 1995 values (Sander, 1999). Concentsatod DIC consider the carbonic acid
equilibrium constant (Stumm and Morgan, 1996) dadlissociation based on depth-specific

measured pH values (not shown).

2.5 Peat physical propertiesand FTIR spectrain peat profiles

On each plot, a peat core was extracted with aishnimox corer and cut at 5 cm intervals up
to 40 cm depth to characterize bulk density (B3Jy eontent and peat humification. Samples
were dried (70°C) until constant mass to deternidi2 Ash content (inverse to organic
matter content) was determined in duplicate by hautirnace at 550° for 5 h and expressed
as percentage of the remaining mass. Peat orgaattermwas characterized by FTIR
spectroscopy on pellets from homogeneous dried ggaples (2 mg) mixed with KBr (200
mg) using a Bruker Vector 22 FTIR spectrometer wethesolution of 2 cfhin the region
4000 to 800 cm and baseline correction. Absorption peaks werigasd in the frequency
region 1600 to 1650 cincharacteristic for aromatic structures and, aréggon 1030 to 1080
cm’ characteristic for polysaccharides (Artz et al0&). Based on the maximum intensity
recorded at those regions, a FTIR ratio (aromgtdgsaccharides) was calculated as a peat

humification index.

2.6 Statistical analysisand logistic regression
Dynamics of DO and DIC concentrations and moistar¢he profiles are illustrated using
kriging as interpolation method in Surfer 8 (Gold8oftware, Golden, USA). Monitored
variables did not follow normal distributions henite reported correlations are based on
Spearman’s rank correlation tests.
Based on the measured DO concentrations, we uggstitoregression to predict oxygen
penetration in the profile at specific % saturatvath peat physical properties (ash content or
BD) and the relative water table (RWT) as prede{@PSS 18 for Windows). This technique
yields the logistic coefficients of the predictonghich are used to calculate the probability of
an outcome, in our case, presence of oxygen in gteat% saturation level. Measured DO
concentrations were converted to % oxygen saturatsing temperature (U.S. EPA). Oxygen
saturation followed a bimodal distribution (a peztkmode below 20% and another above
80%); values were thus rescaled into a dichotonwdgmal variable (presence = ‘1’ and
absence = ‘0’) necessary for the analysis, whilaimmizing the loss of information (Spicer,
2005). Based on this bimodal distribution, to defipresence and absence of oxygen’ in each
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sample, different % oxygen saturations thresha@s 50 and 75%) were used, thus yielding
specific coefficients for each level. From our alaéions, an event (‘1’-assigned) implied
oxygen saturation higher and a non-event (‘O’-as=iy equal or lower to that level. The
RWT refers to the distance between the positiothefwater table and an arbitrary datum in
the profile; negative RWT values indicate wateusgted and positive RWT values indicate
water unsaturated peat horizons. The data setdedldata from 5, 10, 15, 20, 25 and 30 cm
depths amounting to 1275 measured DO concentratibhe analysis of the logistic
regression results included an overall evaluatibnthe model, tests of significance of
individual predictors, goodness of fit statisties, assessment of the predicted probabilities
and an analysis of the misclassifications, as reeended in a report reviewing this method
(Peng et al.,, 2002). This technique has been pushjoapplied in studies to predict the
occurrence of bogs using landscape topographynrdton (Graniero and Price, 1999) and of

runoff events based on the characteristics of stdkiorrall et al., 2007).

3. Results

3.1 Water table, BD and ash content gradients

The site was characterized by lateral gradientenms of average water table, BD and ash
content. C plots had higher mean water table thapldds, and northwestern plots than
southeastern ones. BD and ash content generaligased from northwest to southeast in the
upper peat layers, particularly in C plots (Tabje The ash content was high and variable
ranging from 8.6 to 63.9 %. We found a positiverelation between BD and ash contgmg(
0.0005) and no correlation between the humificatnalex (FTIR ratios, also shown in Table
1) and BD p = 0.4) or ash contenp & 0.89). Based on the FTIR spectra (Auxiliary Meter
S2), peat did not become enriched in aromatic nesieelative to polysaccharides with depth
and lateral gradients were not identified eitheas& on depth interval averages of all
profiles, the lowest ratios were measured in dewpltter down to a depth of 1 cm. Visually,
hemic peat was barely identifiable or nonexistenthe profiles; vegetation remnants were

only recognized in the upper 1-2 cm and peat b&aw highly decomposed, i.e. sapric.
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Period D1 D2 D3 Ci1 C2 C3

WT -12 (20) -17 (23) -24 (19) -14 (10) -17 (12) 19)

"WT  -11 (5) -17 (6) -28 (7) -13 (5) -12 (5) -12 (6)

WT -66 (7) -75 (10) -68 (11) -34 (16) -38 (18) Q0)

WT  3(2) 1(2) -8 (3) -12 (7) -17 (11) -21 (10)

I[;fé’rt\t‘al BD Ash FTIR BD Ash FTIR BD Ash FTIR BD Ash FTIR BD Ash FTIR BD Ash FTIR
0-1 - - 0.60 - - 0.67 - - 0.64 - - 056 - - 085 - - 0.62
0-5 0.09 200 091 009 171 1.13 013 17.0 0.79080.157 137 0.12 244 0.80 022 439 0.59
5-10 009 17.6 0.85 0.07 16.7 098 0.10 152 0.9407016.8 120 0.08 169 076 0.21 323 1.00
10-15 0.06 17.1 0.75 0.04 10.7 086 0.15 226 05806 155 0.84 0.13 269 080 0.19 36.7 0.89
15-20 0.06 189 0.73 0.07 265 041 018 308 1.28.05 127 0.71 0.14 258 091 0.14 249 1.16
20-25 020 289 0.85 0.07 194 056 0.17 258 1.10.07 183 0.76 0.22 358 068 0.15 482 0.79
25-30 0.27 20.6 1.01 011 157 051 030 20.7 05817 248 112 0.18 392 103 0.26 61.9 0.87
30-35 025 342 - 020 235 - 018 86 - 0.26 137 023 475 - 0.37 639 -
35-40 0.46 779 - 0.21 403 - 016 126 - 0.18 194 0.43 39.7 - 031 253 -

®All experimental period. Note differences betweepl@s (lateral site gradient).

PNo WT manipulation period. Note differences betwBeplots (lateral site gradient).
‘Reinforced drying 2008 period. Note WT manipulatéfects (compare D with C plots).
Flooding 2009 period. Note WT manipulation effe@smpare D with C plots).

®Ratio of maximum intensity in 1600-1650 ¢ifaromatics) to maximum intensity in 1030-1080c(polysaccharides) regions from FTIR spectra.

Table 1. Mean (+ SD) water table - WT (cm) during differgreriods, and bulk density - BD (g & ash content (%) and FTIR ratio at depth

intervals (cm) of the investigated profiles in fiets.
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3.2 Environmental conditions, water table manipulation and peat moisture

Air temperature averaged 6.9°C (2008) and 6.6°©%2@nd ranged from -16.4°C to 28.4°C.
The warmest month was July (15.6°C) in 2008 and usug(16.6°C) in 2009. Peat
temperature showed day-night cycles of decreasmglimude with depth and ranged between
0.2°C and 16.8 °C in C profiles at 5 cm depth. Ipidfiles, at 5 cm depth, drying lead to
~1°C higher maximum temperatures, whereas floodieygt peat ~1.5°C cooler than in C
profiles. Precipitation amounted to 957 mm in 2008 972 mm in 2009. Water table
fluctuated closely linked to precipitation eventslaleclined in summer. In 2008, water table
dropped to -50/-70 cm due to low precipitation dgriMay (33 mm) and June (31 mm)
compared to 2009, when water table declined onh258-45 cm. Thus, seasonal water table
drop in 2008 was more severe than in 2009 (C pldisg¢ treatment (D plots) effectively
changed the water table compared to controls (&)ltm 2008, the induced drying led to a
water table decline to -70/-80 cm for ~60 d andettwg resulted in water table recovery to -
10/-20 cm within few hours. In 2009, flooding (~1d@Pkept the water table constantly above
peat surface in D1 and D2 and at -8 cm in D3. Eduillustrates air and peat temperature,

precipitation and water table dynamics.
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Figure 2. Air temperature, precipitation and peat tempemtand water table (WT) dynamics
during 2008 and 2009. All data show hourly recoMste the inversion of the spatial gradient
in peat temperature in response to seasonalitywAter table rises were associated with a
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precipitation event under natural conditions (C tglo The effects of water table
manipulations during both seasons can be apprdc{@te, D2 and D3 compared to C1, C2
and C3).

Peat moisture reflected water table fluctuationd ARP increased with falling water table

(Fig. 3). In 2008, the induced drying in D plotadeto higher AFP values than observed
during the seasonal background water table drap profiles; at 5 cm depth, AFP reached
~50% in all D profiles compared to 38% (C1), 349%2)@nd 15% (C3). The AFP values also
reflected the intensity of the seasonal water tdbtg of 2008 and 2009 (C plots); peat was
wetter in 2009 (AFP at 5 cm depth reached 30%, 80867% in C1, C2 and C3 respectively)
than in 2008. During flooding AFP remained permdlyeat a calculated value of 2-4%,

which may reflect the limits of sensor calibratiand can be practically interpreted as water

saturation.
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Figure 3. Air filled porosity (AFP) in fen peat profiles dag changes in water table (solid
black line, not shown below 30 or 25 cm depth).|Btpwere subjected to drying/rewetting
(2008) and flooding (2009) and compared with natweter table changes (C plots). Note the
variable AFP response among profiles which is eelab BD and ash content (refer to Table

1). Blank spaces are lack of data and DOY mean®tiggar.

The relation between water table and AFP was sggmf in all profiles and depthg
0.0005) although AFP was not always directly cdtetbby the water table. We observed a
close relation between water table and AFP wherdath were lumped but more scatter
occurred if only the more frequent minor water ¢athlictuations (water table was between -5
and -20 cm 62 to 77% of the time, depending onptb® were considered (not shown). The
response of AFP upon water table change variedlgraamong profiles (Fig. 3); correlation
coefficients between water table and AFP variedvbeh -0.86 and -0.15, indicating such
variation between profiles and depths. This valitgowas related to the different peat
physical properties among plots (Table 1); thetimtabetween AFP and water table usually
became poorer with higher BD and ash content valaesllest changes in moisture during
water table fluctuations occurred in C2, and speadiiy in C3, where BD and ash content
were highest. Interestingly, greater amplitudethenwater table fluctuations were observed in
those depth profiles (C2, C3), likely due to thevdo specific yield resulting from higher
compaction and ash content. However, no correlatias found between the obtained water
table — AFP correlation coefficients and the cqroesling peat physical properties of each
profile and depthg=0.969, 0.763, 0.943 for BD, ash content and as&-BD, respectively).

3.3 Dissolved oxygen and dissolved inorganic carbon

The concentration dynamics of DO and DIC in peatepwsater are shown in Fig. 4 and 5,
respectively. Both dissolved gases negatively tated < 0.0005) and yielded a vertical
gradient in the peat profile which dynamically roned water table fluctuations. DO
concentrations were generally near saturation ifemansaturated peat, decreased with depth
and were typically depleted within the verticaltdiece of two gas samplers (2.5 cm). DIC
accumulated with depth and concentrations reacpeth & mmol [* with higher values in

deeper depths (not shown).
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3.3.1 Experimental drying, rewetting and flooding (D vs C plots)

Drying extended peat aeration and reduced peatsiifage capacity in D profiles. Peat was
exposed to oxic conditions by about an additio®atiFig. 4) and @penetrated deeper than
in C profiles (not shown). DIC concentrations desexl due to the degassing in all profiles as
water table declined but particularly in the enlehdrying D plots (Fig. 5). As water table
rose, either by manipulation in D plots or natwyailh C plots, a diminished oxygen
penetration depth and an increase of DIC conceémtsatwere immediately observed in all
monitored depths. Flooding resulted in permanepkianconditions (Fig. 4) and the highest

DIC concentrations in D profiles (Fig. 5).
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Figure 4. Dissolved oxygen (DO) concentrations in fen peafiles during changes in water
table (solid black line, not shown below 30 or 25 depth). Sampling frequency is indicated
on top with arrows. Note that the differences ilygen penetration are related to BD and ash

content properties among the investigated profiefer to Table 1).
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Figure 5. Dissolved inorganic carbon (DIC) concentrationsfeR to caption in Figure 4.

Additional temporally resolved DIC dynamics fronfrared CO2 sensors in D2 plot reveal
the same response than the manual samplers durenglriying and rewetting in 2008.
Concentrations of DIC (Fig. 6a) correlatgd<{ 0.0005) with AFP (Fig. 6b) whose changes
controlled CQ degassing and storage from peat pore water. Med<ti) effluxes strongly
followed the seasonal temperature dynamics (Figclbamber measurements fravtuhr et

al., 2011) rather than those from hydrology. During the dgyphase, no clear trend on £0
emissions was identified despite the continuous raodotonical AFP increase. Mean £0
emissions were highest upon rewetting but remaafiexniwards similar to those during drying
conditions despite the high water table (Fig. @&nissions markedly decreased matching

with the seasonal temperature drop at DOY ~260. @&y
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Figure 6. Dynamics of a) DIC concentrations measured from, Gé€nsors, b) air filled
porosity (AFP) at different depths and c) meanydait and peat temperature and measured
CO, emissions (chamber measurements fidomr et al., 2011) during the drying/rewetting
2008 in D2 profile.

3.3.2 Seasonal background drying and rewetting (C plots)

Both DO and DIC concentrations reflected the intgnsf the seasonal water table decline.
Oxygen penetrated to at least 30 cm depth in 2008102009 it kept depths of 15 cm in C1
and 25 cm in C2 and C3. DIC concentrations werezfow 2008 (~1 mM at 30 cm depth)

than in 2009 (~3 mM) (Fig. 5). Based on the sedswmater table drop in 2009, there were
temporal and spatial differences in peat aerat@lowing the water table decline. A time

delay for Q intrusion followed the order C3 > C2 > C1. Althbugpmewhat delayed, oxygen

penetrated deeper in C2 and C3 plots, in agreetoghe greater amplitude of the water table

fluctuation compared to C1 (see C plots in 2008, &#). These differences were related to BD

85



Study 2

and ash content, which increase, in the upperlpgets, from C1 towards C3 (Table 1). Also,

maximum DO concentrations were consistently loweC2 and C3 plots.

3.3.3Minor drying and rewetting (D and C plots)

Water table was allowed to vary naturally from DG%220 (2008) to ~140 (2009), a period
that we utilized for an analysis of the impact ofadler water table fluctuations on AFP, DO
and DIC concentrations. During this time, the uppeat layers of D plots were permanently
aerated in contrast to C plots. DIC concentratalee remained lower in D than in C profiles.
Peat in C2 and C3 was mostly anoxic and DIC comagohs remained high despite water
table declining to -15/-20 cm; only stronger watsdle fluctuations led to oxygen intrusion
and DIC degassing in such profiles (see DOY ~21& e2650 2008 in Fig. 4 and 5). In D
profiles, oxygen penetration depth increased indrger D3 > D1 > D2. While oxygen
penetrated down to the water table in D3 and Ddjdtnot in D2, where the ash content
increases at 15-20 cm depth (Table 1). This ineréassh content matches the low AFP of
~1% persisting above the water table in such layeéig. 3). Thus, the increases in ash
content and BD occurring at intermediate depththénD2 profile controlled changes in AFP
and limited oxygen penetration and DIC degassingnduwater table fluctuations. This
characteristic contrasts with the C2 and C3 ploetsgre aeration was inhibited in the profile
due to higher compaction and ash content in ugpers.

The outlined relationships between DO and DIC cotre¢ions and relative water table
(RWT) and AFP are summarized in Figure 7. DO cotrations increased with both higher
RWT and AFP values, whereas DIC concentrationsedsed. DIC values were fairly evenly
distributed along the concentration range but D@e&distinctly clustered at high and low
concentrations in a bimodal distribution. Low ort rdetectable DO concentrations at a
positive RWT of up to ~20 cm indicate that the waédble did not always constitute the oxic-
anoxic boundary in the peat (Fig. 7a). Instead, d@centrations between 0 and > 300 pumol
L often occurred within about 20 cm around the wéabte. In relation to the moisture as
control, an AFP higher than 5 and 10% made pea¢ paater likely and highly likely,
respectively, to be oxic (Fig. 7b). Thus, waterdalbas a relatively poor indicator of oxygen
penetration in comparison to AFP, which was in taeontrolled by differences in peat

physical properties (Table 1).
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Figure 7. Relations between dissolved oxygen (DO) and dissbinorganic carbon (DIC)
concentrations with relative water table (a, c) anth AFP (b, d). The relative water table
expresses the distance between the water tabléhandepth at which the sample was taken

from; negative relative WT indicate water saturapet and positive values refer to water

unsaturated conditions.

3.4 Logistic regression

To predict the presence of oxygen in peat we usgdstic regression. Knowing the ash
content with depth and the water table positiomvested into RWT, the probability of
oxygen present at a saturation level (either > 25%0% or > 75%) can be then calculated

for a particular depth. A statistical report of tiesults is shown in Table 2.
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Oxygen ) o Stand. o,

saturation Predictor Coefficient Error Wald'sy df P value

> 25 %° Relative WT (cm) 0.165 0.010 257.011 1 <0.0005
(838 no, Ash content (%) -0.031 0.010 10.797 1 0.001
437 yes) Constant -0.651 0.236 7.634 1 0.006
>50 %° Relative WT (cm) 0.200 0.013 221.722 1 <0.0005
(914 no, Ash content (%) -0.053 0.012 19.873 1 <0.0005
361 yes) Constant -1.062 0.280 14.416 1 <0.0005
>75%° Relative WT (cm) 0.170 0.012 207.006 1 <0.0005
(981 no, Ash content (%) -0.063 0.013 23.258 1 <0.0005
294 yes) Constant -1.332 0.300 19.756 1 <0.0005

Overall model evaluatiory® = 835.96%, 911.558, 817.024 (in all levelsp<0.0005, df 2).
Goodness of fit: Hosmer and Lemeshgiv= 17.053, 14.17%, 85.703. p = 0.036, 0.077,
<0.0005 (in all levels df 8).

Cox and Snell Rz 0.4810.517, 0.473. Nagelkerke R2: 0.6650.734, 0.716.

Overall correct classification (%): 86,790.2, 91.8. Specificity (%): 93.4 95.8, 97.7.
Sensitivity (%): 73.3 76.8, 73.5. False negative (%): 12,78.9, 7.6. False positive (%):
14.6', 12.7, 11.T.

Table 2. Logistic regression analysis of 1275 oxygen mesasents. Each oxygen saturation
level represents an individual model (no and yésrr® the number of measurements with

absence and presence of oxygen for a given % satyreespectively).

Both RWT and ash content were significant predgiareach oxygen saturation class. The
negative sign of the ash content as predictor ispinat the higher it's content in the peat is
the lower is the probability of oxygen to be prdsender a given water table. The model
containing all independent variables was statifyicgignificant for each oxygen saturation

level (p < 0.0005) and classified correctly at least 86.74%the cases. The specificity, i.e.

correctly classified non-events, and sensitivitg, correctly classified events, were at least
93.4% and 73.9%, respectively. False negative alse positive ratios decreased with raising
the saturation oxygen level, and were in the woege 12.7% and 14.6%, respectively.
Setting levels below 25% DO resulted in increasdskfratios. When the Hosmer-Lemeshow
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statistic (H-L) is significantg < 0.05), it implies the fit of the model is poorefR)y et al.,
2002). At > 25% and > 75% oxygen saturation letledsH-L showed significant results. At >
50% the H-L was not significant.

The probability ¢z, between 0 and 1) of oxygen presence at > 50%adm is thus
computed using the coefficients for RWT (cm) anld @entent (%) as follows:

e 1602+ 0.2RWT — 0053ASH

]T:
1+e

—-1602+0.2RWT — 0053ASH (1)

Probabilities higher than 0.5 imply oxygen preseabeve the chosen % saturation level
whereas those lower than 0.5 are assigned to oxggecentrations below that %. Anoxic
conditions predominateih situ at peat depths under the water table (i.e neg&Wwd) and
the model mostly classified those cases correétiyifiary Material S3). At positive RWT
(616 cases out of the total 1275), the correctsdiaation was slightly poorer. Bulk density
yielded significant results but the odd ratios welase to zero hence ash content was a better
predictor for the data set. Ash-free BD was alstet# as predictor but it was not such a good
predictor as BD or ash content tested independentlg humification index computed from
FTIR data was not a significant predictar X 0.13). The predicted probabilities based on
equation 1 for each plot (S3), a list of misclasaiions at positive RWT for the oxygen
saturation level > 50% (S4), an illustration of thee of the model in a hypothetical peat

profile (S5), and the results for BD (S6) are shawthe Auxiliary Material.

4. Discussion

4.1 Controlson peat aeration

Our knowledge about how physical soil propertiester table and AFP control oxygen
availability and CQ@ concentrations in peats is generally poor. To iobta better
understanding of these controls is important sihee assumed that soil moisture and water
table will on average and seasonally change inftiere, with considerable impact on
peatland carbon cycling (Limpens et al., 2008). WMager table has been assumed to establish
the oxic-anoxic boundary and its position is usedptedict methane and G@xchange
between peatlands and the atmosphere (Makirantal.et2009; Silvola et al., 1996;
Waddington et al., 2002). This assumption has lperstioned based on experimental data
(Deppe et al., 2010) and we thus need to asceutasier which conditions and peat types
these assumptions are less likely to hold true gens et al., 2008).
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Our results confirm that water table was the maived for peat aeration and controls
degassing and build-up of DIC. Water table dectiererally resulted in increased AFP and,
consequently, rates of transport increased andufadoQ penetration and loss of stored DIC.
Extended dry periods resulted in drier peat, de€pgrenetration, prolonged exposure to oxic
conditions and reduced DIC storage capacity, wiseflemding led to the contrary effects.
Although this effect was generally observed, osults also show that the water table was not
good predictor for the oxic-anoxic boundary in Wyglbompacted peat and with high ash
content. This observation is in agreement with anlper of previous findings at the
Schléppnerbrunnen (Knorr and Blodau, 2009; Knoralet2008b; Reiche et al., 2009) and a
similar site using soil solute data of redox sewsispecies (Deppe et al., 2010). A spatial
disconnection between water table and redox clmedats has previously been reported
based on the application of other methods. Basdtleprecipitation of silver sulfide onto the
surface of rods inserted in peat profiles, the faxioxic interface was reported to be up to ~20
cm above the depth of water table in natural araindd sites from low-sedge bogs and
spruce swamps (Lahde, 1969). Using the oxidatiostex| rods as proxy for oxygen, the oxic
zone was lowered during drainage and did not exteride depth of the water table in other
fens (Silins and Rothwell, 1999). Previous measerés of oxygen penetration using iron
sulfide redox probes also indicated insufficienygen availability for Fe(ll) oxidation under
water unsaturated conditions in our site (Reiched.e2009).

The spatial mismatch between the position of theemiable and the presence of oxygen in
peat apparently depended on both the intensith@futater table drop and the physical soil
properties, in particular compaction and ash carméthe peat. In compacted peat with high
ash content (D2, C2 and C3, Table 1) oxygen didpeotetrate unless the water table dropped
to a certain depth (Fig. 4). This observation idime with previous studies investigating the
relation between air entry in peat and its compactwhich typically reported that high BD
lead to higher resistance to air entry in fen pé@tsatowski et al., 2010; Kechavarzi et al.,
2010). This way increasing peat compaction canydefaeven prevents oxygen penetration.
In a highly compacted peat, with a BD of 0.36 gcim the upper 36 cm, air entry did not
occur despite a hypothetical water table drop ofc@b(Niedermeier and Robinson, 2007).
We observed similar effects in highly compactedtpdalk density was thus also a
significant predictor for oxygen concentration ieap in our logistic regression analysis that
included a considerable range of BD.

Ash content was an even better predictor for thmiwence of oxygen in peat than BD (Table

2). Ash contents in surface layers of fen soilsumaally below 20% (Gnatowski et al., 2002;
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Vitt and Chee, 1990; Vitt et al., 2009) but highedues (>30%) have also been reported
(Kluge et al., 2008; Langeveld et al., 1997; Roveéaral., 2002; Yu, 2006). The specific
effects of ash content on water retention propedied oxygen penetration in peat soils have
been barely addressed. Increasing ash content ipefat has been reported to result in greater
water retention and such relation was observedlatcantent ranging between 21 and 29%
(Bartels and Kuntze, 1973). Interestingly, thisgaf ash content fits well with the inhibition
of oxygen penetration observed in some profilesunstudy; no oxygen penetration occurred
during minor water table fluctuations in C2 and @8ts (Fig. 4), where the ash content
generally was within that range or even higher (@ab. Also, oxygen generally did not
penetrate deeper than 10 cm depth in the D2 plogyevash content increased from 10% at 10
cm to 26% at 20 cm depth (Table 1 and Fig. 4). ysed using XRD identified quartz as a
main mineral component of the ash material in tivestigated peats (Auxiliary Material S7).
If changes in the ash quality influence peat wagtention, AFP, and oxygen penetration
depth we cannot address.

The logistic regression model relates water tablgtipn to presence of oxygen with a given
BD or ash content. Based on our data set, ashrdoist@a stronger predictor than BD in the
model. Ash content is likely also a more accuraeable than BD because conventional
sampling with a corer may lead to artifactual contipa of peat. We expect peat soils whose
BD is not related to changes in ash content to hasienilar response of oxygen concentration
to water table position. We observed presence p@x to be most strongly influenced when
ash content was 20% or higher and with BD as lov0.48 g cri# (C2). Such thresholds
could potentially be included in models of peatlaadbon cycling when the position of the
oxic-anoxic boundary is located from hydrologic rabdbutput. Beyond such simple
thresholds, also the logistic equation could belemgnted in such models. This would
require the calculation of relative water tablessinch models and the conversion of a
probability level into a dichotomous “oxygen preSarr “oxygen absent” information for a
particular depth layer.

One shortcoming of the approach is the negligefd¢keoduration of unsaturated conditions,
which influences the presence of oxygen in peds smcording to our empirical and earlier
results (Elberling et al., 2010). While unsaturgpedt could be oxic or anoxic, depending on
the soil physical properties, the model predictéewaaturated peat to be anoxic given the
investigated depth resolution of 2.5 cm. Investageg with higher depth resolution showed
that oxygen penetrated under water saturated ¢onslibetween 5 mm and 2 cm below the
water table (Benstead and Lloyd, 1996; Elberlinglgt2010; Lloyd et al., 1998), which is in
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line with the results. The most useful informatien probably provided whether under
unsaturated conditions, i.e. with positive RWT, geiy occurs as a function of ash content or
bulk density and relative distance to the wateleta/hen the model is applied to elucidate
presence of oxygen in the unsaturated zone we suggeg the coefficients for the 50%
oxygen saturation level and to apply the other texels (25% and 75%) to affirm the
predicted probabilities. A further considerationtigt the model yields a probability for a
given depth independently of the probability abtvat depth. In reality ©concentrations in
layers are dependent, however; compacted layelrs high ash content, for example, act as
potential oxygen penetration barriers and thus thyreéafluence oxygen concentration in
deeper horizons.

The prediction of presence of an oxygen saturdgweal as a function of ash content (or BD)
and RWT is an oversimplification of the situ oxygen dynamics in peat, which is assumed to
be controlled by organic matter reactivity, soihfgerature and moisture (AFP). The levels of
AFP needed to shift anoxic to oxic conditions averfy known. At the Schléppnerbrunnen
site AFP > 5% mostly resulted in presence of oxyiggmeat but such levels were not always
required for establishing oxic conditions (Fig. .7ln) this regard, the presence and abundance
of specific vegetation also influences this relat{&lberling et al., 2011; Lloyd et al., 1998;
Mainiero and Kazda, 2005). For example, abundaric€anex rostrata, which was also
present in our site, was shown to promote presehogygen and also to raise the moisture
content needed for depletion of oxygen (Mainiera &wazda, 2005). Another interesting
feature was the lower maximum DO concentration isbestly observed in C2 and C3 plots.
Such difference suggest the relative importancihénbalance between transport (diffusion)
and consumption processes within the profile talse partially influenced by peat physical
properties.

A further complication arises from the fact thatipeesponds to drying with compaction,
which favours both higher water holding capacityd agreater amplitude of water table
fluctuations (Boelter, 1969; Okruszko, 1993; Prit896; Whittington and Price, 2006). This
relation has opposing effects with respect to orygenetration; peat compaction on the one
hand results in greater water retention and thosnishes oxygen intrusion. On the other
hand, it also raises the amplitude of the wateketélioctuation, which in principle favours
oxygen penetration. These effects can also beredefrom the water table and oxygen
dynamics in the different plots at the Schléppnenben site. Plots with less compacted peat
had a higher water table and soil moisture vartedngly and quickly during water table

fluctuations, as exemplified by plots C1 and DITable 1 and Figure 3. In comparison, the
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more compacted peats were characterized by a laassr table and higher soil moisture
despite larger water table fluctuations, as illatgtd by plots C3 and D3 in Table 1 and Figure
3. When the plots with dense peat became suffigieiry, however, @ penetrated deeper
(compare plot C1 and C3, year 2009, DOY 220 to Z&Qure 4) and organic matter was
decomposed aerobically at greater depths thareiplhts with less dense peat. The response
of oxygen dynamics to magnitude and duration ofrdyyvas thus more complex in the more
compacted peats. Overall, the results suggesatdaging event may lead to either shallower
or deeper oxygen penetration in more decomposedcamgpacted peats, depending on the

intensity of the drying event.

4.2 Respiration responses during water table fluctuations

The deeper the water table falls, the greater ¢time of peat exposed to aerobic conditions is
and thus higher CQOproduction is expected. Accordingly, periods of lvater table usually
lead to greater CQOemissions in most peatlands (Elberling et al.,122®ilvola et al., 1996).
However, other studies have shown a resilient mrsp®@f CQ emissions during drying in
other sites (Chimner and Cooper, 2003; Lafleur let 2005). We induced a severe and
prolonged lowering of the water table and despitthe deeper peat aeration, the reinforced
drying (D plots 2008) did not result in higher £fluxes compared to C plots (Muhr et al.,
2010). Actually, emissions during drying were samilto those after rewetting under
comparable temperature conditions despite the rdazkange in water table (see Fig. 6 until
DOY ~260). Estimations of COproduction (Auxiliary Material S8, see also for, O
consumption) indicate peat layers below 10 cm teeha negligible contribution to the GO
emissions; the upper 5 cm markedly produce mo#ieofCQ in this fen. The increasing peat
dehydration during the drying phase did not seemsttongly control CQ@ emissions
suggesting that AFP had little influence on Q®oduction in this peat (Fig. 6). Both this
relevance of the upper layer to €@roduction and the little influence of AFP are in
agreement with observations from incubation expeni® using the same peat material
(Estop-Aragonés and Blodau, 2012). Considering thast CQ was produced in layers
closer to the surface and that water table was stlmpermanently below the productive
horizon (Table 1, Fig. 2), the reinforced waterléatirop caused no detectable effects on
fluxes. Thus, we must conclude that drying, i.etew#able below the mean position, did not
affect soil respiration since the most productagels were already exposed to oxygen under
background conditions. Peat quality was very véeiddut in agreement with this reasoning

peat near the surface was on average least hun{ifaze 1). In this site, temperature gains

93



Study 2

relevance as controlling factor for emissions sittee peat surface, more affected by air
temperature changes, experiences the greatestriaumgerange of the profile both daily and
seasonally (Otieno et al.,, 2009). Under floodedddomns, with water table above peat
surface, C@ emissions were significantly lowered (S. Wundéxlipersonal communication;
Auxiliary Material S8) which confirm that only thesvater table fluctuations affecting the
upper layers cause a direct hydrological effecthenCQ fluxes associated to peat respiration
in this site.

5. Conclusion

Drying/rewetting and flooding induced strong vaoas in oxygen and DIC concentration in
the peats of the Schléppnerbrunnen fen site. Thateeconfirm the general assumption that
water table is an important control on the preserfagxygen in peat. This control, however,
was much less tight in the unsaturated zone thimm afssumed. In fact, presence of oxygen
strongly depended on site specific soil physicalpprties and the intensity and duration of
the drying event. During a given drying event, axygand DIC content in peat soils can be
very variable at the same depth within an individpeat soil. Changes in water table
corresponded with soil moisture changes but thenimade of the response to drying was also
influenced by peat physical properties. Compac#énd elevated ash content mostly impeded
oxygen intrusion in the peat during drying; howewshen drying was severe, the larger
change in water table in dense peats also leddpeaileoxygen penetration. We expect other
peat soils with likewise properties, especiallyshavith high clay content, to have a similar
oxygen dynamics. Knowledge of peat physical progeris thus critical when the relevance
of the water table as a predictor for the oxic-and»oundary in peats and processes, such as
methane emissions and soil respiration, is asse$3ederally our results confirm that
anaerobic processes may occur well above the positi the water table in dense and ash-
rich peats, particularly during short and modegatéitense drying events. In such
circumstances the position of the water table éla poor predictor of GHemissions and
soil respiration, as anoxia may occur much clogsegh¢ peatland surface than the water table
position would suggest.

Regarding soil respiration, not only the thicknegaerobic zone but the depth distribution of
peat decomposability should be considered to asisessfects of water table changes on,CO
emissions. In this site the upper layer by far posdl most of the COSince water table is
usually below that horizon under natural conditionsore severe drying events did not

directly imply greater C® emissions. For the same reason flooded conditgirengly
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lowered CQ emissions. The small influence of peat moisture reapiration further
minimized the hydrological effect on GQproduction. Given the greater exposure of the
productive horizon to temperature change, air teatpee changes better explained the

dynamics of the site Cemissions, which is in line with previous worksanilarly dry sites.
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Supplementary data

The supplementary data for this study includescatiions for the soil moisture dat&lj, an
example of FTIR spectreéS2), information related to the logistic regressiondal and its
application §3, $4, S5, S6), difractograms of the ash materi&7j and estimations of GO

production and @consumption $8).
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Figure S1. Calibrations used to convert sensor output (mV)ato filled porosity AFP

(%).Known peat volumes from different depths webtamed minimizing compaction and
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submerged in water for days to ensure saturateditomms. Peat was left to dry while

recording mass and mV changes covering the rangalaés observed in field. Shrinkage

was not considered but it occurred with greateensity beyond the range of observed values
in the field. Total porosity was measured as thessrdifference between saturated to dry
conditions. The calibration was repeated threedifoe each depth and data were pooled for
depth intervals 0-10 cm and 10-20 cm. Based onrnvwalde data, at some time during 2008-
2009 all depths where sensors were installed inresiched water saturation. The maximum
output from each sensor during the monitored peneas thus assumed to saturated
conditions (AFP = 0%). The difference to that maxmwas then calculated over the time

series and converted to AFP using the equatiottedfcurves).
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Figure S2. Example of FTIR spectra at different depths in pleat profile. The maximum
intensity in the region between 1600 and 1650 evas assigned to aromatic structures. The
maximum intensity between the region 1030 and 198% was assigned to polysaccharides.
Based on the maximum intensity of both regions,Rfé&R ratio (aromatic/polysaccharides)

was calculated and used as a peat humificatiorxinde
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Figure S3. Predicted probabilities of oxygen presence usingaggn 1 (oxygen saturation
>50%). Probabilities greater than 0.5 imply presemé oxygen at a saturation >50%.
Probabilities below 0.5 imply oxygen to be absenbelow that saturation level. The black
color in the scale (probability = 0.5) would thuet $he boundary at that oxygen saturation
level. For comparison, the measured dynamics ofemxyconcentrations are shown in Fig. 4

in the main text.

Missclassified events

DO Predicted

PLOT DOY Year Depth saturation wT A(;sh probability
(cm) 0 (cm) (%)

(%) n
D2 226 2008 -5 324 14.3 17.1 0.71
D2 233 2008 -5 9.2 12.0 17.1 0.61
D2 310 2008 -5 34.3 14.4 17.1 0.71
D2 331 2008 -5 33.1 13.9 17.1 0.69
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D2 239 2008 -10 2.1 14.2 16.7 0.71
D2 261 2008 -10 10.1 17.3 16.7 0.82
D2 267 2008 -10 18.3 15.0 16.7 0.74
D2 274 2008 -10 3.6 19.0 16.7 0.86
D2 295 2008 -10 16.4 10.3 16.7 0.53
D2 239 2008 -15 3.7 9.2 10.7 0.55
D2 261 2008 -15 8.5 12.3 10.7 0.70
D2 267 2008 -15 17.7 10.0 10.7 0.59
D2 274 2008 -15 44,3 14.0 10.7 0.76
D2 247 2008 -20 2.3 15.0 26.5 0.63
D3 310 2008 -15 13.2 12.0 22.6 0.53
D3 189 2008 -20 26.3 60.0 30.8 1.00
Cl 196 2008 -5 11.4 10.4 15.7 0.55
C1l 95 2009 -5 5.2 11.2 15.7 0.59
Ci 125 2009 -5 4.2 17.7 15.7 0.84
Cl 125 2009 -10 3.8 12.7 16.8 0.64
C2 196 2008 -5 30.3 14.0 24.4 0.61
C2 203 2008 -5 39.7 14.9 24.4 0.65
C2 274 2008 -5 1.2 12.7 24.4 0.55
C2 156 2009 -5 6.3 15.8 24.4 0.69
C2 216 2009 -5 48.8 19.9 24.4 0.84
C2 264 2009 -5 5.9 12.3 24.4 0.53
C2 203 2008 -10 12.9 9.9 16.9 0.51
C2 156 2009 -10 31.8 10.8 16.9 0.55
C2 216 2009 -10 14.6 14.9 16.9 0.74
C3 196 2008 -5 7.9 19.0 43.9 0.60
C3 203 2008 -5 13.1 19.1 43.9 0.61
C3 247 2008 -5 31.6 22.9 43.9 0.77
C3 140 2009 -5 41.9 18.1 43.9 0.56
C3 156 2009 -5 41.0 23.6 43.9 0.79
C3 216 2009 -5 14.8 23.1 43.9 0.77
C3 264 2009 -5 9.7 18.2 43.9 0.56
C3 196 2008 -10 16.3 14.0 32.3 0.51
C3 203 2008 -10 12.6 14.1 32.3 0.51
C3 156 2009 -10 39.0 16.1 32.3 0.61
C3 216 2009 -10 18.7 18.1 32.3 0.70
Missclassified nonevents
D1 226 2008 -5 100.0 7.0 20.0 0.33
D1 228 2008 -5 99.7 3.7 20.0 0.20
D1 239 2008 -5 100.0 9.5 20.0 0.44
D1 253 2008 -5 96.3 3.1 20.0 0.18
D1 261 2008 -5 89.6 9.9 20.0 0.46
D1 267 2008 -5 90.6 8.4 20.0 0.39
D1 280 2008 -5 89.6 6.5 20.0 0.30
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c2 279 2009 -10 62.3 3.8 16.9 0.23
C2 216 2009 -15 75.6 9.9 26.9 0.38
C2 236 2009 -15 92.3 11.5 26.9 0.45
Cc2 221 2008 -20 69.7 11.3 25.8 0.46
C2 216 2009 -20 75.6 4.9 25.8 0.19
C2 236 2009 -20 76.6 6.5 25.8 0.24
C2 251 2009 -20 81.8 8.2 25.8 0.31
C2 189 2008 -25 54.1 8.1 35.8 0.21
C2 236 2009 -25 60.9 15 35.8 0.07
C2 251 2009 -25 100.0 3.2 35.8 0.09
C3 279 2009 -5 74.1 16.4 43.9 0.47
C3 189 2008 -15 90.5 15.0 36.7 0.50
C3 219 2008 -15 73.9 13.9 36.7 0.44
C3 221 2008 -15 90.9 14.3 36.7 0.46
C3 279 2009 -15 60.2 6.4 36.7 0.15
C3 189 2008 -20 58.5 10.0 24.9 0.41
C3 221 2008 -20 63.7 9.3 24.9 0.37
C3 236 2009 -20 58.1 11.8 24.9 0.49
C3 189 2008 -25 66.2 5.0 48.2 0.07
C3 251 2009 -25 55.6 9.9 48.2 0.16
C3 175 2008 -30 80.4 18.7 61.9 0.35

Table $A. List of misclassifications at positive RWT usinguation 1 (predictions for oxygen
saturation > 50%). The 40 misclassified eventsiabdity > 0.5) mainly belong to saturation
values close to the threshold level and the predigrobabilities were close to 0.5. The
predicted probabilities values of the 72 misclasdihonevents (probability < 0.5) were more
spread. The model did not explain temporal discotimes between ©and RWT as for
example the one observed in C plots at the enkdec$¢asonal WT drop in 2009.

Data from the profile WT position at 25 cm WT position at 40 cm
Depth (cm) Ash content (%) RWT Probability RWT Probability
5 5 20 0.89 35 0.99
10 30 15 0.45 30 0.94
15 25 10 0.28 25 0.88
20 10 0.24 20 0.86
25 10 0 0.10 15 0.70
30 10 -5 0.04 10 0.46
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Table S5. Application of the logistic regression model usemguation 1. The necessary data
(underlined) are the distribution of ash contenj (@ghin depth and the position of the water
table (WT, in cm). The WT is converted to relativater table (RWT) based on the spatial
resolution of the ash content data (RWT = WT — bgjoth WT and Depth in absolute
values). Using the ash content and the RWT at dmctzon the probability for oxygen

presence with depth can then be computed.

Oxygen _ o Stand. o,

saturation Predictor Coefficient Error Wald'sy df p

> 25 %° Relative WT (cm) 0.166 0.010 257.055 1 <0.0005
(838 no, BD (g cni®) -4.385 1.590 7.606 1 0.006
437 yes) Constant -0.862 0.206 17.424 1 <0.0005
>50 %° Relative WT (cm) 0.199 0.013 223.742 1 <0.0005
(914 no, BD (g cni®) -6.754 1.920 12.374 1 <0.0005
361 yes) Constant -1.469 0.244 36.209 1 <0.0005
>75%° Relative WT (cm) 0.170 0.012 209.368 1 <0.0005
(981 no, BD (g cni®) -8.071 2.065 15.272 1 <0.0005
294 yes) Constant -1.792 0.259 48.012 1 <0.0005

Overall model evaluatiory® = 832.29% 902.50%, 806.457 (in all levelsp<0.0005, df 2).
Goodness of fit: Hosmer and Lemeshgw= 15.243, 11.092, 73.627. p = 0.055, 0.197,
<0.0005 (in all levels df 8).

Cox and Snell Rz 0.4790.507, 0.469. Nagelkerke R2: 0.6630.729, 0.716.

Overall correct classification (%): 86,40.2, 91.T. Specificity (%): 93.3 95.7, 96.9.
Sensitivity (%): 73.8 76.3, 71.8. False negative (%): 13,8.9, 8.0. False positive (%):
14.7 12.4, 12 4.

Table S6. Statistical report of the logistic regression gsel of 1275 oxygen measurements

at different oxygen saturation levels using bullngiy (BD) as predictor instead of ash

content.
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Figure S7. Difractograms of ash material at 5 and 40 cm damimg XRD. Quartz

constituted the main mineral.
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Figureand Table S8. Estimation of fluxes and turnover rates.
A mass balance approach and Fick’s first law weexluo calculate fluxes and turnover rates
of CO; and Q based on change in storage over time:

AS AC, - AC -
R. = A 4+ D _ — Aupper Z 1_ D — Alower 7 1 2
" At |: g AX }upper |: § AX lower ( )

in which R is the net turnover rate of a specleN L= T, AS,/At [N L T the change

of storage over time between consecutive measutsnrea layer with thicknesg [L]. The
expressions in parentheses represent the diffdilsixeat the upper and lower boundary of a

layer (D,is the diffusion coefficient in peat fLTY and AC,/Ax is the concentration
gradient at the upper or lower end of the segmigrit f]. The calculation ob, both for Q

and CQ was corrected for temperature and calculateddgas= D,* ¢ where ¢ is the

tortuosity factor. Under saturated conditiods = ¢* (Lerman, 1988) whereas under

unsaturated conditiond = £3¢? (Millington and Quirk, 1961) wherg is total porosity

and ¢ is AFP.

Using this approach, peat moisture (AFP) becomdsezt predictor of soil gas diffusivity
which is necessary to estimate gas exchange tatthesphere and production/consumption
rates (equation 2). However, diffusivity measuredpeat profiles is shown not to be well
predicted by moisture under fluctuating WT condisaand it might require weeks to months
to become constant after dry events (Elberling.e@11). Besides, diffusivity in equation 2

is treated homogeneously but the mathematical ghtiecr of D, does not accurately

represent the exchange between air-filled inted btra-aggregate pores (Koehler et al.,
2010). Our values have thus a great uncertaintthidssmethod yields improved estimates
under steady state conditions (constant WT). Thakrilations were performed and are here
included in order to 1) address the importancehef upper peat layer for G@roduction
relative to deeper layersigure) and 2) compare the oxygen consumption relatiieéaCQ
production Table).
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Figure S8. Estimated efflux and production of GCat different depths during the
drying/rewetting in 2008 from plot D2 based on tkeil moisture and measured
concentrations. Estimations indicate that most @@duction and emission occurred from

the upper 5 cm with an unimportant contributionagers below 10 cm.
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O, influx (mmol mi* d%) O, consumption (umol cthd™)
Period Plots 1 Plots 2 Plots 3 Plots 1 Plots 2 sP3ot
Reinforced drying 2008 — D plots169.60 (198.14) 251.25 (257.26) 112.54 (132.19) 4 22074) 3.74 (3.47) 1.71 (1.76)
Seasonal drying 2008 — C plots 243.51 (90.55) &36296.88) -7.58 (7.17) 4.75 (1.21) 11.54 (4.54) 2100.85)
Flooding 2009 — D plots 12.23 (5.89) 16.96 (3.59)  4.81 (3.36) 0.24 (0.11) 0.24 (0.07) 0.23 (0.12)
Period CQ efflux (mmol m? d*) CO, production (umol cii db)
_ _ 111.40 (14.75) 154.74 (57.59) 52.01 (37.35)
Reinforced drying 2008 — D plots 1.67 (0.20) 2.26 (0.84) 0.87 (0.61)

237.67 (133.78) 208.37 (68.52) 176.76 (63.88)

_ 177.36 (35.50) 339.45 (159.45)  3.36 (1.40)
Seasonal drying 2008 — C plots 3.42 (0.31) 4.34 (2.18) 0.11 (0.12)
220.67 (137.65) 187.30(85.88) 255.65 (96.51)

Flooding 2009 — D plots 0.15 (0.41) 1.36 (0.90) 21(1.88) 0.01 (0.03) 0.03 (0.07) 0.03 (0.03)

Table S8. Estimates of @and CQ fluxes and consumption/production of the upperc&Dpeat for each plot. Values are time-average8L{}
during different periods. Underlined values cormspto measurements performed in the same perratplats (Muhr et al., 2011).

Comparing a same profile for a given period,cOnsumption was consistently greater than @@duction. Therefore, all Gproduced could be
explained by @if it were only consumed for aerobic respiratioml &, was consumed, additionally to respiratory, by abiceoxidation processes.
Flooding strongly decreased @onsumption and C{production compared to drying conditions. The mioéd drying in D plots did not led to
greater CQemissions compared to natural conditions. Therbgéneity of the estimations among plots is noficored by chamber
measurements and the greatest deviation occur8 @u€to the little change in AFP during drying.r@alculations show greater, @nsumption
occurring during WT drop periods. This is in agreatto other reported data although our range lolegas greater than other peats undergoing
drying (Elberling et al., 2011; Haraguchi et aD03; liyama and Hasegawa, 2009).
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Belowground in situ redox dynamics and methanogenesis recovery in a degraded fen
during dry-wet cycles and flooding

Cristian Estop-Aragonés, Klaus-Holger Knorr, ChaistBlodau
Study submitted t@iogeosciences

Abstract

Climate change induced drying and flooding mayralte redox conditions of organic matter
decomposition in peat soils. The seasonal andnmitient changes in pore water solutes
(NO3, F&*, SO%, H,S, acetate) and dissolved soil gases (G, CH,, H,) under natural
water table fluctuations were compared to the nespainder a reinforced drying and flooding
in fen peats. Oxygen penetration during dryings tiedCQ, and CH degassing and to a
regeneration of dissolved electron acceptors {N®€* and SG). Drying intensity
controlled the extent of the electron acceptor megation. Iron was rapidly reduced and
sulfate pools ~1 mM depleted upon rewetting and, @id not substantially accumulate until
sulfate levels declined to ~100 umol*.LThe post-rewetting recovery of soil methane
concentrations to levels ~80 pmof heeded 40-50 days after natural drought. Thisvergo
was prolonged after experimentally reinforced dirdugh greater regeneration of electron
acceptors during drying was not related to proldngeethanogenesis suppression after
rewetting. Peat compaction, solid phase contemeattive iron and total reduced inorganic
sulphur organic and organic matter content corgdotixygen penetration, the regeneration of
electron acceptors and the recovery of,@kbduction, respectively. Methane production was
maintained despite moderate water table declineOoEém in denser peats. Flooding led to
accumulation of acetate and,,Hpromoted CH production and strengthened the co-
occurrence of iron and sulphate reduction and meft@nesis. Mass balances during drying
and flooding indicated that an important fractidrilee electron flow must have been used for
the generation and consumption of electron acceothe solid phase or other mechanisms.
In contrast to flooding, dry-wet cycles negativelffect methane production on a seasonal
scale but this impact might strongly depend onrdyyntensity and on the peat matrix, whose

structure influences moisture content.

1. Introduction
Peatlands store up to 550 Gigatons of carbon (Gichwepresents twice the C storage of the
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global forest biomass (Parish et al., 2008), inuat89%6 of the world’s land area. The main
factors supporting peat accumulation are waterragtdun and anoxia that almost extends to
the peat surface. The anoxia prevailing under wagged conditions favours slow organic
matter (OM) decomposition and peat accumulationeretis aerobic conditions usually
associated with water unsaturated peat, favourerfastspiration thus preventing peat
accumulation. Because climate models predict areased frequency and intensity of heat
waves and heavy precipitation events which favber accurrence of droughts and floods
(Meehl et al., 2007), there is concern regarding thtes and form of released C from
peatlands in response to these hydrological chafiteseffects of temporary change in water
table (WT) have been commonly evaluated by momitpthe exchange of GGand CH.
High WT commonly led to greater Glmissions whereas WT decline was usually followed
by an increase of COemissions and a decrease of ;,Géissions (Aurela et al., 2007;
Elberling et al., 2011; Hogg et al., 1992; Silvetal., 1996).

The release of COand CH to the atmosphere results from the production tesasport of
these gases in peat at rates which vary with watguration, depth and vegetation
community. Peat quality, oxygen content, nutriemtent and temperature were identified as
important controls on OM decomposition (Hogg et B992; Minkkinen et al., 2007; Yavitt et
al., 1997). Anaerobic decomposition of OM is mesghatby syntrophic cooperation of
microbes. Initially, OM is degraded by exoenzymaation through depolymerization and
hydrolytic reactions. Fermentation processes sulesdly generate C£ low-molecular
weight carbon monomers,;Hormate, and acetate. These electron donors ssreebstrates
for additional CQ production coupled to the reduction of electron eptors and for
hydrogenotrophic or acetotrophic ¢production (Appelo and Postma, 2005; Hamberger et
al., 2008). The energy yield of terminal electroccepting processes (TEAPs) for the
oxidation of a given substrate follows the sequeaeeobic > anaerobic respiration: Mn
reduction > NQ@ reduction > Fe(lll) reduction (FeR) > Sulfate retlon (SR) >
Methanogenesis (Hoehler et al., 1998). The rangrilo$trate concentrations, and particularly
of dissolved hydrogen, is indicative of the predoamt redox process in anaerobic subsurface
environments and, for a given TEAP, there is asthoéd concentration below which
hydrogen cannot be metabolized (Cordruwisch et 2888; Hoehler et al., 1998).
Nevertheless, TEAP co-occurrence was observed gpbstrate accumulation in anaerobic

incubations for upland soils (Peters and Conra€@g}19
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During drying, the WT decline was related to tengbahifts in TEAPs due to the oxygen
input in peat which inhibited methanogenesis anldtéea regeneration of electron acceptors
(Knorr and Blodau, 2009; Knorr et al., 2009; Shanaod White, 1996). Upon rewetting, a
delay of methane production and emission to recquwerdrought values is commonly
observed (Kettunen et al., 1999) and usually erpthiby the availability of alternative
electron acceptors after drying (Freeman et aB4)19t is thus also important to evaluate the
post drought effects on methanogenesis and theofgdetential methanogenesis suppression
by alternative electron acceptors. The effects #figrnative electron acceptors have on the
suppression of CHare widely investigated in controlled conditiodsciitnich et al., 1995;
Dowrick et al., 2006; Ratering and Conrad, 1998)rbaults forin situ conditions are scarce,
and the redox zonation in peat soils undergoingwhy cycles and flooding has not been
investigated in detail. Pore water chemistry intpsas temporally and spatially variable
responding to precipitation events (Mitchell andamfireun, 2005) but it has not been
reported for a wide range of hydrological condioil€hemical data was mostly collected
from water saturated peat in field studies (Shararah White, 1996) and few reports show
TEAPs in the unsaturated peat zone of peat mesac@eppe et al., 2010; Knorr et al.,
2009) or under flooding. Additionallyn situ mass balances establishing the redox electron

flow during OM decomposition are lacking.

To address these knowledge gaps, changes in paee arad soil gas chemistry in peat soils
were analysed over time in a degraded fen undéwgbagnd WT conditions and compared to
drying-rewetting and flooding manipulations duribgo seasons. We expected drying to
favour oxygen intrusion, deplete the stored disswlinorganic carbon (DIC) and methane
due to degassing, and renew electron acceptorsah phe opposite trend with a delay for
CH, production recovery was expected to follow afewetting. Interested in quantifying and
relating these processes to the drying intensig/hypothesized more severe drought to cause
a greater regeneration of electron acceptors (sudad iron) that would lead to a longer
suppression of methanogenesis upon rewetting. iBoetid, 1) the regeneration of electron
acceptors during drying was quantified and reldatedrying intensity, and 2) the potential
suppression of methanogenesis by these alternaleatron acceptors after rewetting was
evaluated, and the post-drought delay of metharemiemquantified and related to drying
intensity. Additionally, the impact of prolongedtwated conditions (flooding) on GH
production was evaluated and quantified. Peat phlysand physicochemical properties

influencing these redox sequences were also idehtifWe estimated COand CH
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production, @ consumption, turnover rates of dissolved electoceptors (nitrate, iron and
sulfate), and evaluated the electron flow balaet&ted to @ consumption during drying and

to CO, production during flooding.

2. Material and Methods
2.1 Sitedescription and experimental design
The Schléppnerbrunnen site is a small (<1 ha) enbgs and moderately sloped fen within a
Picea abies forest located in the Fichtelgebirge region, nadist of Bavaria, at ~750 m above
sea level. The region has undergone peat extragtibh~1950 (Firbas and v. Rochow, 1956)
and old drainage ditches are still observable. Y&tgm is dominated by vascular plants
mainly includingMollinia caerulea, Carex rostrata, Carex canescens, Juncus effusus, Nardus
stricta and Eriophorum vaginatum. The narrow hollows between plant cushions areeeit
colonized by sparsely found Sphagnigpp. patches or covered by decaying litter from
vascular plants. Peat is well decomposed (H7-H®, Rost scale), has a high and variable
mineral content with depth and forms a 50-70 cntkhdeposit with a clay horizon
underneath.
The site is displayed in Figure 1. Water table wasmipulated in three plots (D1, D2 and D3;
D plots) relative to controls (C1, C2 and C3; CtgJoD plots were drained and rewetted in
2008 and flooded in 2009. Drainage manipulatiotethgrom day of year (DOY) 165 until
DOY 218 by installing a roof and pumping water fralitches filled with gravel and topsoil.
Rewetting took place by sprinkling an irrigate damito rain water (Knorr et al., 2009)
providing 103 mm for ~8 hours. The roof was themaged and WT allowed fluctuating in D
plots until the flooding. In 2009, water from aestm was channelled and discharged using
perforated PVC-pipes to flood D plots from DOY 185 DOY 303. Each plot (~35
received a minimum average of 70 mBdischarged water (pH 4.6, in mg LDO ~6, nitrate
~3.75, sulfate ~14, DOC ~15, DON ~0.4) during theoding, which mostly ran off by
overland flow.
Previous studies in these plots (Estop-Aragonésd.eP012; Knorr et al., 2009) indicated a
lateral gradient of WT (Fig. 1), and of peat pragar (Table 1). These gradients influenced
the response of soil gas and pore water chemigtiy T changes. C plots had higher mean
water table than D plots, and northwestern plo&ntisoutheastern ones. Bulk density
increased with ash content. Peat in C2, C3 and &Bthe highest bulk density (Table 1).
Total reduced inorganic sulphur (TRIS) content hadariable depth distribution, was lowest
in C2, C3 and D3 and ranked D2 > D1 > D3 withinIbtpand C1 > C2 > C3 within C plots
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(Table 1). Solid phase reactive ferric iron contéihtN HCI extractable) was highest in the
upper 5 cm of peat, decreased with depth by arféto 8, and was fairly lower in C2, C3
and D3 compared to the other plots (Table 1). Rasply and methanogenic activity in this
fen concentrated in the top soil (Estop-AragonésBindau, 2012; Reiche et al., 2010).

main watercourse

Figure 1. Sketch of the fen site. Six experimental plotsshe@ x 5 m, were designed and
accessed using wooden platforms. Water table wasgpolated (drying/rewetting in 2008 and
flooding in 2009) in plots D1, D2 and D3. No marigiion took place in plots C1, C2 and
C3. Water from the main watercourse was used igabe D plots during the flooding. In
addition to the lateral water table (WT) gradiddtplots had deeper mean WT compared to C
plots. Peat properties differed among plots (redefable 1).
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BD? OM content TRIS Fe(Il)°
Plot
(g cm?) (% wt) (kmol g dvi) (umol g dvi)

D1 0.13 (0.09) 79.5 (4.3) 14.8 (6.8) 211.1 (316.0)
D2 0.08 (0.02) 82.3 (5.2) 17.4 (6.6) 217.7 (307.2)
D3 0.17 (0.07) 78.0 (5.8) 6.9 (2.5) 116.1 (119.9)
c1 0.08 (0.04) 82.7 (4.1) 18.3 (8.7) 227.3 (258.8)
c2 0.15 (0.05) 71.8 (8.1) 7.0 (1.9) 101.9 (100.1)
C3 0.20 (0.05)  58.7 (13.0) 7.5 (1.9) 88.3 (46.6)

& Averaged from measurements determined at 5 cnvaige

® Averaged from 0-5, 5-10, 10-20 and 20-30 cm measants; sum of acid volatile sulphur
(2 to 7%) and chromium reducible sulphur (93 t®¥8)8

¢ Averaged from 0-5, 5-10, 10-20 and 20-30 cm measants; acid extraction (1 N HCI).
The content was disproportionally highest in the € interval.

Table 1. Bulk density (BD), organic matter (OM), solid pkasontents of total reduced
inorganic sulphur (TRIS) and reactive ferric iroe(H) among the investigated plots. All
values are means (and SD) from 30 cm peat prafitetop-Aragonés et al., 2012; Knorr et
al., 2009). Note the comparatively high BD, low @kid low TRIS and Fe(lll) in D3, C2 and
C3. The TRIS and Fe(lll) content were not monitodedting the periods evaluated in this

study and are only shown in this table (and figuteemphasize the differences among plots.

2.2 Installations, soil gas and porewater sampling, analysis and quantification

Piezometers with calibrated pressure transduceardyhecorded the WT, which refers to the
distance between the position of the groundwatdetand the peat surface. In each plot gas
samplers (silicone tubes allowing diffusive equdition) and water samplers
(MacroRhizon®, UMS GmbH) were horizontally inseregd®.5, 5, 7.5, 10, 12.5, 15, 17.5, 20,
25, and 30 cm depth in the peat profile and comukett the surface by polyurethane tubes
connected to stopcocks. Peat temperature and meostasors were installed at 5, 10, 15 and
20 cm, or at 5 and 15 cm depths depending on tbe Burther information on use and
calibration of sensors was already presented (E&tagonés et al., 2012).

Gas and pore water was sampled using 10 mL plagtinges (Carl Roth GmbH). Gas
samples (~7 mL) were transferred within 2 hourgrafiollection into RAMM vials with
screw caps PTFE / Butyl Liner 9 mm (Alltech). Comications of @, CO, and CH were

measured by gas chromatography and thermal condyctD,, CO,) or flame ionization
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(CH,) detection (Agilent GC 6890, Carboxen column), anpdntified with certified gas
standards (C&) CH,) and dilutions from synthetic air (D In 2009, hydrogen concentrations
were investigated; 2 mL of the soil gas sample vienesferred immediately after collection
in No-flushed vials, analysed the day after on a Tracalyzer (AMETEK ta3000) and
quantified with dilutions from a certified standak¥e report dissolved concentrations (DO,
DIC, CH,and H) of the measured gases calculated based on Hesogstant corrected for
temperature (Sander, 1999). Concentrations of Déevealculated using the carbonic acid
equilibrium constant and measured pH values.

Pore water samples (~10 mL) were prepared on giteahsfer of aliquots of 2 mL in cuvettes
containing 50 pL HCI for iron or 750 pL zinc acetablution for sulfide. Dissolved Fewas
measured photometrically (512 nm) using the pheolmé method (Tamura et al., 1974) and
ascorbic acid was added to calculate total dissoikan and, by difference, dissolved ferric
iron. Sulfides were measured photometrically (66®) msing the methylene-blue method
(Hofmann and Hamm, 1967). Sulfate, nitrate and ateetoncentrations were determined
using ion chromatography with chemical suppressioth conductivity detector (Anion Dual
3 column, Metrohm GmbH). A glass electrode (Metifletedo) was used to measure pH on
site. The speciation of sulfides into bisulfide i##S) was considered using pH (Stumm and
Morgan, 1996).

2.3 Calculation of net turnover rates and electron flow balance
A mass balance approach and Fick’s first law weseduto calculate net turnover rates of
species based on the change of concentrationdioesr

AS AC, _ AC ~
R, = A 4+ D _ — Apper Z 1_ D T Alower 7 1 1
" At { g AX :|upper g Ax lower ( )

where R, [N L T is the turnover rate of a specias AS,/At [N L™ T7] the change of
storage over time between consecutive measurenrem@tdayer with thicknesg [L]. The
expressions in parentheses represent the diffdilsiveat the upper and lower boundary of a
layer wherd , is the diffusion coefficient in peat i and AC,/Ax is the concentration
gradient at the upper or lower end of the segmintf]. The calculation ofD, for each
species was corrected for temperature and calculateD, = D,*¢ where D, is the
diffusion coefficient in water and is the tortuosity factor. Under saturated condsidor
solutes and gase$, = ¢° (Lerman, 1988) where is total porosity. Under unsaturated

conditions, we correcteg¢ for solutes based on the water content to acctanonly the
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water filled peat volume, and for gases we usednservative approach for undisturbed soils
where& = 0.66*AFP*(AFP*¢™)® (Moldrup et al., 1997). The prediction of the dfvity

(D,) of gases in the unsaturated zone is very unceuadler WT fluctuations (Elberling et

al., 2011; Koehler et al., 2010), and rates alsyg saongly depending on the chosen model to
describeD, (Pingintha et al., 2010).

All estimated rates were integrated for the 30 @atpayer. Rates were time-averaged over a
given period considering the elapsed time betwesnpfings. Periods representative for
different WT conditions were chosen. Time-averagsds refer thus to values over a given
period whereas peak rates are stated as tempoeadynom (not time-averaged). Pools of a
given compound formed or consumed during a givenogewere calculated to perform
electron flow balances. Electron flow balancesmyflooding were calculated assuming £O
production based on C species with an oxidatioie €80 (Deppe et al., 2010), and assuming
constant and permanent electron acceptor concemsatf the irrigate in the surface (values
showed before). Nitrate was reduced to(Bf4 mol CQ per mol nitrate), Fe(lll) reduced to
Fe* (1/4 mol CQ per mol iron), sulfate reduced te${(2 mol CQ per mol sulfate), 1 mol of
CO, produced per each mol of GHand 1 mol CQ produced per each mol of acetate,
maximum CQ vyield of common fermentation processes (Conraddl98n electron flow
balance was completed during drying to estimateretion of Q@ consumed by reoxidation

of electron acceptors and by €@roduction (4 moles electron equivalents per nile

3. Results

3.1 Environmental and water table conditions

Air temperature averaged 6.9°C (2008) and 6.6°©%2@nd ranged from -16.4°C to 28.4°C.
Peat temperature showed day-night cycles of daagasnplitude with depth and ranged
between 0.2°C and 16.8 °C in C plots at 5 cm ddptB plots, at 5 cm depth, drying lead to
~1°C higher maximum temperatures, whereas floodtieyt peat ~1.5°C cooler than in C
plots (Fig. 2). Water table fluctuated over timelail WT rises were linked to precipitation

events under natural conditions on control plotsasenal drying was observed in early
summer in 2008 with WT declining to -50/-70 cm fe85 d, and in late summer in 2009
declining to -25/-45 cm for ~60 d. The WT manipidatin D plots reinforced the drying in

2008 with a WT decline to -70/-80 cm for ~65 d (F&). The drying intensity thus ranked

“Reinforced drying 2008” (D plots) > “Seasonal argi2008” (C plots) > “Seasonal drying

2009” (C plots). Air filled porosity (AFP) reflealeWT fluctuations and the rank of drying
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intensity (Fig. 3). In 2008, the reinforced dryiteyl to higher AFP values (~50% at 5 cm
depth) than the seasonal drying (15 to 38%) arD0®, peat was wetter during the seasonal
drying (7 to 30%). The response of AFP to WT chawgs influenced by peat compaction
(Fig. 3, Table 1). During flooding, WT was maintaihabove peat surface in D1 and D2 and
at -8 cm in D3 for ~170 d in 2009 and AFP remaiae@ value of 2-4%, which reflect the

limits of sensor calibration and was practicallienpreted as water saturation.
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Figure 2. Air and peat temperature (5 cm depth), precigitatand water table dynamics
during 2008 and 2009. Data show hourly recordsillistrate the WT manipulation against

background conditions only data from C2 and D2sistshown.
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line). D plots were subjected to drying/rewettir&a@8) and flooding (2009) and compared
with natural WT changes (C plots). Note the vaeabFP response among profiles, which is
related to bulk density (refer to Table 1). Blamlases are lack of data and DOY means day

of year.

3.2 Oxygen, DIC and methane

Concentrations of dissolved gases responded to Ndimges, as expected. Oxygen dynamics
were controlled by the position and the change ik, hd strongly controlled the dynamics
of other gases and solutes. Seasonal drying indfs ped to oxygen penetration with
concentrations near saturation levels (> 300 un9| Bnd oxygen intrusion was deeper in
2008 than in 2009. The reinforced drying in 200®iplots extended ~30 days the seasonal
aeration observed under natural conditions. Upometting, oxygen penetration became

immediately shallower indicating reduced diffusitensport rates compared to drying.
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During flooding, anoxic conditions were maintairtedoughout 2009 in D plots (Fig. 4). The
anaerobic conditions during post-rewetting anddélkayed oxygen intrusion during seasonal
drying 2009 observed in C2 and C3 indicate thak kignsity also controlled oxygen
penetration, which is in agreement with the smailgnge in AFP upon WT fluctuations in
those plots (Fig. 3)DIC concentrations responded inversely to oxygemadyics. The DIC
pool declined during seasonal dryings (C plotsy #re prolonged drying (D plots) led to
lower concentrations by the end of the event duentanced degassing. Upon rewetting, DIC
rapidly accumulated in water saturated peat depthevels > 2 mmol L indicating pulses of
anaerobic respiration. During flooding, the high&C concentrations in D plots were

observed reaching > 3 mmof'(Fig. 5).

Seasonal " . . Seasonal
drymg\ Qg’ Post-rewetting Pre'drymg drying Rewet.

y

Ry AR ER
- —

’ |

N
o

C1

Depth (cm)
Y
o

&
S

N
2 D,

[N
=]

Cc2

Depth (cm)

&
S

i
LN
{

§-10 ::
C3 & -20; 20§
[0 e
fa] 30 S
Reinforced ) i Flooding Flooding ’g
drying Rewet. Post-rewetting Pre-flooding initial fnal 3
£ L
s \NL\ ' T
D1 & - 20
% - -25
Q- - 30
= -5
510 3
<. - 20
D2 % L 25
Q- r —+-30
= -5
g-10 :
D3 £-20 - -20
© ] - -25
Q -30 -30

180 200 220 240 260 280 300 320
DOY 2008 DOY 2009

100 120140 160 180 200 220 240 260 280 300 320 r\, q, %

Bulk density
(gem3)

o0 ma - I

0 40 80 120 160 200 240 280 320 360 400

Figure 4. Dissolved oxygen (DO) concentrations in fen peafiles during changes in water
table (solid black line, not shown below 30 or 25 depth). Sampling frequency is indicated
on top with arrows. Different hydrological periodave been broadly identified (see text).

The depth distribution of bulk density is also simow
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Figure5. Dissolved inorganic carbon (DIC) concentrationsfeR to caption in Figure 4.

Methane concentrations were depleted during dryihgs2008, no methane was initially
detected in C or D plots because the WT was alreddy cm but the response of
concentrations to WT decline was recorded durings@eal drying in 2009 (C plots).
Accumulation of CH in peat after drying varied with treatment andss@a Upon rewetting,
concentrations reached ~80 pumol QH' at some depths 40-50 days after seasonal drying
2008 (C plots) whereas after the reinforced dry2@P8 (D plots), null or negligible
accumulation (maximum 10 pmol GH™ in D2) occurred for the rest of 2008 and beginning
of 2009 (Fig. 6). Comparing both seasonal dryif@lots), the deeper WT in 2008 led to
methane depletion at all depths whereas in 20@8¢nmttent recovery of WT during drying
maintained higher background levels in deeper kpefore rewetting started (see C1). The

WT fluctuations during the post-rewetting phase evalso shallower in 2009 and occurred
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under colder conditions compared to 2008 (C plot&ig. 6, Fig. 2). During flooding, the
highest methane concentrations in D plots werergbdewith a variable response ranking D2
> D1 > D3, which coincided with the rank for DICrm®@ntrations and the inverse rank for

oxygen penetration previous flooding.

Air Temp. (°C) 15.0 13.1 6.4 2.9 8.8 13.3 14.8 13.5 71 3.7

Peat Temp. (°C) 13.3 12.2 7.8 5.1 7.5 9.6 111 10.4 7.8 notmeas.
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Figure 6. Dissolved methane concentrations. Refer to captidgigure 4. Air and peat (5 cm
depth) temperature values are means of hourly measunts over periods of 40 days. The

depth distribution of organic matter content in g @eight is also shown.

Methane accumulated above 10 cm depths whenevema®absent indicating fast production
in the in the upper unsaturated peat (see C pfags, 4 and 6). Due to a greater moisture
retention in compacted peat, methane concentrati@09 pmol [ were maintained in the
unsaturated zone despite WT decline to -20 cm (FigMethane concentrations strongly
decreased with little change in air filled porodiyt were still detected at transient air filled
porosities up to around 6 % in peats with bulk égris the upper layer > 0.12 g ¢hiFig. 7,
note in Fig. 6 C2, C3 DOY ~140 and ~200 in 2009).
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Figure 7. Relations between dissolved methane with A) netatvater table and B) air filled
porosity (AFP) in C plots. The relative WT exprestige distance between the water table and
the depth at which the sample was obtained; negatiues indicated water-saturated peat
and positive values refer to water-unsaturated itiond. Note the different distribution in

relation to differences in peat compaction (retetT able 1).

3.3 Nitrate, dissolved Fe** and sulfate

The response of solutes to WT changes followed éh@ected dynamics. Nitrate
concentrations randomly increased to levels betwz@mnd 150 pmol tat some depths
during drying, and immediately decreased after temge (not shown). Levels of dissolved
Fe’* rapidly decreased during drying in unsaturated.pggpon rewetting, Fé accumulated
immediately for 20-30 days and decreased afterw@dds D2, D3, C1), or kept increasing
slowly over time (C2, C3) (Fig. 8). This short-lo/&e&* accumulation was stronger in 2008
than in 2009 for a given C plot suggesting thatattwgs after more severe dryness led to
greater F& release. In agreement with the depth distributibsolid phase ferric iron content
(Fig. 8, Table 1), dissolved Feaccumulated in the upper peat layer wherw@s absent.
This became much more prominent during flooding nwRef* levels were 13.6 (D2), 6.7
(D1) and 5 (D3) times higher than maximum levelslamnon-flooded conditions in each

respective plot.
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Figure 8. Dissolved ferrous (F& concentrations. Refer to caption in Figure 4.eNdte
different scales. During flooding up to 2 mmot' ere detected in D2 (not shown for
clarity). The depth distribution of reactive feriton content in the solid phase is shown to
emphasize the differences among plots but it wasneasured in this study (Table 1).

Sulfate concentrations increased during dryings peaked before the last sampling of the
drying phase. Sulfate release was controlled bydtlyeng intensity, TRIS content and peat
compaction. Averaged concentrations at the laspagof each drying were 479 + 308, 279

+ 153 and 170 + 31 pmol SOL™ for the reinforced drying 2008, seasonal drying@and

the less severe seasonal drying 2009, respect{i#gdy 9). For a given drying, the sulfate
release ranked D2 > D1 > D3 (2008) within D platsgd C1 > C2 > C3 within C plots in both
years despite the different seasonal drought iittems 2008 and 2009. These sequences
reflect TRIS content (Table 1, Fig. 9). Sulfateeesde depended on oxygen penetration and its

onset was thus retarded in more compacted peasors&a drying in 2009 occurred
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simultaneously in all C plots but the increase ulfage concentrations occurred later in C2

and especially in C3 due to the retarded oxygeamsiin in those denser peats.
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Figure 9. Sulfate (S@) concentrations. Refer to caption in Figure 4. @eeth distribution
of TRIS content in the solid phase is shown to esspte the differences among plots but it

was not measured in this study (Table 1).

Upon rewetting, the sulfate pool formed during dgyiwas consumed within variable time
periods (Fig. 9). The contrary sulfate and methdyreamics (Fig. 6 and 9) indicate that SR
strongly dampened methanogenesis and stronger meett@umulation occurred only when
sulfate levels dropped to ~100 umof* lor below. Methanogenesis was lowest but not
absolutely inhibited and, once rewetted, low meg¢hivels immediately accumulated in the
deepest layers under high sulfate levels (~500 pritlindicating a co-occurrence of both
processes (Fig. 10). This feature was observed o but not after the reinforced drying
(D plots). Regarding the effects of dryness intensity in 2G&)ut 60 days after rewetting,
sulfate concentration was on average 20 * 17 piichlC plots (DOY 261) and 119 + 110
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umol L in D plots (DOY 280). Nevertheless, there wereo atfferences in oxygen

penetration between treatments; peat layers 5 toni@eep were consistently more aerated

after rewetting in D plots compared to C plots (MY This aeration must have contributed to

the prolonged ClHaccumulation delay by a year observed in D pldter arying. Thus, a

straightforward quantification of CHproduction recovery due to the specific impactra

reinforced drying in comparison to C plots is diffit. Nevertheless, post-rewetting peat
aeration in D2 and C1 plots was similar suggestimgf drying intensity influenced the

prolonged delay.
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Figure 10. lllustration of the “recovery” of dissolved mettgarconcentrations after the
seasonal drying 2008 in C1 plot. The last measunémhgring drying was on DOY 189 and
the first upon rewetting was on DOY 196. Duringtttransition (“dry to wet”) sulfate levels
increased but also did methane concentrations. afetlcontinued accumulating whereas
sulfate levels started decreasing (DOY 203) arsl phitern was impaired when WT declined
allowing oxygen penetration (DOY 212). DOY meany dayear. The dashed line indicates

the water table position.

Interestingly, a greater sulfate pool generatedndua given drying did not imply a longer
delay in CH accumulation after rewetting but became shortstead. As mentioned, the
sulfate pool formed during dryings ranked C1 > C€3-within C plots and D2 > D1 > D3
within D plots. However, upon rewetting, fasteslfate depletion and strongest and fastest
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CH, accumulation occurred in C1 and D2 despite thetatpr sulfate pool during their
respective dryings. Noteworthy, these plots (C1 B&) had the lowest BD, the highest OM
content and also the highest TRIS and ferric iromtent (Table 1). The faster sulfate
consumption and CHaccumulation in D2 might result from the shallowg&ygen penetration
compared to other D plots. However, among C ptbtsfast sulfate depletion occurred in the
most aerated C1 plot, which stresses the role ofd@Ment and quality for CHporoduction
recovery after drying. This data also indicate tiyaater sulfate regeneration during drying
does not necessarily imply a longer delay for,@kbduction recovery after rewetting since
this relation is greatly influenced by TRIS and @bhtent in peat.

During flooding, the irrigate provided an inputxfifate and nitrate that also delayed methane
production. Prior to flooding (DOY 104-125 in 2009)Ifate levels were between 10 and 100
umol L and nitrate levels up to 14 pmof ldepending on depth. Once flooded (DOY 140),
concentrations increased to a homogeneous valad @3 umol SG L™ (Fig. 9) and ~40
pmol NQ; L™ Despite this continuous electron acceptors infram the surface
methanogenesis proceeded. The spatiotemporal mpattersulfate consumption broadly
matched that of CiHaccumulation (Fig. 6 and 9). The highest conceintnatof sulphides
were observed during flooding (Table 2) and rank&d> D1 > D3 in agreement with the

ranking observed also for GHDIC, F€", acetate and H

D1 D2 D3 C1l C2 C3
Rewetted Mean(SD) 0.1 (0.6) 1.5(3.4) <0.1(0.1)2.9 (4.5) 0.2(0.5) <0.1(<0.1)
conditions Max 7.3 18.2 0.5 26.2 3.2 0.6
. Mean(SD) 3.3 (5.4) 12.4(8.6) 0.9 (2.4) - - -
Flooding
Max 26.0 41.2 15.6 - - -

Table 2. Concentrations of sulphides (umof)Lin control (C) and manipulated (D) plots
illustrating the effects of flooding. Values shoveam with one standard deviation (SD) and

maximum concentrations. No or lower values wereeplesd during drying.

3.4 Acetate and dissolved hydrogen

Acetate concentrations in C plots during both sesasand in D plots during non-flooded

conditions were not detected except for few randamples at levels not higher than 18 pmol

L™ and a sporadic peak of 147 pmet In C2 at 2.5 cm depth coinciding with high £H
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concentrations (not shown). Similarly, dissolveg Which was only measured in 2009, was
mostly below 0.5 nmol £ in C plots. This is except for a few measuremémthe upper 5
cm reaching 1 nmol tand a peak of 3 nmolLin C3 matching high CHlevels. In contrast,
during flooding, acetate and hydrogen levels becaomsistently higher although with a
variable response and temporal pattern among 3 ffog. 11). Acetate and hydrogen levels
were highest in D2 reaching 760 pmol acetateahd 28 nmol HL™ at depths above 5 cm,
intermediate in D1 reaching 120 pmol acetateahd 22 nmol kL™ at 10-20 cm depth, and
lowest or inexistent in D3 reaching only 100 umeétate [* in the upper 5 cm. Acetate and
hydrogen concentrations remained high until DOY arél substantially decreased thereafter
(DOY 306) (Fig. 11). This trend matched with thesmnal temperature decrease occurring
during that period, when mean daily temperaturdccdecline from 14 to below 0 °C for air
and from 9 to 4 °C for peat (5 cm depth). A simdacrease of concentrations accompanying

this temperature decline was also observed fa, OKC, F€" and dissolved sulphides.
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Figure 11. Dissolved hydrogen and acetate concentrationsigldtooding (D plots). No or

weak and sporadic accumulation occurred in C [{k®s text).

The abundance Hand acetate during flooding apparently favourem-amccurrence of FeR,
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SR and methanogenesis. Regarding the verticalldistn of redox processes, SR occurred
at deeper layers initially and extended upward#$ wihe reaching intermediate in D1 and
upper layers in D2, FeR mainly dominated in theauppst layer, and CHaccumulated with
time down from intermediate layers. Despite thisegal redox zonation with each process
prevailing in a given zone, concentrations of ‘Feulfides and Clincreased over several
consecutive samplings at a given depth indicatiegadial co-occurrence of these processes at
our scale of observation. The variable pattern gttéhcentrations broadly mirrored these
dynamics, and the redox processes co-occurrencenwas apparent with increasing, H

levels, when > 2 nmol L (Fig. 12).
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Figure 12. lllustration of the redox zonation and the co-agcence of iron reduction, sulfate
reduction and methanogenesis during flooding inpi?. Scales are expressed in umdl L

except for dissolved hydrogen in nmét.LDOY means day of year.
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3.5 Dissolved electron acceptorsturnover rates

Peaks of FeR during rewettings reached 3.08 mmgl fé d* although the highest value
occurred during flooding reaching 4.68 mmofFea? d*. Sulfate generation during drying
peaked 9.88 mmol SO m? d*and upon rewetting, SR peaked 20.5 mmo}’S@? d™.
Time-averaged rates for the turnover of nitraten iand sulfate over periods with different
WT conditions are shown in Fig. 13. Drying genedla¢dectron acceptors at time-averaged
rates ranging from 0.01 to 1.04 mmol N@? d*, from 0.94 to 3.72 mmol 1SQ* d* and
from 0.09 to 1.30 mmol Fe(lll) fid* and from 1.09 to 3.75 mmol Fe(ll) frd™* assuming
SO generated from FeS oxidation. During rewettingQ(€ays), electron acceptors were
consumed at 0.04 to 0.64 mmol @ d*, 0.25 to 9.77 mmol SFm? d* and 0.12 to 1.13
mmol Fe(lll) m? d*. The pool of S& reduced during rewettings was not balanced by the
measured concentrations of dissolved sulfidesi(tef@able 2). Based on the measured’SO
consumed, the sulfide formed was quantified (sioitietry 1:1). Based on Eelevels the
precipitation of Feg (pyrite) was possible upon rewetting but the sofutwas not
supersaturated regarding FeS and Fed®is sink for sulfides and Fewas apparent in C1
and D2 plots in rewetting of 2008. The pool of‘Faccumulated upon rewetting rapidly
disappeared from solution matching the strong dseef sulfate concentrations (Fig. 8 and
9) and the posterior accumulation of dissolvedigetf (not shown). Assuming that all $O
was consumed, i.e. sulphide formed and precipitated reduction rates would increase up
to a factor of 19 with values ranging from 0.131@27 mmol Fe(lll) if d*. These values
were included in Fig.13. No effects on rates duthi reinforced drying occurred except for
D2, where a higher S® reduction rate occurred upon rewetting comparectdntrol
conditions. During flooding, rates decreased anasemption of electron acceptors ranged
from 0.08 to 0.1 mmol N©m? d*, reduction from 0.13 to 0.24 mmol $Om? d* and from
0.31 to 0.71 mmol Fe(lll) ihd™.
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Figure 13. Time-averaged net turnover rates of electron aocgphtegrated for 30 cm
profiles expressed in electron equivalents basedhendissolved concentrations measured
(solutes) during different periods in all plots.sRwe values refer to production (oxidation)

and negative values to consumption (reduction).

3.6 Oxygen, DIC and methane turnover rates
Time-averaged ©gas consumption during drying periods ranged foh8 to 367.2 mmol
0, m? d*, and dissolved ©consumption decreased during the flooding phasen(DOY
140 to 327) at rates ranging from 0.24 to 0.43 m@elm? d’. Time-averaged rates of
gaseous C@production during drying ranged between 5.2 anf.lL4nmol CQ m? d*
whereas DIC production during flooding ranged fr8r@ to 5.2 mmol DIC M d*. During
flooding, DIC temporally peaked (not time-averaged)32.4 mmol DIC if d*. Time-
averaged rates of dissolved methane productionh®iflooding phase ranged from 0.03 to
0.43 mmol CH m? d* whereas the estimation for the same time perid@ pots shows CH
consumption (-0.01 to -0.24 mmol Gth? d*), which crudely indicates the importance of
fluctuating WT and seasonal drying (C plots) agafteded conditions (D plots) for CH
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production. Nevertheless, gas §oduction occasionally peaked to 40 mmolG@#¥ d*in
control plots (C2 ~DOY 140 2009 in Fig. 4, refes@lto Figure 5), whereas dissolved
methane production during flooding peaked only.88Inmol CHm? d™.

3.7 Electron flow balance

Consumption of @ was quantified against GQproduction and regeneration of dissolved
electron acceptors to evaluate these sinks ford@ing drying in 2008 (Fig. 14a). The
regeneration of the dissolved pool of electron ptars (shown in Fig. 13) accounted only
between 2 and 25% and g@roduction between 29 and 40% of the estimated O
consumption. Based on these estimations, additieinés not accounted for in our analysis
consumed © during drying at time-averaged rates ranging betw82 and 850 mmol
electron equivalents fd™ (Fig. 14a). It must be noted that the low end @ tange stems
from plot C3, and certainly is an outlier when cargd with measured fluxes (Jan Muhr,

pers. communication). Such results reflect the pisicription of diffusive transport arid,

in that compacted and likely tortuous peat maffig.(14a).

During flooding, the consumption of dissolved elent acceptors and the production of
methane and acetate were not balanced by the @uped (Fig. 14b). The proportion of
DIC explained by these processes decreased asrtptithe passed, and declined from 24-
55% during the initial (DOY 140-202) to 18-27% dgithe final period (DOY 202-327).
Consumption of dissolved electron acceptors imytiatcounted for 22-51% of the electron
flow and decreased to 10-18% during the final gkvitereas the fraction of methanogenesis
increased from 0-5% to 1-11% with time (Fig. 14RAketogenesis was negligible (<1%).
Additional processes not accounted for in our asialproduced C@at time-averaged rates

(entire flooding period) ranging between 12 andritiol electron equivalents fro™.
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Figure 14. a) Cumulative pool of ©consumed during seasonal and reinforced drying in
2008. Oxygen consumption explained all {goduction in the gas phase and all the renewed
electron acceptors (shown in Fig 13) during dryimgCumulative pool of DIC produced over
time during flooding and fractions explained bystised electron acceptors, methanogenesis
and acetate production. Other processes like tgeneration and consumption of electron
acceptors in the solid phase likely constitutediraportant fraction of the unexplained, O

consumption during drying and of G@roduction during flooding, respectively (see }ext
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4. Discussion

The results confirmed that changes in water saturattrongly influence redox processes
through the impact on diffusivity, which stronglgrdrols gas transport rates in peat. Dry-wet
cycles and flooding led to a contrasting resporggnding terminal metabolism during OM

decomposition by altering the balance between ratspn and fermentation. Based on the
observations in this minerotrophic site, three m@joases were identified during a dry-wet
cycle based on their potential impact for C cycligying, rewetting and post-rewetting)

which contrast with the effects during flooding.

4.1 Electron acceptor release during drying
Electron acceptor regeneration was related to tihiedétline and duration of drought. Based
on the S@ accumulation during drying and on the greatef*Feccumulation upon
rewetting, electron acceptor release increased witre severe drought. The resulting
electron acceptor pool ranged from 170 + 31 pmal*30 in dry periods lasting ~60 days
with a WT decline at around -40 cm (2009 C plos}79 + 308 umol S§& L™ in drying
with similar duration but deeper WT decline to 38 (2008 D plots) (Fig. 9 and 2). Shorter
duration events of ~35 days with intermediate W@lide to about -60 cm led to intermediate
sulfate release of 279 + 153 pmol 8@ (2008 C plots). This finding indicates that the WT
decline had a stronger influence than duratiorstdfate regeneration, given the site-specific
depth distribution of TRIS and organic sulphur emtt This seems reasonable because of the
deeper oxygen intrusion, the greater change intmeisand thus the greater surface area
(reduced water film thickness) affected by oxygesoaiated with a deeper WT decline (Fig.
3 and 4). Maximum sulfate release also occurredrbehe end of drying indicating the fast
regeneration of electron acceptors. Chemical oxidaidf reduced iron is also a fast process at
pH values 4 to 5 (Ahmad and Nye, 1990), a rangeervesl before drying (not shown).
According to the kinetics of these processes shi@tuent and moderate drying events are
important for the regeneration of electron acceptord thus suppression of methanogenesis.
In addition to drought intensity, the solid phasentent (TRIS and Fe(lll)) and peat
compaction (Table 1) influenced the extent and odtthe electron acceptor renewal. For a
given drought, namely the seasonal drying 2008 wéth a TRIS content ~6.3 mol (30
cm pool) led to mean SO levels (388 umol 1) about 60% higher than in peats with a TRIS
content of ~3.7 mol A Peats with a mean bulk density of 0.20 g°eetarded the electron
acceptors regeneration by up to two weeks comparéess compacted peat of 0.08 gtm
(refer to seasonal drying 2009, Fig 4 and 9). Delay correlated with slow oxygen intrusion
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in dense peats. We thus conclude that droughtsitigrthe TRIS content (and solid phase
iron) and peat compaction, which was controlledh®yash content, determined the extent of
the electron acceptor regeneration during drying.

Oxygen consumption was not balanced by productibrCO, and release of dissolved
electron acceptors during dry periods (Fig. 14apaoAsible sink for @was the oxidation of
FeS because only 0.8% to 39% of the Fg®ol would have been oxidized. On the other
hand, we did not find the large quantities of delfeat 30 times the level of measured
concentrations that should have been released ibyptiocess. Similarly, if oxygen was
consumed during ferrous iron oxidation and formexdiliydrite, concentrations of dissolved
Fe?* should have increased upon rewetting up to temsnodl L, which we only detect in the
micromolar level. In a previous report in mesoco$Bm deep using this peat, drought (50
days long and WT decline to -55 cm) led to a to&éase of up to 157 mmol electron
acceptor equivalents d* with a major fraction of up to ~90% stemming frohe tsolid
phase compared to the dissolved pool (Knorr andl&ip 2009). Of the total renewed pool
>70% was consumed with time after rewetting in @gteriment (Knorr and Blodau, 2009)
indicating an important electron flow between sghidases during these cycles. Thus, the
regeneration of dissolved electron acceptors, ufBmmol electron equivalents’a ™ (Fig.
13), was most likely small in comparison to thatuwrcing in the solid phase. Adding these
157 mmol electron acceptor equivalent¥ ai' (Knorr and Blodau, 2009) to our balance
would account for up to 54% of the unexplaineg d@@nsumed shown in Figure 14a. This
implies that our gas turnover estimates, whichvamy inexact but conservative and should
contain the same bias for, @an for CQ, indicate that a remaining pool of 3000 to 20000
mmol electron equivalents fr{depending on the drying, D or C plots) was siilt explained

in the balance. Potential electron accepting psEesy humic substances have been
experimentally demonstrated in laboratory condgifor both dissolved and solid phases and
have been shown to lower methane release in abmlicpeat (Aeschbacher et al., 2010;
Blodau and Deppe, 2012; Roden et al., 2010). Alghaoot clarified undem situ conditions,
this could have been a mechanism to explain thaireng G consumption. In this regard,
based on further estimates using the bulk densitiieoprofiles and a peat carbon content of
40% (Knorr et al., 2008a; Reiche et al., 2008), ibeessary electron accepting capacity of
peat OM to close the budget during drying couldeheanged between 0.28 and 2.26 mmol
electron equivalents'gC. These values fall in the range of previouslgoréed electron
accepting capacities in dissolved OM (Blodau et 2009; Heitmann et al., 2007) but it
remains unknown if such capacities are presentcandcbe utilized over periods of weeks to
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months. It must be kept in mind that sufficientnirand sulfur species were theoretically
present at the site to explain @nsumption but the quantification of their cottenthe solid

phase and the kinetics of these processes wervakhtated.

4.2 Redox transition after rewetting

In line with the greater availability of electromceptors, F& release upon rewetting was
stronger after more severe drying and also depeadéide solid phase iron content. The rates
presented in Fig. 13 for the pool of dissolved tetat acceptors provide only minimum
estimates of the total electron acceptor flow siR€€ readily precipitates and the dissolved
fraction is shown (Lovley, 1987) to represent mer@l2% of the Fe(ll) obtained by acid
extraction. Precipitation of ferrous sulphides vieasible especially during the rapid redox
transition associated to rewetting, which agredh findings from another minerotrophic fen
(Todorova et al., 2005). Sulfate might be rapidibshed out from peat soils upon rewetting
events but it is not likely to have been importanbur peat deposit since sulfate release was
relatively well balanced by SR (Fig. 13) and the Wise did not led to surface flow under
background conditions (Warren et al., 2001). Caevsidle S@ pools generated during
dryings (concentrations up to 1000 umdj) were depleted in 20-30 days upon rewetting (see
D2, C1, Fig. 9). Our highest estimate of SR readhdd2 20.5 mmol rif d*if integrated for
the 30 cm or 100 nmol c¢ihd™ for a given peat layer. For this site, the high®Bt rates
determined by &S radiotracer method were also reported for D2 withues reaching 600
nmol cm?® d* (Knorr et al., 2009). Unlike our data that broaghows that SR was enhanced
after rewetting, this process proceeded fastesh W@ decline in unsaturated peat when
quantified with a**S radiotracer method (Knorr et al., 2009). The arghattributed this
finding to the existence of anaerobic niches fe®ty* produced in a predominantly aerated

matrix, allowing for rapid recycling of the sulphpool in unsaturated peat.

4.3 Post-rewetting: Delay of CH,4 production in relation to dry intensity
We expected the re-onset of £ptoduction to require longer after more severendygvents
because of oxygen-induced impairment of methanogamd/or of a suppression of
methanogenesis due to a raised availability ofraditeve electron acceptors (Achtnich et al.,
1995; Dowrick et al., 2006; Knorr and Blodau, 208%tering and Conrad, 1998; Shannon
and White, 1996). At our scale of observation,rargj and inverse zonation of ¢ldnd Q
concentrations was apparent, as expected from stiist anaerobic methanogenic guild
(Fetzer et al., 1993; Kim et al., 2008). Upon rdimgt methanogenic activity was low but
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“immediate” after seasonal dryings in C plots amd completely inhibited despite sulfate
levels ~500 umol B (Fig. 10). This finding argues for a presence ofrenreduced
microenvironments and effects of root exudatiothis peat (Knorr and Blodau, 2009; Knorr
et al.,, 2008a). Considering the whole peat as eatsr volume methanogens were resilient
and resistant to drought events (Oquist and Suh@®8) and active despite available sulfate
at concentrations ~500 umol*L The initially slow CH accumulation (Fig. 10) and the
observed inverse dynamics of these compounds @ignd 9) indicate that SR broadly
suppressed relevant methanogenesis untif $6ncentrations declined to levels ~100 pmol
LY. The effects of seasonal dryness (C plots 20G8pdafor 40-50d after rewetting until a
recuperation of soil CHconcentrations occurred to - arbitrarily chosemalues of ~80 umol
LY. In contrast, no or negligible methane accumutaticas detected for a year after the
reinforced drying in D plots.

As mentioned, a major limitation for the comparisbetween treatments is the greater
aeration of the upper peat layers in D plots (B)g-The upper layers in this site contributed to
most or all CH production and only the upper 5 cm contributed(3%8of the total Chl
produced in 50 cm profiles in incubations of then fpeat (Estop-Aragonés and Blodau,
2012), which is in agreement with other findingsnir this site (Reiche et al., 2010). This
pattern is also confirmed by the observed,G@dcumulation in upper layers, as discussed
below. Thus, the delayed Ghyroduction after intensified drying in D plots wastentially
also influenced by systematic and slight differenée WT between C and D plots.
Comparing seasonal dryings between years (C pla@8 2nd 2009), deeper WT decline in
2008 caused a stronger degassing and thus deptétibe CH, pool in peat. However, CH
accumulation after rewetting was similar both yeasspite the colder conditions in 2009.
The recovery of Chiproduction after rewetting was faster under warc@rditions in this
(Estop-Aragonés and Blodau, 2012) and other studids fen peat (Jerman et al., 2009).
Methane production furthermore increased with temipee and was more temperature
sensitive than ClHconsumption (Dunfield et al., 1993). This arguasrhore severe drought
delaying CH production upon rewetting. Previous observatiorso ahdicated that more
severe drying events nearing a couple of monthayedl reactivation of Cproduction for
weeks after rewetting (Kettunen et al., 1999).

The observed relation between sulfate regenerationng drying and delay in CH
accumulation upon rewetting illustrates the intémdd role and importance of peat
physicochemical properties when evaluating the ohpd dry-wet cycles on belowground

redox processes. This relation was controlled dgadt TRIS and OM content, in addition to
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the WT position and fluctuations after rewettingr & given dry-wet cycle, profiles where
drying led to highest sulfate release (C1 and D2yewalso those with faster SR and
sooner/stronger CHaccumulation after rewetting, presumably becadisgegher OM content
(Fig. 6 and 9, Table 1). Higher OM content potdhtianhanced respiration (Segers, 1998)
and increasing OM usually led to higher £ptoduction also in peat grasslands (Best and
Jacobs, 1997). A weakened SR, and strongerpZétiuction suppression, occurred in profiles
with low OM content. Comparing the responses ind®a C3, which have similar TRIS
content and WT but differ in OM (Table 1), we camclude that drought events caused a
stronger impact on the post-drought soil <Gidcumulation when the OM content was lower
(Fig. 6). Interestingly however, lower OM contembplied higher peat compaction thus
favouring higher moisture and anoxia and, consefjyem comparatively faster CH
accumulation occurred in the upper layers. If flaster accumulation results from a lower
diffusivity in more compacted peat or from a higpeoduction we unfortunately cannot say.
Noteworthy, CH production occurred in the unsaturateohe, above the WT, and was
maintained in those peats with higher compactimgher moisture retention) despite WT
declined to -20 cm (Fig. 7, note C2, C3 DOY ~14@2( Fig. 6). Methane accumulation
was observed above 10 cm whenwas absent (see C1 and mostly C2 and C3, Figsd4 a
6), which corroborates the faster gbtoduction of the upper peat layer in this fenhaligh
maximum CH production is usually reported to occur below thater table, previous
findings already showed GHproduction to be sustained in unsaturated peahglaryings
(Kettunen et al., 1999; Knorr et al., 2008b). Thestrimportant difference to previous reports
is that production in the unsaturated zone toolceplm the uppermost layer in our site
whereas it did in deeper peat horizons observesivblsre (Kettunen et al., 1999). This is
important because the methane flux released manbanced when the transport distance to
the atmosphere is short.

Important for the climate change feedback, ,GHnission results from CH4 production,
accumulation, diffusive transport, and oxidation tmgthanotrophs (Jaatinen et al., 2005;
Popp et al., 2000), and it is influenced by vascplant mediated production and transport
(Strack et al., 2006). Post-drought methane enmissio peat cores of a gully mire undergoing
drying in a perfusion system (WT at 20 cm for 4 ksewere persistently lower during at
least the monitored rewetting period of 5 weeks wbck et al.,, 2006). Chamber
measurements of GHfluxes performed in our site in 2008 showed thawissions were
generally lower in D plots in comparison to C plbtgt did not follow a simple increasing

trend over time after rewetting (Julia Képp, peraaommunication), as we observed for soil
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CH; accumulation. Methane fluxes were potentially ueficed by the depth of GH
production and the peat aeration thickness. Inrgggrd, lowest and highest ¢€Emissions
were generally observed in D3 and C3 plot, respelsti (Julia Kopp, personal
communication), which strongly differed in termsoxfygen penetration (Fig. 4). Considering
that gas exchange is strongly regulated by vegetathe impact of WT change on potential
succession is likely crucial (Strack et al., 2008)this regard, it is worth mentioning that
flooding strongly boosted this potential successimnvards Sphagnum whose cover

remarkably increased.

4.4 Flooding

The excess amount of irrigate with constant prowisof electron acceptors delayed
methanogenic conditions in D plots. Despite thisitcmous supply of oxidants GH
production, which dominates in the top layer (dssmd before), was maintained and led to
CH,; accumulation again suggesting that methanogenaromches existed, as previously
inferred (Knorr et al.,, 2008a). The observed respowould have started earlier and been
stronger under natural flooding although it canhetruled out that the effects from the
drought of the previous years had lingered on.

The most striking process during flooding was phldpahe accumulation of acetate and
hydrogen, which otherwise did not occur under bamlkgd conditions. No relevant
accumulation of acetate and hydrogen was observéil plots, contrary to observations in
bogs (Shannon and White, 1996). Consumption oktkebstrates was thus potentially faster
than their production throughout the year indiggtinat fermentation limited respiratory and
methanogenic activity (Appelo and Postma, 2005o#ing led to a decoupling of terminal
respiration and fermentation (Fig. 11). Such detingphas been documented for bog peat in
incubations (Hines et al., 2001) and under fieldditons (Duddleston et al., 2002; Shannon
and White, 1996). Fermentation might thus becorse al fens, at least when flooded, the
main terminal OM degradation process. Such resporgealso be expected in systems with
intermittent flooding such as by reservoir creatiwrbeaver pond formation.

Methanogenesis, SR and FeR are generally expeotezkdlude each other since these
processes compete for acetate anqddmpetitive substrates). We observed an appaent
existence of these processes during flooding (Fig), which again argues for
microenvironments (Knorr and Blodau, 2009). Theesadf both substrate production and
electron acceptor consumption control the poolawailable substrate and electron acceptors

which determine if co-occurrence of TEAPs takex@laAssuming a given Hor acetate)
148



Study 3

production via fermentation, upon depletion of i@t acceptors, FeR and SR rates decrease
and thus, cannot maintain the low range ef(ét acetate) concentrations, which previously
excluded methanogens because of their greater ratédsthreshold (Conrad, 1999). In
consequence, Hand acetate concentrations increase. Additiortallgcetate and 1 some
methanogens can also use other reduced intermedsaieh as other organic acids and
alcohols (Ferry, 1993) which are more likely tofoemed when the KHpool increases due to
excess of fermentable substrates supply (SchinR7)19However, little stimulation of
methanogenesis in incubations from this fen ocdumeon methanol additions (Wust et al.,
2009), which might suggest that additional subsgratere not important. Sulfate levels were
up to ~100 pmol & during flooding, a concentration apparently lovoegh to allow relevant
methanogenic activity, at those rates of provisibhl, and acetate. These concentrations are
in the range of experiments in bog peat monolithene addition of sulfate at concentrations
above 250 pmol T reduced methanogenesis but levels of 50 and 100 jithalid not
substantially (Watson and Nedwell, 1998). Methameges and SR co-occurrence has been
reported at higher sulfate concentrations (~200-8®@l L) in cores from bogs with
decomposed peats (Wieder et al., 1990). Findings fimcubations for this fen peat also
indicated a co-occurrence of FeR and methanogedespite Fe(OH)additions (Reiche et
al., 2008).

The processes evaluated could not explain the PEoI(~CG,) formed during flooding (Fig.
14b). We gquantified that the reduction of 4 to bfthe reactive ferric iron pool in the solid
phase could have been used to form the unexpl&@dHowever, levels of dissolved ¥e
should then have risen to 24 times higher thanetlitesected. If such amounts of Fed to
hypothetical FeSprecipitation, the required $®would have been ~4500 mmol $0m™
during the flooding period. The reduction of thmopwould strongly decrease the ferric iron
pool necessary to close the budget. In this regdmel, SQ* provision with the irrigate
(permanently discharged) was ~10 times higher huos, tsuch S& demand was fulfilled in
case those processes took place. This formatiofembus sulphides was observed in
prolonged wet treatments in this peat (Knorr anddBl, 2009) but no analysis of the TRIS
content was performed after flooding to confirm apntify such mechanism in this study.
The cycling of sulphur has been proposed to playrgortant role on anaerobic respiration
in this fen (Pester et al., 2012) but the origintleé oxidation power necessary for the
reoxidation of reduced sulfur is not determined qoantified. The provision of oxygen in
soil via roots in ouCarex spp. dominated site (Mainiero and Kazda, 2005)ccaacount for

additional recycling of electron acceptors. Thegation practice discharged oxic water thus
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favouring a reoxidation of reduced products angcikeg of electron acceptors in the surface
peat too. Also, additional GCformed via fermentation has been claimed as aroitapt
source during anaerobic G@roduction not accounted for in such balances (Ilrsfon et
al., 2002; Vile et al., 2003). Acetogenesis wasligdde in our budget but the accumulation
of H, and acetate (and DOC, not shown) suggests th#iaadd fermentation intermediates,
which we did not measure but accumulated in ingabatusing this fen peat (Hamberger et
al., 2008; Wust et al., 2009), were also formed @ndd have also contributed to the balance.

5. Conclusions

The frequency and intensity of WT changes contezlssnal water saturation in peat and
strongly influence belowground redox processes@@¢ and CH production. More intense
drought led to greater electron acceptor regermerand the WT decline depth, rather than
the drying duration, was most important to thid fageneration process. Oxidation was thus
fast compared to the temporal scale of droughtchlvisuggests that more frequent drought
has a bigger effect than more intense drought.rigryhus diverted the electron flow from
methanogenesis towards iron and sulfate reductibinch were maintained after rewetting.
The post-drought impact on soil glHccumulation might last for months. This delay was
necessarily related to the greater availabilityelgictron acceptors after more intense drying
but to OM content and reactivity, which favoredteosger recovery of ClHaccumulation.
The effect of WT fluctuations on redox processes wléimately controlled by the change in
peat moisture, which determined the rate and defptixygen intrusion in peat. Peat physical
properties influenced this key relation as compmhgbeat prevented oxygen penetration
despite moderate WT decline thus favoring methaelyztion in unsaturated conditions.
The existence of microniches under these transggltix conditions were also inferred during
flooding, when parallel FeR, SR and methanogenssi® favored. In contrast to dry-wet
cycles, sustained anaerobism during flooding altetbe carbon flow during OM
decomposition by switching to fermentation as teahiprocess thus contributing to
substantial CHkl production. Climate change induced shifts in hialyecal conditions are
relevant for the carbon cycling in peatlands aneérairganic matter decomposition rates. The
frequency of both drying and flooding are predictem increase and both extreme
hydrological conditions have contrasting effectsa @ annual period, the intermittent
oxygenation of peat soils during both dry-wet cgcéand moderate water table fluctuations
favour higher C@ and lower CH emissions when compared to flooded conditionsaBse

of this contrasting response, the alternation es¢hhydrological changes adds complexity to
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the long-term feedback of carbon cycling in peattan
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