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Summary

Summary

Arctic wetland soils are significant sources of thenate-relevant trace gas methane {CH
The observed accelerated warming of the Arctixseeted to cause deeper permafrost thaw-
ing followed by increased carbon mineralization &t formation in water-saturated perma-
frost-affected tundra soils thus creating a posifieedback to climate change. Aerobic,CH
oxidation is regarded as the key process reduckgedmissions from wetlands, but quantifi-

cation of turnover rates has remained difficultao

This study improved the in-situ quantification oicnobial CH, oxidation efficiency in arctic
wetland soils in Russia’s Lena River Delta basedtable isotope signatures of £hh addi-
tion to the common practice of determining the Igtakotope fractionation during oxidation,
additionally the fractionation effect of diffusiomn important gas transport mechanism in
tundra soils, was investigated for both saturatetlunsaturated conditions. The isotopic frac-
tionation factorsix andagi were used to calculate the gokidation efficiency from the CH
stable isotope signatures of wet polygonal tundhigs ©f different hydrology. Further, the
method was used to study the short-term effectermaperature increase with a climate ma-

nipulation experiment.

For the first time, the stable isotope fractionatmf CH, diffusion through water-saturated
soils was determined wityi = 1.001 £ 0.0002n= 3). CH, stable isotope fractionation dur-
ing diffusion through air-filled pores of the invigmted polygonal tundra soils was
ogit = 1.013 £ 0.003r(= 18). For the studied sites the fractionationdador diffusion under
saturated conditionggix = 1.001 seems to be of utmost importance for tentfication of
the CH, oxidation efficiency, since most of the Ck$ oxidized in the saturated part at the
aerobic-anaerobic interface. Furthermore, it wasébthatao.x differs widely between sites
and horizons (mea# = 1.018 £ 0.009) and needs to be determined @asa by case basis.
The impact of both fractionation factors on the mjifecation of CH, oxidation was analyzed
by considering both the diffusivity under saturated! unsaturated conditions and potential

oxidation rates.

The predominant water table determines the magaitdicCH, oxidation efficiencies in arctic

wetland soils: submerged organic-matter-rich soilicated CH oxidation efficiencies of

VI



Summary

10 to 70 %, while polygon centers and rims withagnobic surface layer showed capacity of
complete oxidation. Temperature increase mightcafiH, oxidation efficiencies of saturated

sites in the long term, however short-time effeetse not observed.

The improved in-situ quantification of Gkbxidation in wetlands enables a better assessment
of current and potential GHsources and sinks in permafrost-affected ecosystamd their

potential strengths in response to global warming.
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Zusammenfassung

Zusammenfassung

Arktische Feuchtgebiete sind signifikante Quell&s #limarelevanten Spurengases Methan
(CH,). Die beobachtete Erwarmung der Arktis bewirkt i@fieres Auftauen des Permafrosts,
durch welches eine erhdhte Kohlenstoffmineralisigrund CH-Bildung in durch Permafrost
gepragten, wassergesattigten Tundrabdden begiwstitind somit eine positive Ruckkopp-
lung auf den Klimawandel darstellen kénnte. Aer@iyy-Oxidation wird als entscheidender
Prozess angesehen, &£Hmissionen aus Feuchtgebieten zu reduzieren, lpeddb@ine Quan-

tifizierung der Umsatzraten hier bisher schwierig.

Diese Studie verbessert die in-situ Quantifizierdeg mikrobiellen Ch-Oxidationseffizienz

in arktischen Feuchtgebieten des russischen Letaadehsierend auf den stabilen Isotopen-
signaturen von Cld Zusatzlich zur tblichen Bestimmung der Fraktiomigy durch Oxidation
wurde die Fraktionierung wahrend der Diffusion -mderesentlichen Gastransportmechanis-
mus in Tundrabdden — unter sowohl gesattigten ath aingesattigten Bedingungen unter-
sucht. Die Fraktionierungsfaktoremo, und agir wurden genutzt, um die GH
Oxidationseffizienz anhand der stabilen £&Bbtopensignaturen in Tundrabdden mit unter-
schiedlicher Hydrologie zu berechnen. Desweiterende die Methode angewandt, um den
kurzfristigen Effekt einer Temperaturerh6hung ineen Klimamanipulationsexperiment zu

untersuchen.

Zum ersten Mal wurde die stabile Isotopenfrakticumg fir CH4-Diffusion durch wasserge-
sattigte Boden bestimmt miti = 1.001 + 0.0002n= 3). Die Diffusion von CH durch luft-
geflllte Poren in den untersuchten polygonalen Talmiden fihrte zu einer C-Isotopen-
fraktionierung vorugis = 1.013 £ 0.003(= 18). In den untersuchten Boden scheint der Frak-
tionierungsfaktor fur wassergesattigte Bedingunggn= 1.001 von besonderer Bedeutung
fur die Quantifizierung der CHOxidationseffizienz zu sein, da der grol3te Tes @, im
wassergesattigten Bereich an der aeroben-anae@ieeizschicht oxidiert wird. Dartber hin-
aus zeigten die Ergebnisse, dagssich stark zwischen den Standorten und Horizontderu
scheidet (Mittelwerb,x = 1.018 = 0.009) und somit von Fall zu Fall bestinwerden muss.
Der Einfluss von beiden Fraktionierungsfaktoren aief Quantifizierung der CHOxidation
wurde analysiert unter Berucksichtigung der Diffitsit unter gesattigten und ungesattigten

Bedingungen und der potentiellen Oxidationsraten.



Zusammenfassung

Der vorherrschende Wasserspiegel bestimmt das Atisiea CH-Oxidation in arktischen

Feuchtgebieten: wassergesattigte, organikreicheeBddesen eine Oxidationseffizienz von
10 bis 70 % auf, wahrend Polygonzentren und -wditeeinem aeroben Bereich im Oberbo-
den Kapazitaten zur vollstandigen Oxidation zeigteéme Temperaturzunahme konnte die
CHg-Oxidationseffizienz von wassergesattigten Stamaolingerfristig erhéhen, jedoch wur-

den keine kurzfristigen Effekte beobachtet.

Die verbesserte in-situ Quantifizierung der gbkidation in Feuchtgebieten ermdglicht eine
bessere Abschatzung der gegenwartigen und zukénf@}} Quellen und Senken in durch
Permafrost gepragten Okosystemen und ihre poteEnfiepragung im Zuge des Klimawan-

dels.



List of Figures

List of Figures

Figure 1. Permafrost distribution in the Arctic vibcation of the study area Lena River

D= | = PP PPPPPPPRPPPPPPR 6
Figure 2: Carbon cycle in Arctic Wetlands. ......cc..ooovvvveeiiiiiiiiiiiii e eeeeeeeeeeeeeeee e 9
Figure 3: Projected temperature increase in th8ADY 2090. ........cccoeeveieiiiiiiiiiiieiiieeeenn. 11

Figure 4: Carbon dynamic feedbacks today and infalere with prospective higher

L0010 1] = LU =TSP PP UPPTN 12
Figure 5: The Lena River Delta with the investigatarea Samoylov Island ....................... 15
Figure 6: Climate charts (1961-1990) for the clienagference site TikSi .............ccceeeeeee. 16

Figure 7: Aerial view of the polygonal tundra landge of Samoylov Island and scheme

of a cross section of a typical low-centered potygO..........ccoeeeeiiiiiiieeiiiiiic s 18
Figure 8: Aerial VIEW Of the SItES. .....uuuiime i e e e e e e e e 19
Figure 9: Polygonal PON. ... 21
Figure 10: Saturated polygon center Awith itS fim............cccoo i, 21
Figure 11: Saturated polygon center B with itS FimL..............cooiiiiiiiiiiiii e 22
Figure 12: Unsaturated pOlYgON CENLET ......eeeieeiiiiiiiee e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeaeeennnne 22
Figure 13: Pore water sampling rack in the fielthveichematic set-up ...........ccccoeeeeeiiiee 25

Figure 14: Soil collars for emission measuremenith whe Automated Soil COFlux

System LI-8100 and schematic of £Hux sampling via Septum................uveemmmmmneeeeeeenn. 25
Figure 15: Frame with grid used for vegetation SOgALION. .............ccceevvviiiiiiiiiiiieeeeee, 26
Figure 16: Set-up and schematic of cylindrical meltamber of diffusion experiments....... 31

Xl



List of Figures

Figure 17: Schematic of OTC treatment in the field..............ooo i, 35
Figure 18: Relationship between air-filled porosityd soil gas diffusivity. ...................... 51

Figure 19: Saturated polygon center A: Depth pesfidf Q concentration on 8 July 2009
aNd 0N 24 JUIY 2009. ...coiiiiiiiiiiiii s s e e e e e e et et et a ittt aeea e e e e e e e e e e aaaaeeaeeaanre 53

Figure 20: Polygonal pond: Depth profiles of Gncentration on 7 July 2009 and on
22 JUIY 2009, ...ttt e ettt ettt e e aa e e e eaaaa——— ittt ittt rtrattataaaaaaaaaaaas 54

Figure 21: Unsaturated polygon center: Depth msfdf Q concentration on 8 July 2009
=g To o] o 2 A W] 00 55

Figure 22: Polygon rim A: Depth profiles of,@oncentration on 8 July 2009 and on
24 JUIY 20009 ...ttt eee o e e e et e e e e ean——— e e e e anbra e e e e e e e annraeeeeens 56

Figure 23: Saturated polygon center A: Depth pesfibf CH concentration and**C of
CHyz 0N 19 JUIPO0O. ......ceiiiiiieeeeeiiieiee e e+ 41t e e e e e e st e e e e e e e nnsseeeeannnnseeeeeaanns 58

Figure 24: Saturated polygon center A: Depth pesfidf CH concentration and**C of
(O P 0] o I B T 122 001 RSP S 59

Figure 25: Saturated polygon center A: Depth pesfidf CH concentration and**C of
CHys 0N 3L JUIY 2000 ..ceeiiieiees e e e e e e e et e e e e e e e eaaaa e e eeanees 59

Figure 26: Saturated polygon center A: Depth pesfidf CH concentration and**C of
CHys 0N 30 AUGUSROL0. ..ceiiii it e e e et e e e e e e et e e e e e e e st annaaaea e 60

Figure 27: Saturated polygon center B: Depth pesfibf CH concentration and**C of
CHyz 0N 3 AUGUSTE 2000, .. .ceiiiiiii ettt e et e e e e e e e e e e e e e e e eana s 61

Figure 28: Saturated polygon center B: Depth pesfibf CH concentration and*>C of
(@4 o o 0 Y= 1 (=T 0 01T b2 0 L 61

Figure 29: Unsaturated polygon center: Depth pesfidf CH concentration and™C of
CHzg 0N 24 JUIRO0O. ...ttt ot e s s e e e e e e e e e e e e e eeaeessssnnnnnsssssnnnns 63

Xl



List of Figures

Figure 30: Unsaturated polygon center: Depth pesfiff CH concentration and**C of
(O 0T ST O I TV Y2 0 O SO 63

Figure 31: Unsaturated polygon center: Depth pesfidf CH concentration and**C of
CHy 0N 27 AUGQUSIZ0L0 ... .ottt e et e e e e e e et e e e e e e eebaseaaaeeeas 64

Figure 32: Polygonal pond: Depth profiles of £ebncentration and™>C of CH, on
N 11 V7220 1 TSP 66

Figure 33: Polygonal pond: Depth profiles of £ebncentration and™>C of CH, on
22 JUIY 20009. ...eeeiieeee ittt e e e e e et e e e ea——— e e e e nnbrr e e e e e e e nnrrereeens 67

Figure 34: Polygonal pond: Depth profiles of L£ebncentration and™>C of CH, on
N E (o 181172 0 K PP UUPPPPPTR 67

Figure 35: Polygonal pond: Depth profiles of L£ebncentration and™>C of CH, on
PZA I Lo 11 1= 2 0 1 68

Figure 36: Polygon rim A: Depth profiles of GHoncentration and**C of CH, on
17 JUIY 20009, ... mmmmmm ettt e e e e e e e e e e e e e e e e et e e e e e aarrbann s 70

Figure 37: Polygon rim A: Depth profiles of GHoncentration and**C of CH, on
22 JUIY 20009, ...eeeiiieeeieiiee e eee o et e et e e eaa——— e e e e nnbrrr e e e e e e annrrereeens 70

Figure 38: Polygon rim B: Depth profiles of Gidoncentration and**C of CH, of the
CON treatments on 2 August 2010 and on 31 AuguBD 20...........coevvvviiiiiiiiiieeee e s 71

Figure 39: Polygon rim B: Depth profiles of Gldoncentration and**C of CH, of the
OTC treatments on 2 August 2010 and on 31 AuguBD20............cevvviiiniiiiiiiieeee e e e e s e 72

Figure 40: Errors offox (%) under water-saturated conditions when neglgcti
fractionation by diffusion according to the appligl. ..........cevvvvemiiiiiniiiiieeeeeeee 77

Figure 41: Saturated polygon center A and B: Teatpees at 1 cm and at 5 cm below
soil surface at the CON and OTC treatment during Adgust 2010 and
O SePtemMbBEr 2010, ... oo e a e e n— e e aa e aaann 93

X



List of Figures

Figure 42: Polygon rim B: Temperatures at 3 cm andlO cm below soil surface at the
CON and OTC treatment during 2 August 2@hd 9 September 2010. ........ccceeeeereeeiinnn 94

Figure 43: Saturated polygon center A: Depth pesfibf CH concentration and*>C of
CH; of the CON treatment and the OTC treatment on uBA2D10 and on
30 AUGUSE 20010 ..uieiiiieiiieiieeeeeee e e e e e e e e e e e e e e e e e e e e e e e ettt e e e e et e e e aaaaannnn—bbr ittt n it rrreaeaaeees 95

Figure 44: Saturated polygon center B: Depth pesfibf CH concentration and**C of
CH; of the CON treatment and the OTC treatment on @§uAau2010 and
(RST= o1 (=10 ] o] g2 0 1 O PR URUPPPPPPUPPURTRR 96

Figure 45: lllustration of Clltransport mechanisms in saturated polygon ceraeds

unsaturated polygon centers and pPolygon MMS............uuuueiiiiiiininieeeeeeeeeeeceeeeeeeeeeeeaens 108

XV



List of Tables

List of Tables

Table 1: Coordinates and dimensions Of StUdY SILES...........uuveiiiiieiieeeeeeee e 20

Table 2: Time periods and number of replicates amicentration and isotope profiles
measurements and emission measurements pfrCH09 and 2010. ............ccoevvrrrrririenns 24

Table 3: Overview of the determined gCHiffusivity at different dewatering levels and

oxidation rates and the fractionation fact@ess& aqir at soils from the different sites. ......... 34
Table 4: Saturated polygon center A: Soil charaties and soil classifications.............. 41.
Table 5: Saturated polygon center B: Soil charattes and soil classifications.............. 42.
Table 6: Unsaturated polygon center Soil charastiesi and soil classifications. ............. 43.
Table 7: Polygonal pond: Soil characteristics amticdassifications. ..............cccccceeiiieeennn. 44
Table 8: Polygon rim A: Soil characteristics and slassifications. ...................ccvvviieeee.. 45
Table 9: Polygon rim B: Soil characteristics and glassifications. .............cccccceeviiiieeees. 46

Table 10: Total porosity, air-filled porosity, wateontent and bulk density of the

INVESTIJALEA SITES ...uviuiiiiiii i i e e ceeerees s e e e e e e e ettt b s e eeeeees s s s e eeeeeeaeaeeeeeseennnnnnns a7

Table 11: CH emiSSIONS OF @ll SITES. .vnvivieiiee et er e e e 49

Table 12: Potential methanotrophic activity for thiéerent horizons of the studied sites..... 50

Table 13: CH diffusion coefficients of an unsaturated polyg@mter and a polygon rim
at the different dewatering levels 0.3, 6, 30 a@d kPa at different soil depths.............. 52

Table 14: Fractionation factor,, determined for the different horizons of the stadi

Table 15: Fractionation factaig determined for water-saturated conditions and for
unsaturated conditions at 0.3 KPa aNd 6 KP @ eeoae e o, 76

XV



List of Tables

Table 16: Saturated polygon center A: Calculated @kdation efficiencyfoy in per cent
on 19 July 2009 and 0N 24 JUlY 2009 ...t e e e e e eeeeeaee 79

Table 17: Saturated polygon center A: Calculated @idation efficiencyfox in per cent
on 31 July 2010 and 0N 30 AUQUSE 20710. ... .cummmmmeeerrrrmnnnnnaaaaeeeeeeeaeeeeeeeeeesrnnnnneeenssennnnns 80

Table 18: Saturated polygon center B: Calculated @titdation efficiencyfox in per cent
on 3 August 2010 and on 1 September 2010 . eeevveernnnniiiiaieeeeeeeeeseeeeeeesieeeeeeeeennee. 81

Table 19: Unsaturated polygon center: Calculated @4tlation efficiencyfox in per cent
(o] 10 I 102 0 0 U PPPPPUPRR 83

Table 20: Polygonal pond: Calculated CHxidation efficiencyf,, in per cent on
17 July 2009 and 0N 22 JUlY 2009........ccooiiiiieieeeeeeeiere e e e e e e e ————- 85

Table 21: Polygon rim A: Calculated Ghbxidation efficiencyfox in per cent on
17 July 2009 and 0N 22 JUly 20009. ........coiiiiiiiieiieieee e e e 87

Table 22: Polygon rim B: Calculated GHbxidation efficiencyfox in per cent on
2 AUGUSE 20700 ...ttt e e eeee e e e e e e e e e e et ee e et e bbb e e e e e e e e e e eeeeenarrre 88

Table 23: Polygon rim B: Calculated GHbxidation efficiencyfox in per cent on
I AN E [ U] 2 0 O PP UPPRRPIN 89

Table 24: Polygon rim A and B: Calculated £bixidation efficiencyfo in per cent
applying the fractionation factoesy corrected for the mean temperature measured during

STz 11010 1T P PUUPRR 90

Table 25: Saturated polygon center A and B, theatumated polygon center and the
polygonal pond: Calculated GHoxidation efficiencyfox in per cent applying the

fractionation factors,, corrected for the mean temperature measured dsamgpling ....... 91

XVI



List of Symbols and Abbreviations

List of Symbols and Abbreviations

a
Cc

C

CH,
CHsCOOH
CO,

CON

OF

op

Defi

fox

gdw

GWP

Ha

H>O

IRMS

ITEX

kyr
MAMO
MBO

MMO

stable isotope fractionation factor
concentration

carbon

methane

acetic acid

carbon dioxide

control treatment

isotopic value of emission
isotopic value of production
effective diffusion coefficient
oxidation efficiency

gram dry weight

global warming potential
hydrogen

water

isotope ratio mass spectrometer
Internation Tundra Experiment
diffusive flux

potassium

thousand years
moss-associated methane oxidation
methane-oxidizing bacteria
methane monooxygenase

number of replicates

XVII



List of Symbols and Abbreviations

n.a.
O,
oC

OoTC

Pg

PLFA

SD
SI
SOM

Tg

nitrogen

not analyzed

oxygen

organic carbon

open-top chamber treatment
probability value

phosphorus

Petagram

phospholipid fatty acid
Pearson’s correlation coefficient
coefficient of determination
standard deviation

stable isotope

soil organic matter
Teragram

distance

diameter

XVIII



Introduction and Objective

1. Introduction and Objective

With a global warming potential 25 times as higttaon dioxide (Cg) based on mass on a
century time scale (Forster et al. 2007), meth&i#) is an important greenhouse gas in the
climate system. Much research effort focuses ontifyeng the global CHsources and sinks
to estimate not only their current strength, boaiheir potential in response to land-use
change and global warming (Keppler et al. 2006,t8vaet al. 2007, Dlugokencky et al.
2009).

In the focus of this study are the arctic wetlamdsch hold enormous amounts of organic
carbon (Tarnocai et al. 2009, Zubrzycki et al. 201@nhd are significant sources of gWille

et al. 2008, Tagesson et al. 2012). With the oleskmccelerated warming of the Arctic, a
deeper permafrost thawing might cause increasdmianineralization and CHormation in
water-saturated tundra soils, bearing the potembiatause a positive feedback to climate
change (Anisimov 2007b, Akerman and Johansson 2868 ur et al. 2009, Schaefer et al.
2011).

The time scales and magnitudes of,@#¢dbacks from wetlands are highly uncertain artd no
included in most of the climate models so far (Kinett al. 2008, Limpens et al. 2008, O'Con-
nor et al. 2010). It remains uncertain whetherehsasosystems will continue to be net carbon
sinks in the future (McGuire et al. 2009, O'Conabal. 2010).

CH, is formed in the final step of anaerobic microldalgradation of organic matter and is
released from wetlands via different transport naecdms. The most important transport
mechanism in this context is diffusion along theaantration gradient between wetland soil
and atmosphere. As this process is very slowatalup to more than 90 % of the available
CH, to be oxidized by methanotrophic bacteria to,G@fore it reaches the soil surface
(Sundh et al. 1995, Roslev and King 1996). Aerabicrobial CH, oxidation is considered as
one of the key processes regulating wetland fikkes (Segers 1998, Whalen 2005).

The extent to which the produced £id oxidized, the Chloxidation efficiency, is controlled
by the key factors 1) rate of microbial oxidatidlang et al. 2004) and 2) rate of diffusion of
CH, (Duenas et al. 1994, Curry 2009). These ratesnaiely governed by the abundance and
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composition of methane-oxidizing microbial commigstand the environmental factors £H

and oxygen (@) availabilities, soil air-filled porosity and seaNater content.

To quantify the Cloxidation efficiency, several methods, includingdbaor column labora-
tory experiments and in-situ measurements, arecthyremployed, yet each displays differ-
ent limitations. Recent studies determined the, ©kidation efficiency by measuring the
changes in the ratio of two stable Cidotopologues*CH, and**CH, (Happell et al. 1994,
Liptay et al. 1998, De Visscher et al. 1999, Noziikava et al. 2003, De Visscher et al. 2004,
Chanton et al. 2008a). The approach utilizes thetfat isotopic fractionation occurs when
CH, is oxidized: the remaining GHbecomes heavier and the produced, @&omes lighter
(Barker and Fritz 1981) as the light isotopologt@H, is oxidized faster by methanotrophic
bacteria than the heavi&iCH,. In addition, it has been shown that isotopic tfamtion by
diffusion has to be taken into account as well (Matet al. 2008), given that the faster diffu-
sive transport of the lighter isotope causes artlement of the heavier isotope in the remain-

ing gas phase.

Whilst for the microbial oxidation process sevesttopic fractionation factors have been
reported (Reeburgh et al. 1997, Templeton et &62Cabral et al. 2010), fractionation fac-
tors for gas transport are scarce, and calculatdrSH, oxidation efficiencies for landfill
cover soils predominantly have assumeg.s= 1, supposing that gas transport of ,GHl
dominated by advection (Liptay et al. 1998). To éla¢hor’s knowledge, the isotopic fraction-
ation factor for diffusion has not been determif@dsoils so far.

Predictions of temperature increase for high-ldesihave triggered the application of differ-
ent temperature manipulation techniques in the figlarion et al. 1997). Open-top chambers
were developed in 1991 by the International Turkekperiment (ITEX) program to study the

effects of temperature increase on tundra plartispen the Circumarctic (Henry and Molau

1997) and are now also used to study temperatdueceéd changes of the carbon cycle in
permafrost-affected soils, e.g. in the Carbon imfadrost Experimental Heating Project (Ci-

PEHR) (Natali et al. 2011). These chambers passinerease the soil temperature by 1 to
2 °C by trapping solar energy (Marion et al. 199fFaver et al. 2000).
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This study presents results of in-situ measurememtslucted during two expeditions to the
Lena River Delta in 2009 and 2010 supplemented laltbratory analyses in Hamburg, Ger-

many.

The main objectives of this study were

1) to improve a method for the quantification of miaied CH, oxidation efficiency in arctic
wetlands by means of
« the first measurement-based data of stable isdtapgonation during Clldiffusion
(aqitt) through both water-saturated and unsaturateit avetland soil materials
« the determination of stable isotope fractionatiomirty CH, oxidation ¢ox) of arctic
wetland soils
» the determination of the impact of both isotopaxtronation factors on the quantifica-
tion of CH, oxidation considering both the Gldiffusion coefficients at different soil-
water contents and the potential {Odkidation rates in the soil
2) to apply the method
« for quantifying the CH oxidation efficiency of wet polygonal tundra sodfdifferent
hydrology
» for studying (short-term) effects of temperaturergase on the CHoxidation effi-

ciency with a climate manipulation experiment

The following main hypotheses were addressed

Hypothesis 1) Chdiffusion causes isotopic fractionation in bothtevesaturated and unsatu-
rated arctic wetland soils.

Hypothesis 2) Stable isotope fractionation durirtd, ©xidation ¢.x) differs between differ-

ent arctic wetland solls.

Hypothesis 3) The isotopic fractionation factegs and agir enable a quantification of the
CH, oxidation efficiency from the CHstable isotope signatures of wet polygonal tursdits

of different hydrology.
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Hypothesis 4) Instead of assuming no fractionationugh transportogans= 1), the isotopic
fractionation associated with diffusion has to basidered in Ckloxidation efficiency calcu-

lations of arctic wetland soils.

Hypothesis 5) Saturated polygon centers with a miateel close to the soil surface show

lower CH, oxidation efficiencies than unsaturated polygontees and polygon rims.

Hypothesis 6) Chl oxidation efficiencies will not change in responsencreased tempera-

tures at water-saturated sites in the short term.
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2. Background

2.1 CHj—its sources and its relevance

Methane is an important greenhouse gas with atiegliafficiency of 3.7 x 1dW m ppb™.

OH radicals oxidize 85-90 % of atmospheric B CQ, with the loss of Chireducing OH
density (O'Connor et al. 2010). This feedback mersma increases its atmospheric lifetime of
8.4 yrs to a perturbation lifetime of 12 yrs (Demret al. 2007). Considering GHl indirect
enhancement of ozone and water vapor concentritihe atmosphere, it possesses a global
warming potential (GWP) 25 times as high as,@® a mass basis for a time horizon of 100
years (Forster et al. 2007), and considering itesaé responses the GWP might be even larg-
er (Shindell et al. 2009). The atmospheric conegioin of CH, has more than doubled since
pre-industrial times (Bousquet et al. 2006) fron® ppb in the 18 century to 1774 ppb in
2005 (Forster et al. 2007) which gives a radiaforeing of at least 0.48 W thand makes it
the second most important greenhouse gas after(E@ster et al. 2007). The increase in
atmospheric Chiconcentration is mainly attributed to anthropogesuurces (Etheridge et al.
1992, Lelieveld et al. 1998) which include rice iaegiture, livestock, landfills and waste
management, biomass burning and energy produatiommeke up 60 to 70 % of the estimat-
ed total global source of ~582 Tg ¢t for 2000-2004 (Denman et al. 2007, O'Connor et
al. 2010). Natural CHis emitted from oceans, hydrates, forests, tegniiees, geological
sources and wetlands (Denman et al. 2007), &idrces can further be divided into biogenic
and non-biogenic, the first accounting for morenti@ % (Denman et al. 2007). About 69 %

of CH, sources are attributed to microbial processes@bn009).

2.2  Terrestrial arctic permafrost

The largest natural sources of Cate wetlands of which 53 % are found in the northati-
tudes above 50° N (Aselmann and Crutzen 1989, $tetret al. 2010). In the northern hemi-
sphere approximately one quarter of the exposetldaga is underlain by permafrost (Zhang
et al. 2008), and the study area Lena River Datarigs to the area of continuous permafrost

(Figure 1) underlying the landscape by 90-100 %mRé&ost is defined as ground (soil or
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rock, ice and organic material) remaining at or below 0 °C for at least two consecutive years
(van Everdingen 2005). Due to low precipitation and no glaciation since at least the Late Saal-
ian (> 140 kyr) (Svendsen et al. 2004), the study region reaches a permafrost thicknesses of
about 400-600 m (Gavrilov et al. 1986). The permafrost soils thaw in the uppermost layer, the
so called active layer (in the study sites < 60 cm), during the short period of arctic summer
resulting in an extreme near-surface temperature regime. They are underlain by a layer with
lower temperature fluctuations and deeper permafrost sediments with a stable temperature

regime (French 1996).
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Source:International Permafrost Association, 1998.

Circumpolar Active-Layer Permafrost System (CAPS), version 1.0.
Figure 1: Permafrost distribution in the Arctic with location of the study area
Lena River Delta (black circle). Map by Philippe Rekacewicz, UNEP/GRID-

Arendal; data from International Permafrost Association, 1998.
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2.3  CHy processes in arctic wetlands

With their water-saturated and anaerobic conditiaretlands are the dominant natural source
of CH, emitting between 100 and 231 Tg £y (Whalen 2005, Denman et al. 2007). Arctic
wetlands (> 67° N) contribute about 2 % to theltgtabal CH, emissions from wetlands and

are estimated to have increased by 30.6 + 0.9t%ele® 2003 and 2007 (Bloom et al. 2010).

2.3.1 CH, production

In arctic wetlands, Clis produced in the water-saturated, anaerobicgfatie active layer
as an end product of microbial carbon mineraliza{iBigure 2) by archaea (Wagner et al.
2008) from the five orderMethanopyrales, Methanococcales, Methanobacteriacieketh-
anomicrobialesand MethanosarcinalegGarcia et al. 2000). Complex soil organic maiser
successively broken down by different microorgasigsmthe main reactants acetate,and
CO; responsible for CiHproduction (Whiticar 1999, Garcia et al. 2000, Qtba et al. 2005).
Methanogens produce Ghtas a byproduct of anaerobic respiration using @® terminal
electron acceptor or by fermentation of acetic #@dlagan et al. 2002). Acetotrophic meth-

anogens produce GHrom acetate:

CHsCOOH-> CH; + CO, (1)
while hydrogenotrophic methanogens use hydrogehtHeduce CQ(Lai 2009):

AH, + CO, > CHs+ 2 HO . (2)

Other substrates (e.g. methyl) play a minor rotefsl, production (Segers 1998).

2.3.2 CHgytransport
In Arctic wetlands, ChHlgas is liberated via three main transport mechasigigure 2):

1) Diffusion along the concentration gradient frtme soil to the atmosphere following Fick’s

first law of diffusion, with lower diffusion coeffients found in saturated compared to unsatu-
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rated soil layers (Lai 2009). Soil gas diffusivisydependent on air-filled porosity, the inter-

connectedness of the pore system and tortuosity.

2) Ebullition in the form of gas bubbles when parpressure of dissolved gas is greater than
hydrostatic pressure (Lai 2009). Newly formed [dibbles are attached to soil pore walls,
get trapped in the pores when growing and are sugldeleased when a threshold pressure
level is reached by temperature or pressure changeater table elevation (Kellner et al.
2005, Whalen 2005). This fast transport mechanises ahot facilitate Cldoxidation (Whalen
2005) and significantly contributes to ¢Eimissions (Tokida et al. 2007).

3) Plant-mediated transport through vascular plartis aerenchymatous tissue (Joabsson et
al. 1999, Kutzbach et al. 2004). Aerenchyma alldants to provide their submerged organs
in anoxic soil layers with oxygen for root respioat The same gas conduits can transport
CH, from the rhizosphere to the atmosphere bypassi@@erobic soil layer. Plant transport
goes via a) effusion, a free-molecular flow in gresence of a pressure differential through a
partition with holes with diameters smaller thaa thean free path of the gas molecules in air,
b) bulk or convective flow driven by a pressuredigat or c) diffusion by a partial pressure
gradient in the absence of a total pressure grad@nmanton et al. 2005). Plant-mediated
transport by wetland graminoids can account foBQao 100 % of total CHflux from the

soil-vegetation complex (Bhullar et al. 2013).

Moreover, vertical advection induced by a presgreglient might play a role in soils with
low porosity or high water content (Gomez et al0&0Nauer and Schroth 2010). In contrast
to ebullition and plant-mediated transport, théudifve flux is very slow, especially in water,
and facilitates the contact of GMith methanotrophic bacteria (Whalen 2005).



Background

Soil Surface

Aerobic
Active Layer

Water Table

Anaerobic
Active Layer

Permafrost

Figure 2: Carbon cycle in Arctic wetlands. Soil orgnic matter (SOM) is respired in the unsaturated, aro-
bic part of the soil to CO,. Under saturated, anaerobic conditions, SOM is degided to CH, which is
transported via diffusion, ebullition and plant-mediated transport. CH, is oxidized to CQ in the anaero-
bic soil layer during diffusion and at the plant roots. Plants take up CQduring photosynthesig the uptake

of CH,4 by plants and soil is small.

2.3.3 CH4 oxidation

Aerobic CH, oxidation is performed by methanotrophs, bactpassessing the enzyme me-
thane monooxygenase (MMO) which catalyzes the ¢xidaof CH, to methanol, and se-
guentially to formaldehyde, formate and finally £@/halen 2005):

CHi+2 0> CO+ 2 HO . 3)

Methanotrophs are generally divided into the thresn groups type I, type Il and type X,
based on phylogeny and formaldehyde assimilatidchways, internal membrane arrange-
ment and other biochemical characteristics (Kamdl\éarma 2008). In addition, GHbxida-
tion is distinguished between ‘low affinity oxidat'’ with high CH, concentrations > 40 ppm
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and ‘high affinity oxidation’ with low CH concentrations < 12 ppm (Whalen and Reeburgh
1990, Topp and Pattey 1997, Lai 2009). The forreeCl, oxidation sensu stricto as most
methanotrophs perform GhHbxidation at high Cklconcentrations (Le Mer and Roger 2001).

Methanotrophs use GHis their main source of carbon and energy.

Depending on the site conditions, about 60-90 %hefproduced Clis oxidized to CQin
the aerobic layer in wetlands (Le Mer and Rogerl120Britz et al. (2011) even reported rhi-

zospheric oxidation of 100 % in a bog with cushatents.

Since aerobic ClHoxidation requires both CHand Q, the highest methanotrophic activity
occurs at the anaerobic-aerobic interface whererdtie of substrate to oxygen is optimal
(Dedysh 2002). The water table and active layaxktiess control the ratio of aerobic to an-
aerobic soil column depth and thereby influenceréti® of produced and oxidized GH

2.3.4 Potential effects of climate change

Arctic wetlands are predicted to face pronouncdeces of climate change (Joabsson et al.
1999). Already, the Arctic is observed to warm miapidly and to a greater extent than the
rest of the earth surface (Huntington et al. 2G0%) global climate models project the strong-
est future warming in the high latitudes, with somedels predicting a 7 to 8 ° C warming

over land in the region by the end of thé'2éntury (Figure 3) (Weller et al. 2005, Anisimov

et al. 2007). At the same time an increase in pitation is predicted for these regions (Chris-
tensen et al. 2007).

10
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Figure 3: Projected temperature increase in the Arctic by 2090 due to climate
change. The area inside the solid line marks where permafrost exists today in
the Arctic. The dotted line shows where the permafrost boundary might be by
the year 2090. Study area Lena River Delta in black circle. Map by Hugo Ah-
lenius; UNEP/GRID-Arenda (2008).

Arctic wetlands hold enormous amounts of soil organic carbon (Zubrzycki et al. 2012a, Huge-
lius et al. 2013) and estimates of soil organic carbon stored within the first meter of perma-
frost-affected soils range up to 496 Pg (Tarnocai et al. 2009). Soil organic carbon has accumu-
lated over thousands of years through slow and incomplete degradation of plant material due

to the perpetual cold and anoxic conditions.

With a warmer, wetter climate and a longer thaw season, an increase of active layer thickness
is predicted for the end of the century with thawing of formerly frozen soil organic matter

(Figure 4) (Koven et al. 2011). Thus, carbon mineralization and CH,4 formation might increase

11
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in water-saturated tundra soils, bearing the potential to cause a positive feedback to climate

change (Anisimov and Reneva 2006, Anisimov 2007b, Akerman and Johansson 2008, Schuur

et al. 2008, Schuur et al. 2009).

Future Scenario
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Figure 4: Carbon (C) dynamic feedbacks today and in the future with prospective higher temperatures.

Figure by Beer (2008) modified by S. Zubrzycki with data from Tarnocai et al. (2009)

While arctic wetlands are significant sources of CHy4 today (Whalen 2005, Wille et al. 2008,
Tagesson et al. 2012), the magnitude of future emissions from these ecosystems is highly un-
certain (Knutti et al. 2008, McGuire et al. 2009). A detailed understanding of the underlying
processes is required to quantify the climate feedback. Especially the temperature responses
of the microbial processes involved in the CHy cycle of arctic wetlands need to be studied in
more detail (Knoblauch et al. 2008). The quantification of the CH4 oxidation efficiencies of
arctic wetland soils could improve estimations of potential futu@H, sources and sinks.

12
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2.4  Quantification of microbial CH 4 oxidation

Several methods are currently employed to quathigyextent to which the produced £id
oxidized, the Chloxidation efficiency. However commonly employed babc column labor-
atory experiments and in-situ measurements digfifgrent limitations (Huber-Humer et al.
2009) and are not always suitable for the arctilames studied here. The soil ¢profile
method described by Nauer et al. (2012) useg €Hicentrations of the interval of 0-5 cm
and the two deepest sampling points to calculageCH, oxidation with an estimated diffu-
sion coefficient for soils of glacier forefieldshiE method requires a distinct spatial separa-
tion of CH, production and oxidation which is not found in stedied arctic wetland soils.
Gas push-pull tests (GPPT) inject and extract andéfrolume of a gas mixture of a reactive
gas (e.g. Ch) and a conservative tracer (e.g. argon) into aoih fthe soil, and the microbial
turnover is quantified by analyzing the breakthroagtves of the gases (Streese-Kleeberg et
al. 2011). GPPTs are not easily applicable at sitiéls low oxidation rates and high water
saturation (Urmann et al. 2007, Gomez et al. 288 as tundra wetlands and were only
successfully applied in near-surface soils withynder driven 50 cm into the soil (Nauer
and Schroth 2010). Moreover, the chamber methodbeansed to compare fluxes with and
without the addition of an inhibitor of methane morygenase to quantify GHbxidation
(Frenzel and Karofeld 2000), but seems difficultagaply at study sites featuring low ¢H
emissions. Furthermore, mass balance calculatiesmgy doading and surface flux measure-
ments to determine the fraction of oxidized £&:¢. in biofilters or landfill cover soils (Gebert
et al. 2003, Powelson et al. 2007, Cabral et &@l0P@re difficult to apply in wetlands since
loading rates cannot be quantified in these opetesys

In addition to the above-mentioned methods, studiéandfill cover soils and swamp forests
determined the CiHoxidation efficiency by measuring the changes enrttio of the two sta-
ble CH, isotopologues-*CH, and**CH, (Happell et al. 1994, Liptay et al. 1998, De Vissc
et al. 1999, Nozhevnikova et al. 2003, Chantonl.e2@08c). The approach utilizes the fact
that isotopic fractionation occurs, when gbloxidized: the remaining CHbecomes heavier
and the produced Gbecomes lighter (Barker and Fritz 1981) as thetligbtopologue
12CH,is oxidized faster by methanotrophic bacteria tenheaviet*CH,.

13
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The enrichment of°C in CH, is measured as isotopic abundance, expressee dnnibtation
(653C):

Rsample
§13¢ = —ample g
Rstandard

: (4)

whereRsampieis the isotope rati&®C/“C of the sample andRyq is the™>C/*°C ratio of the ref-
erence standard VPDB (Vienna Peedee Belemnite; Rsig = 0.0112372) (McKinney et al. 1950).

In addition, Mahieu (2008) showed through a modeddal isotope approach that isotopic
fractionation by diffusion has to be taken into@att as well, given that the faster diffusive
transport of the lighter isotope causes an enrictiroEthe heavier isotope in the remaining
gas phase. In air, the diffusion coefficient@H, exceeds that dfCH, by a factor of 1.0195
due to mass differences. No fractionation is exgubethen advection dominates gas transport
(Bergamaschi et al. 1998, Chanton 2005).

For field applications the so called ‘open-systajuation’ by Monson and Hayes (1980) is
then applied to determine the gbékidation efficiency (Mahieu et al. 2008):

_ (6g—6p)
ﬁ)x B (aox—trans) ' (5)

wheref,, is the fraction of Clloxidized in the sojlde is thed™>C of emitted CH relative to
VPDB; dpis thed™C of produced Chirelative to VPDB; aoy is the isotopic fractionation fac-

tor of oxidation; ayansiS the isotopic fractionation factor of transport.

A wide range of isotopic fractionation factors Heeen reported for the microbial oxidation
process ranging between 1.003 and 1.049 (Reebuajhl®97, Teh et al. 2006, Templeton et
al. 2006, Cabral et al. 2010).

On the contrary, experimentally determined fraciomn factors for gas transport are scarce.
Studies of landfill cover soils supposed that gasdport of CH is dominated by advection,
and calculations of CHoxidation efficiencies in these systems predontigdmve assumed
owans= 1, (Liptay et al. 1998). The isotopic fractiooat factor for diffusion has so far not
been determined for soils, but only for a glassdb@iameter 2—3 mm) porous medium with
agift = 1.0178 £ 0.001 (De Visscher et al. 2004).

14
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3. Study area

3.1 The Lena River Delta

With its 32,000 km® the Lena River Delta at the north coast of Siberia is the largest delta of
the circum-arctic land masses (Are and Reimnitz 2000) (Figure 1). Draining an area of
2.49 million km?, the 4,400 km long river Lena discharges approximately 5.2 x 10" m® yr
to the Laptev Sea of the Arctic Ocean (Rachold et al. 1996, Peterson et al. 2002). The fan-
shaped delta is characterized by a network of rivers and channels with more than 1,500

islands (Figure 5).

Figure 5: The Lena River Delta (A) with the investigation area Samoylov Island (B, white circle) (modi-

fied according to Landsat 7 image from USGS/ EROS, 2000).

Geomorphologically, it can be divided into three terrace-like units of different genesis and
age and the modern floodplain levels (Schwamborn et al. 2002). A terrace of late-Holocene
age and the active floodplains are found in the central and eastern part occupying about
65 % of the total area of the delta (Are and Reimnitz 2000). The second oldest unit, pri-
marily represented by Arga Island, consists of mainly sandy sediment and is located in the

western part of the delta. The third terrace in the south of the delta consists of moderately
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organic soils on top of ice complexes containingsna ice bodies and silty sediments of
aeolian origin and was formed during the Middle aate Pleistocene (Schwamborn et al.
2002).

The Lena River Delta faces an Arctic continentahalte characterized by both low tem-
peratures and precipitation (Boike et al. 2008)siide the low precipitation, the climate is
classified as humid, since evapotranspiration g dlue to the cold temperatures. At the
reference site in Tiksi (approximately 120 km seaitt of Samoylov Island) the annual
average air temperature of a 30-year period (13@D)Jlwas -13.5 °C and the mean annual
precipitation 323 mm (Roshydromet 2011) (FigureT8)e average temperatures of sum-
mer (July: +7 °C) and winter (January: -32 °C) shamwextreme temperature amplitude of
more than 40 °C between polar day (beginning of Mayeginning of August) and night
(mid November — end of January) (Roshydromet 20LhE summer growing season is
short (mid June — mid September).

°C -13.5°C 323 mm mm
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-40 . . . . . . . . . . . -80
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Tiksi, Russia
71.68°N, 128.7°E 7m

Figure 6: Climate charts (1961-1990) for the climag reference site Tiksi, ~120 km
southeast of Samoylov Island (data by Roshydrome2Q11)).
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3.2  Samoylov Island

Investigations were carried out on Samoylov Isl&n?.22°N, 126.30°E) situated in the
southern-central part of the delta at one of thenrmmhannels, the Olenyokskaya Channel.
The island has a size of approximately 5°ktnis part of the Holocene delta and is com-
posed of two geomorphological units affected byaned fluvial and/or aeolian sedimen-
tation (Boike et al. 2013) which have led to vagysedimentary composition and varying
soil organic matter content between the units (Zyiki et al. 2012a). The modern flood-
plain in the west is annually flooded during sprangd the elevated river terrace of Late
Holocene age in the east is flooded only duringezmé water level conditions and charac-
terized by coastal erosion at its eastern and southores (Schwamborn et al. 2002). This

elevated part is characterized by wet polygonadtarrfFigure 5A).

Polygonal tundra is a permatfrost feature typical ordy for Late Holocene river terraces
in the Lena Delta, but also for extensive area&rofic lowland tundra. It is characterized
by a honeycomb-like regular surface structure diyganal lakes, and high- and low-
centered polygons which originates from repeatedntial contraction cracking during the
winter followed by ice-vein (later ice-wedge) gromtvhen melting water freezes in the
cracks. In low-center ice-wedge polygons (here@rafpolygon center’), drainage is
strongly impeded by the permafrost underneath, slils are water-saturated with a vary-
ing water level close to the soil surface (Helkigle 2013), facilitating anaerobic accumu-
lation of organic material (Wagner et al. 2003)eTpolygon centers are surrounded by
elevated rims (hereinafter ‘polygon rim’) situatgoove the ice-wedge (Figure 5 B) which,
in contrast, show a moderately moist water regine @&ic conditions in the upper part of
the soil causing less accumulation of organic m#tWéagner et al. 2003). The polygon rim
soils are further characterized by cryoturbatiodisturbing or rearrangement of soil mate-
rial along the ice-wedges during freeze-thaw preegs
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Figure 7: (A) Aerial view of the polygonal tundra landscape of Samoylov Island (26.06.2009) and (B)

scheme of a cross section of a typical low-centered polygon (Zubrzycki et al. 2012b).

According to the US Soil Taxonomy, the prevalent soil types are Typic Historthels and Typ-
ic Aquorthels in the polygon centers and Glacic or Typic Aquiturbels at the polygon rims.
The vegetation of the polygon centers is dominated by the hydrophilic sedge Carex aquat-
ilis and mosses (e.g. Limprichtia revolvens, Meesia longiseta), whereas the polygon rims
are dominated by mosses (e.g. Hylocomium splendens and Timmia austriaca) and the

dwarf shrubs Salix glauca and Dryas octopetala (Kutzbach et al. 2004).
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Figure 8: Aerial view of the sites: 1) unsaturated polygon center, 2) center and rim of saturated polygon

A, 3) center and rim of saturated polygon center B and 4) polygonal pond (picture by Julia Boike, Al-
fred Wegener Institute, Potsdam, modified).

Samples were taken during two expeditions in 2009 and 2010 in the wet polygonal tundra
in the eastern part of the island (Figure 8, Table 1), belonging to the land cover class wet
sedge- and moss-dominated tundra (Schneider et al. 2009). According to Schneider et al.
(2009), this land cover class is the most important source of CHy in the Lena River Delta
and consists of the sub-classes dry sites (62.2 % cover), very wet sites (7.8 %), overgrown
water (14.8 %) and open water (15.2 %). Representing all sub-classes except the open wa-
ter bodies, four polygon centers were sampled which were characterized by their different
water table positions: a polygonal pond with a permanent water level above the soil surface
(Figure 9), two saturated polygon centers (A and B) with a changing water level close to
the soil surface (Figure 10; Figure 11) and an unsaturated polygon center with a distinctly
lower water level (Figure 12). In addition, samples were taken from the rims of the two

saturated polygon centers (polygon rim A and B, Figure 10; Figure 11).
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Table 1: Coordinates and dimensions of study sites.

site coordinates [N] coordinates [E] size [m]
Saturated polygon center A 72°22'11" 126°28'48" 13 x 8.2 (cross-diameter)
Saturated polygon rim A 72°22'13" 126°28'52" 3.3; 3.1; 2.1; 3.7 (widths)
Saturated polygon center B 72°22'13" 126°28'52" 11.5 x 19.5 (cross-diameter)
Saturated polygon rim B 72°22'11" 126°28'48" 2.8; 1.4;5.1; 2.4 (widths)
Unsaturated polygon center 72°22'10" 126°28'44" 5 x610 (cross-diameter)
Polygonal pond center 72°22'12" 126°28'58" 212.1 (widths)
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Figure 9: Polygonal pond (a); set-up of one replicate (b).

Figure 10: Saturated polygon center A with its rim (a); set-up of one replicate in

the center (b).
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b

Figure 11: Saturated polygon center B (a); center and rim (b); set-up of one replicate in the center (c).

Figure 12: Unsaturated polygon center (b); set-up of one replicate (b).
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4. Material & Methods

4.1  Soil survey, soil sampling and storage

Soil samples were taken from every identified p&seg horizon of two polygon rims and
four polygon centers in pits which had been dughfrozen ground. Soils were described
pedologically (soil texture, humic content, roohptation, moistness and reductive/oxidative
features) on site with reference to the German &iassification System (Ad-hoc-
Arbeitsgruppe Boden 2005) and classified accortbnipe US Soil Taxonomy (USDA 2010),
the World Reference Base for Soil Resources (WRB62@nd to the system for permafrost
soils of Yakutia by Elovskaya (1987). During eadargpwater sampling (4.2), water levels
were determined manually in perforated plastic pipstalled in the active layer. In addition,
temperature of air, soil and water (Greisinger GII0/2) was measured, and the permafrost
depth was determined by driving a steel rod ineowthfrozen soil until the frozen ground was

encountered.

Mixed soil samples were collected in plastic ba®d0 cni), refrozen in the field and kept
frozen until arrival in the laboratory in Germary. addition, three undisturbed soil cores
(100 cn?, height 4 cm) were retrieved from each horizon, wesbwith polyethylene (PE)
wrap, closed with PE caps and stored either coaleeb °C (samples 2009) or frozen (sam-
ples 2010) until further analysis.

4.2  Pore water sampling and storage

To measure profiles of CHtoncentrations and stable isotope (SI) sighatp@® water sam-
ples were taken on two occasions in 2009 and i® Z0Xeplicate per site in 2009, 3 or 6 rep-
licates in 2010, see Table 2). The sampling dep#r® in the active layer in intervals of 2.5,
5 or 10 cm until 20 cm below the vegetation surfadee deepest sampling depth was above
the frozen ground which was adjusted on each samphky. The water above the soil surface

was sampled at the saturated polygon centers anabilggonal pond.
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Table 2: Time periods and number of replicates (‘rp’) of concentration and isotope profiles measure-
ments and emission measurements of Ghh 2009 and 2010. Once open-top chambers (4.9) wenstalled

the replicate number distinguishes between open-toghamber (OTC) and control treatment (CON).

15.07.-19.07. 22.07.-24.07. 30.07.-04.08. 27.08.-01.09.

Site installation 2009 2009 2010 2010
Saturated 01.07.2009/ .
polygon center A 18.-20.07.2010 lrep lrep 6 rep 3 CON; 30TC
Saturated rim A 01.07.2009 lrep lrep - -
polygon
Saturated oo B 18.-20.07.2010 - - 6rep 3 CON;30TC
polygon
Saturated ;. g 15 .90 07.2010 - - 6rep 3 CON;30TC
polygon
Unsaturated center 06.07.2009/ ) 1re 3re 3re
polygon 18.-20.07.2010 P b P
Polygonal 01.07.2009/
pond center 18.-20.07.2010 lrep lrep 3rep 3rep

Samples were collected via perforated stainless sibes (1/8” diameter) which were per-
manently installed in the ground (see Figure 18)yeRvater samples were taken in a distance
of ~2 cm to each other to prevent influence ofgsamples volumes on each other. Thus the
profiles were not truly vertical. Sampling with omertical probe was not considered, since
the disturbance and inaccuracy during repeated ureagnts is higher than with the applied
method. 5 mL of soil pore water was sampled throtigke-way-valves for concentration
measurements and 50 mL for S| analySssnples were conserved in vials or serum bottles
that were flushed with nitrogen prior to samplesation and contained sodium chloride, thus
forming a saturated saline solution after sampjection, preventing microbial activity and
minimizing solution processes of gases (Heyer 1985¢ase of a lower water table, pore-gas
was withdrawn from the upper sampling depths andedtin vials and serum bottles filled
with saturated saline solution. In this case 120wate sampled for S| analyses. Vials and
bottles were closed with gas-tight butyl rubbeppters and stored upside down to minimize

gas leakage.
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25 15
25 P

soil surface

50cm

30cm

AT -

frozenground

Figure 13: (A) Pore water sampling rack in the field (29.08.2010) with schematic set-up in (B) lateral
view and (C) top view. The sampling depths were in the active layer in intervals of 2.5, Sor 10 cm
with the deepest sampling depth above the frozen ground (‘P’) which was adjusted on each sampling

day.

8100-103

Figure 14: Soil collars for emission measurements with the Automated Soil CO, Flux System LI-
8100 using the 20 cm Survey Chamber (LI-COR) were inserted close to profile sampling racks
(A). Schematic of CH,; flux sampling via septum (LI-COR Biosciences online:
http://www.licor.com/env/pdf/soil_flux/AirSampling.pdf) (B).
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4.3  Vegetation analysis

At each site plant species were investigated aguprtb the approach of Braun-Blanquet
(1964) in three plots covering 0.25 emd divided into 25 cells (see Figure 15). The igsec
coverage ofCarex aquatiliswas estimated as the percentage of the basalcavesing the

plots.

Figure 15: Frame with grid used for vegetation
investigation (26.07.2010).

4.4 Emission measurements

CH, emissions were determined at the soil surfacenbyctosed chamber technique (Auto-
mated Soil CQ Flux System LI-8100 with CHflux sampling via septum, LI-COR Biosci-
ences, USA; survey chamber diameter 20 cm, chamber volume 4.8 L) ers#iime days when
profile samples were taken. Soil collars were itesemto the soil at least 24 hours before the
first measurement and stayed in place for the seaso

Chamber measurements are prone to various errotgl{&ch et al. 2007), e.g. the placement
of a chamber on the soil can alter the natural eotmation gradient (Conen and Smith 1998).
To minimize perturbations, LI-COR designed a chamileich closes slowly and automati-

cally and is equipped with a pressure vent at dpepreventing pressure spike during closure

and maintaining the chamber pressure at ambiert (2w et al. 2006, LI-COR Biosciences
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2007). The chamber is comparatively small with Rin of 4 843 crhwhich makes it more
prone to errors from disturbances. However, ite sitows more sensitivity to measure small
fluxes (Davidson et al. 2002). Measurement duratimere held as short as possible and as
long as necessary to minimize creating artefactdewdeing able to detect very low fluxes.
The chamber used in this study only covered a sanedi (317.8 cf) and even though repli-
cates were used, the flux variances revealed hggresty within the polygon centers and
rims. Temperature changes of the atmosphere betteatthambers entered the flux calcula-

tions. It is presumed that the chamber fluxes ihelplant-mediated CHransport.

For the determination of the GHlux, six gas samples of 5 mL were taken via awsap(see
Figure 14) during a 30-60 minute chamber closureetiThe gas samples were transferred
into vials (15 mL, sealed with rubber stoppers amigted caps) filled with saturated NaCl
solution. The resulting CHconcentration time series was analyzed by leastregregression
using the MATLAB routine by Forbrich et al. (2010). addition, the composite of the 6 gas

samples was analyzed for stable isotopes.

4.5  Soil physical and chemical analyses

Prior to the soil-chemical analysis, all living taand plant material were removed from the
mixed samples before being air-dried. For carbod @itrogen analysis, the dried organic
samples were further cut into 2-5 mm pieces, arcthtmeral samples were sieved to <2 mm

before being subsequently milled and dried at 1D%ot > 12 hours.

4.5.1 Water and organic matter content

To determine the water content, 10 g of mixed sarhples were dried in a cabinet desiccator
at 105 °C for> 12 hours. The mass loss due to drying was usestimate the gravimetric

water content of field-fresh material.

Subsequently, samples were muffled at 550 °C>f@rhours to estimate the organic matter
content by weight loss (VDLUFA 1991).
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4.5.2 Total carbon and nitrogen content

Total carbon and nitrogen were measured accordirigli ISO 10694 (1996) with an ele-
mental analyzer (VarioMAX; Elementar, Hanau, Germany) with 0.3-0.7 g of finely ground
and oven-dried soil samples. Since soils showedpbBwalues (5.1) and since soil samples
showed no reaction with acid (HCI), it is assumieat ho inorganic carbon was present and

thus the amount of total carbon equals the amadumrtganic carbon.

4.5.3 Soil pH and electrical conductivity

Electrical conductivity (LF 90, WTW, Germany) andilspH (CG 820, Schott, Germany)
were determined in a suspension of 10 g of fredhirs®0 mL of distilled water (DIN I1ISO
11265 1997, DIN I1ISO 10390 2005).

4.5.4 Contents of plant-available potassium and phosphomi

Plant-available potassium and phosphorus were agttavith a double-lactate solution ac-
cording to VDLUFA (1991) and the potassium concaidn was determined from the extract
by Atomic Absorption SpectroscogyAAS’; type 1100B, Perkin-Elmer, USA). In the case of
phosphorus a spectral photometer (DR 5000, Haclgd)anas used after producing a molyb-

denum complex.

4.5.5 Analysis of soil gas diffusivity

To analyze the effective diffusion coefficient feach soil horizon, the water content in the
three undisturbed soil cores collected from eadiizbin of the polygon centers was adjusted
to 0.3 kPa on a sand bath. The wide coarse pores§@um) in the cores of polygon rim A
were drained at 6 kPa in a pressure-plate appar@ichards and Fireman 1943) simulating
drier in-situ conditionsAfterwards they were installed on top of cylindficaetal chambers
of approximately 3 L volume (Rolston 1986) (seeurggA, B). Methanotrophic activity was
blocked by addition of 0.8 mmolLacetylene. At the beginning of the experiment, Ghé
concentration inside the metal chamber was raisedgredefined value, the Gldoncentra-

tion was monitored while the GHescaped via diffusion through the soil. The ihiti@ncen-
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trations were 3.5 + 0.3 mmol‘Lfor experimental runs < 10 hours and 6.7 + 0.3 iririofor
experimental runs > 10 hours. €ebncentration was monitored by gas chromatographg.
inhibition of CH, oxidation by acetylene was verified by placingpd sore into a jar with an
atmosphere of 3.5 mmol'LCH, and 0.8 mmol ! acetylene. No CiHconcentration change

was detected over a period of three days.

To study the effect of pore size distribution offudiivity, samples of the unsaturated polygon
center and the polygon rim A were consecutivelyrgm in a pressure-plate apparatus (Rich-
ards and Fireman 1943) using pressure heads ofa G#Rinage of wide coarse pores:
> 50 um @), 30 and 100 kPa (drainage of narrowseopores: 50-10 pndrainage of medi-

um pores< 10 um @), rerunning the experiment at each watatent. Fick’s first law was

transformed to calculate the effective diffusioeffigient Dert (M’ s*) as follows:

-1
Dett = —Jcn, (j—;) : (6)
whereJchs is the diffusive CH flux (mol m? sY), 4x is the distance over which diffusion oc-

curs, i.e. height of cylinder (m), anft is the concentration difference between chambeér an

atmosphere (mol ).

The final value oD¢ for each soil core was calculated as an avera@etohdividual meas-
urements. Experiments were either carried out amréeemperature or, when run for more
than one day, in an incubator at 20 °C and 98-1Q@I%iive humidity to minimize evapora-
tion effects. Soil cores were weighed at each denivag stage to determine the water content
and air-filled porosity. The chambers were testdldéaks with the first experimental set-up

using a resin-casted core.

The experimental set-up was modified with a seadramber (see Figure C, D) to determine
the diffusion through water-saturated soils. FitBg diffusion chamber was filled with dis-
tilled water that was adjusted to pH 2 with phosjthacid and initially contained 1 mmol'L
CH, and 0.2 mmol I* acetylene. Three water-saturated soil cores ofipipermost horizon of
the saturated polygon center B were consecutivedialled on top of the chamber. Then, a
second chamber of 1.4 L volume was installed onotfofine cylinder with the soil core. The
top chamber was subsequently filled with distilledter at pH 2. With this experimental set-
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up, CH, diffusion from the bottom chamber through the watEurated soil sample into the
top chamber could be measured. Within 4 hoursahdisn of the bottom chamber was sam-
pled 3-4 times by collecting 3 mL water with a sge and a hypodermic needle through a
rubber stopper at one side of the chamber and ®&madusly injecting 3 mL of the initial
solution at the other side of the chamber. Sampége conserved in vials flushed with nitro-
gen and containing sodium chloride. Experimentsewsn consecutively and at 20 °C to
minimize expansion effects of the solutions. Gdfusivity was calculated from the decreas-

ing gas concentration in the bottom chamber.

During the time-consuming set-up of the diffusiohamber with the second chamber
(~15 min) CH concentrations decreased from the initial solubmmol %) to very low
values (0.30 + 0.18 mmol ). This is attributed to the low solubility of Gkh water. CH
concentrations decreased by 38-77 % during samplimgh was in range of concentration
decrease observed in diffusion experiments undsaiturated conditions. An increase of LH

concentration was monitored in the top chamber witkw samples to minimize disturbance.

To prevent CH production in the water-saturated soil samplesndudiffusion measure-
ments, the undisturbed soil samples were set irgolation of 10 mmol L* 2-bromoethane-
sulfonate (an inhibitor of methanogenesis) dissbivedistilled water for more than five days
prior to the experiment. The inhibition of methaangsis and CHoxidation in the second
experimental set-up was verified by placing thated soil cores into jars with distilled water
adjusted to pH 2 and 1.44 mmof ICH, and 0.8 mmol I acetylene. Neither a decrease nor

increase of Chlwas detected.
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Figure 16: Set-up (A) and schematic (B) of cylinddal metal chamber of diffusion
experiments with unsaturated soil samples; modified set-up with second chamber

(C) and schematic (D) of diffusion experiments witlwater-saturated soil samples.

After the diffusion experiments, core samples wdied to a constant weight at 105 °C, and
the total porosity was determined by helium pycnwyn@AccuPyc Il 1340, Micromeritics,
Norcross, GA, USA). The volumetric water contenswgabtracted from the total porosity to
obtain the air-filled porosity. The bulk density svealculated as the ratio of the dry mass of

the undisturbed soil sample and the volume of tre cylinder.
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4.6 Potential CH4 oxidation rates

Potential CH oxidation rates were determined for horizons & polygon rim (polygon rim
B), one saturated polygon center (saturated polygorer A) and the polygonal pond in trip-
licate batch cultures. For the polygon rim, the éstwhorizons of both the saturated polygon
center A and the polygonal pond soil samples fr@fh02were used (storage time between
sampling and experiments 7 months frozen). Footér horizons soil samples from 2009
were used (storage time between sampling and empets 16 months frozen). Homogenized
soil material (cut to <2 mm, 4 g) with in-situ watcontent was distributed in a thin layer
over the side wall in flat-walled culture bottl&(mL) to prevent substrate limitation effects.
The flasks were closed with gas-tight butyl rubstappers through which Ghivas added to
an initial concentration of 1.5 + 0.3 %. Three Kaper sample were incubated horizontally in

the dark at 4 °C for a few hours up to several wedkpending on the oxidation rate.

CH, concentration in the headspace was measured imwerbly gas chromatography (see
4.11) and oxidation rates were calculated fromdideining CH by linear regression analysis

using 6-8 data point&f > 0.81,p < 0.01) and are based on gram dry weight (gdw).

4.7  Determination of carbon isotope fractionation factos

To determine the fractionation factors for oxidatemd diffusion, gas samples from the batch
oxidation experiment measurements and gas or \gateples from the diffusion chambers

were analyzed fof**CH, composition (see Table 3).

Both experimental set-ups are closed systems whbnaited supply of reactant, GHunder-
goes an irreversible conversion to a product,,Gich is either constantly removed (in the
diffusion experiment) or remains in the systemtfia batch experiment) without further re-
acting with the reactant. In this respect, closgstesn kinetic fractionation behaves like open
system fractionation, where Gl constantly removed. Assuming Rayleigh (189&ropys-
tem fractionation, the isotopic fractionation factwas calculated based on the approach de-
scribed in Coleman et al. (1981)
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§13C, = (((1/a) — 1) x In(cy/co)) + 613C, , (7)

wherec, is the concentration of CHt time 0; ¢; is the concentration of CHat time t,5Cy is
the 4*°C value of CH at time 0; 6*°C; is thes'C value of CH at time t. From the slope (m) of
the linear regression between the differences in 8btope valuesst®C; - 53C;) and the
fraction of the remaining CHconcentration (Ing/co)) the isotopic fractionation factor can be

derived as

_ 1
a= (m+1)

: (8)

Fractionation factors were determined for thredicapes each with at least five gas samples.
The fractionation factor for diffusion at water @wattion was determined for three replicates

with 3-4 water samples each.

4.8  Quantification of microbial CH 4 oxidation efficiency

The isotopic fractionation factoigy andagir were then used to calculate the &Bidation
efficiency from the¥**CH, isotopic signatures at different soil depths o&ies. Calculations
were made for horizons where both a decrease inetration and an enrichment '6€ in
CH; were observed and diffusion was assumed to benthan transport mechanism
(awrans= agit) USINg EQ. 5. In addition, £Oconcentration profiles were used to determine the

parts of the soils where oxidation occurs (4.11).

To account for a potential impact of temperaturghmisotopic fractionation during GHéxi-
dation, a temperature-dependent correctionofgy decreasing with rising temperature by
3.9 x 10° °C* (Chanton et al. 2008b) was applied, too.

Further, to determine the impact of neglectingudibnal fractionation off,x when transport
by diffusion is dominantf,x was calculated as in previous studies assuminigaationation
through transportofans= 1), and CH oxidation efficiencies were compared with thosplgp

ing the newly determined fractionation factor faffusion in water-saturated conditions.
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Table 3: Overview of the determined CH diffusivity at different dewatering levels and oxdation rates

and the fractionation factors e,y & ag at soils from the different sites.

Potential
e CH,
CH, diffusion oxidation % & agit Ot water

Site rate

at at at

0.3 kPa 6 kPa 30 and
100 kPa

Saturated polygon center A X X X
Saturated polygon rim A X X X
Saturated polygon center B X
Saturated polygon rim B X X X
Unsaturated polygon center X X X
Polygonal pond center X X X

4.9 Temperature enhancement experiment

A climate manipulation experiment was establishietha saturated polygon center A and at
the center and rim of saturated polygon B, in ezade directly after the first sampling occa-
sion in 2010 (see Table 2). At each site threesparent, tapered open-top chambers (OTC,
30 cm high, 0.85 x 0.85 m at base, 0.5 x 0.5 noat $ee Figure 17) fixed by metal brackets
were installed. The walls were made of 3-mm polygoaate (Lexan®) with high transmit-
tance in the visible wavelengths region (84-87 %%l dow transmittance in the infra-red
range. Due to their design, they trap part of that lwithin the chamber like a greenhouse and
further act like windshields (see International duanExperiment manual (ITEX 1996)). The
bottoms of the chambers were elevated ~2-3 cm abaiVsurface to reduce the altered wind
and humidity effects above the soil surface. Poagewprofile sampling and emission meas-
urements were repeated after four weeks at threts plith OTCs and three control plots
without OTCs (CON) at each site. The set-up watsdefsite for long-term studies. The soil
temperature was continuously monitored at one Oif€Casd its control replicate (distance
< 30 cm) at the saturated polygon centers A anti Baand 5 cm depth and at the polygon rim

B at 3 and 10 cm depth with temperature probes(9d, Tampbell Scientific, UK) and a
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CR200 data logger (Campbell Scientific, UK). Monitoring of the soil temperature was started
two days after the set-up of the open-top chambers at the polygon rim (on 4 August 2010),
after 9 and 12 days at the saturated polygon center B and A respectively (on 12 August 2010)
and ran until 5 September 2010 (for 24-32 days).

Figure 17: (A) Schematic of side of OTC, (B) top view of OTC treatment in the field with profile
sampling rack and soil collar and (C) positioning of OTCs in the saturated polygon center A (photo
taken on 14 August 2010).

4.10 Isotope ratio mass spectrometry

Samples were analyzed once (when measured directly during the experiment) or in duplicate

(when stored in saline solution) by gas chromatography isotope ratio mass spectrometry (GC-
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IRMS, Delta Plus, ThermoScientific, Dreieich, Genypawith a 25 m capillary column
(Poraplot, 0.32 mm ID). Analytical replicate prears generally was < 0.2 %.. For samples
with near-atmospheric CHoncentrations a preconcentration system (PreTugrmoScien-
tific, Dreieich, Germany) was used (Brand 1995)hwstandard error of replicate measure-
ments generally less than 0.5 %.. Injected samplenves varied with sample concentrations
(0.01-6 mL).Values are expressed relative to VPDRr(na Pee Dee Belemnite Standard)
using the reference standard NGS3 85830(= -73.27%, VPDB; NIST, Gaithersburg, USA)

for CH,.

4.11 Gas concentration analyses

Gas analyses were carried out at the field statrmhin the laboratory in Germany with gas
chromatographs (both GC 7890, Agilent Technologi&srmany) equipped with a Porapak-
Q-column (2 mm ID, 1.8 m length) separating Tathd CQ. CH, concentration was meas-
ured with a flame ionization detector (FID). Ovamection and FID temperatures were 40,
75 and 250 °C, respectively. Helium served as #nger and make-up gas. The injection vol-

ume was 200 pl.

Gas concentrations were calculated from the coratgonn measured and the headspace vol-
ume and pressure (measured with digital pressurgeggEO1, Keller, Switzerland) by apply-
ing Henry's Law and corrected for the partitionGifl; between the aqueous and the gaseous
phase using the solubility coefficiepit= 0.00867 mL mL* for solubility of CH, in saturated
saline solution at 20C; (Yamamoto et al. 1976, Seibt et al. 2000, Kutzbetchl. 2004). Gas
concentrations of samples from the unsaturated dirthe profiles were converted to water
concentrations using the solubility coefficight 0.05108 mL mL* for solubility of CH; in

water at 4 °C (Yamamoto et al. 1976).

For calibration of the GCs, GHtandard gases of 1.7 and 200 ppmv, 1, 10 an@dl5@owvere
used. Uncertainty due to manual injection onto ¢b&umn was < 1 % for the standards

> 200 ppmv and < 18 % for the 1.7 ppmv standard.

Oxygen profiles were measured at different soilthepvith a Fibox 3-trace v3 planar trace

oxygen minisensor (Presens, Regensburg, Germaniygdihe expedition 2009 in the polyg-
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onal pond, the unsaturated polygon center andeh&ecand rim of the saturated polygon A,
in collaboration with Susanne Liebner, ETH Zurich.

4.12 Statistical Analyses

Statistical analyses were performed using OriginB®o(OriginLab Corporation, USA). The
relationship between air-filled porosity and sadsgdiffusion was curve fitted by nonlinear
regression. Correlations between oxidation ratesgndnd between diffusion coefficients and
agit were tested with Pearson’s correlation analys@ofsc fractionation factors of different
sites were compared with one-way ANOVAs and a post-Tukey's Honestly Significant
Differences testFurther,"°C values and concentrations of £ahd the calculated Gloxida-
tion efficiencies of the OTC and the CON treatmemése compared with one-way ANOVAS

and Tukey’s Honestly Significant Differences tests.
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5. Results

5.1  Soil characteristics and classification

The soils featured thaw depths between 28 and 4dwing soil sampling (Table 4-Table 9).
C/N ratios ranged from 24 to 35 at the polygon eentfrom 23 to 30 at the polygonal pond
and from 19 to 36 at the polygon rims. All soilsrevdéree of inorganic carbon and showed
slightly acidic to neutral pH values, between 5@ &.2 for the polygon centers and polygo-
nal pond and between 5.9 and 6.8 for the polygos.ri

The root density was high to very high in all tagrihons. The total porosity of the upper or-
ganic-matter-rich horizons ranged around 90 % @dlfl), decreasing within the profile to
50 %. Accordingly, air-filled porosity at 0.3 kPasgvhigh in the top horizons (> 18 %) and the
bulk density was low (< 0.3 g ¢fin comparison to the mineral horizons with a lowen-
tent of organic matter (Table 10). The concentretiof plant-available phosphorus and potas-
sium were low in the mineral horizons (K < 50 mg'k§ < 10 mg k') and high for potassi-
um in the organic-matter-rich horizons (K > 159 kaff) decreasing with depth. Phosphorus
concentrations were only > 10 mgkin the organic-matter-rich horizons of the unsatteu

polygon center and the polygon rim A.

Having permafrost within 100 cm of the soil surfaa# soils in this study are classified as
Gelisols(from Latin gelus=ice) according to the US Soil Taxonomy (2010) anel subdi-
vided into the suborderBurbels(showing cryoturbation features) a@thels (with little or
without cryoturbation)Orthelsin this study showed less than 40 vol. % orgaaitraaterial

in one third of the pedon to a depth of 50 cm @uaisite forHistorthelg, redox depletions
and aquic conditions (continuous or periodic satomq and were classified asquorthels
Turbelsin this study showed aquic conditions within 50 and were classified asquitur-
bels

According to the WRB (WRB 2006) the frost-affectsulls are described &ryosols(from
Greek kryos= cold) applying the prefix qualifieHistic (from Greekhistos= tissue) when
consisting of > 20 % organic carbon within 20 cm depth and beirsgewsaturated for 30

consecutive days and the prefinrbic when having cryoturbation features. The suffixlgua
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fier Reductaquids applied for saturated and reduced conditiorts thee suffix Arenic for
sandy texture.

The Russian Classification (Elovskaya 1987) furtimludes the climatic and geographic
region in the description of the soils, in thisedasndra. Soil characteristics are discussed in
more detail subdivided into polygon centers (5.1pbJygonal pond (5.1.2) and polygon rims
(5.1.3).

5.1.1 Polygon centers

In the depressed polygon centers drainage was apley the underlying permafrost. Thus,
the soils of the polygon centers were mostly watdtrated with a varying water level close
to the surface. During soil sampling on 18 July 20Me unsaturated polygon center had a
water level of 25 cm below the soil surface white tsaturated polygon centers A (18 July
2009) and B (27 July 2010) featured 7 cm and 5 bove soil surface (Table 4, Table 5 and
Table 6). All polygon centers were characterizeddnjucing conditions facilitating anaerobic
microbial degradation of organic matter. The twtussted polygon centers and the unsaturat-
ed polygon center showed a very high gravimetrgaoic carbon content in the upper hori-
zons (> 12 % OC, designated as Oi according to diBTa&xonomy (2010)). Subjacent hori-
zons (A, Oi) showed an accumulation of humifiedamig matter mixed with fine sand bands
and hydromorphic features (Bg). According to the &8l Taxonomy the soils of these three
polygon centers were classified Bgpic AquorthelfUSDA 2010), a#istic Cryosolsaccord-

ing to the WRB (WRB 2006) and &ermafrost tundra humic-peatiqsaturated polygon
center A),Permafrost tundra pedisaturated polygon center B) aRérmafrost tundra silty-
peatish (unsaturated polygon center) according to the RBns€lassification (Elovskaya
1987).

5.1.2 Polygonal pond

In comparison to the polygon centers, the polygpoald was characterized by a higher water
level of 18 cm above soil surface on the day of@arg and by a more uniform accumulation
of organic carbon across the profile (ranging acb@r®e OC, Table 7), containing fine sand

and showing features of gleying. The soil of th@ygon center was classified dgpic
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Aquorthel (USDA 2010),Haplic Cryosol(WRB 2006) andPermafrost tundra silty-peatish
(Elovskaya 1987).

5.1.3 Polygonal rims

In contrast to the other soils, the two polygonsiwere characterized by deeper water levels
(> 15 cm below soil surface), thus the oxic cowaisi in the upper part of the soils caused less
accumulation of organic matter. They were undertaircryoturbated mineral soil horizons.
Deeper within the profile the soils show reducedditions (Table 8, Table 9). These sandy
soils were classified aB8sammentic AquiturbglUSDA 2010), Turbic Cryosol(WRB 2006)
and Permafrost tundra silty-peatish with gleyir{golygon rim A) andPermafrost tundra

peaty-gley(polygon rim B) (Elovskaya 1987).
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Table 4: Saturated polygon center A: Soil characteristics and soil classifications.

Saturated polygon center A

Location: Samoylov, Lena River Delta Date of profile acquisition: 18.07.2009
Geographic coordinates: 72°22.164° N, 126°28.790° E

Field location: Center of low-center polygon Dimensions: 13 m x 8.2 m

Thaw depth during sampling: 33 cm Water level during sampling: -7 cm

Remarks: organic layer very weakly decomposed, no evidence of cryoturbation, CaCO; unverifiable in the whole profile

US Soil Taxonomy (USDA 2010): Typic Aquorthel
World Reference Base for Soil Resources (WRB 2006): Histic Cryosol (Reductaquic)

Russian Classification (Elovskaya 1987): Permafrost tundra humic-peatish

AO1
Al | s
V) g

depth below soil surface (cm)

Horizon Depth Rooting oC N C/N Loss on pH Electrical K P Soil texture & further characteristics
denotation” intensity ignition conductivity
cm % % % IN mgkeg' | mgkg'

Oi 0to5 very high | 17.7 0.6 30.0 | 224+33 5.7 91 159 <10 Slightly decomposed plant material, Carex rhizomes

AOi 51010 | veryhigh | 10.8 | 04 |273 | 193240 | 58 38 <50 <10 |Slightly humified plant material, Carex rhizomes,
pure fine sand

Al 10 to 18 high 3.0 0.1 28.0 4.6+0.1 5.9 49 <50 <10 Humified organic matter, slightly silty fine sand

A2 18+ high 42 | 02 | 244 | 51+03 | 60 49 <50 <10 |Humified organic matter, fine sand bands,
frozen ground below

“according to US Soil Taxonomy
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Table 5: Saturated polygon center B: Soil characteristics and soil classifications.

Saturated polygon center B

Location: Samoylov, Lena River Delta Date of profile acquisition: 27.07.2010
Geographic coordinates: 72°22.221' N, 126°28.870' E

Field location: Center of low-center polygon Dimensions: 11.5mx 9.5 m

Thaw depth during sampling: 47 cm Water level during sampling: -5 cm

Remarks: organic layer very weakly decomposed, no evidence of cryoturbation, CaCO; unverifiable in the whole profile

US Soil Taxonomy (USDA 2010): Typic Aquorthel
World Reference Base for Soil Resources (WRB 2006): Histic Cryosol (Reductaquic)
Russian Classification (Elovskaya 1987): Permafrost tundra peat

O1

N

AO1

N

depth below soil surface (cm)

Horizon Depth Rooting oC N C/N Loss on pH Electrical K P Soil texture & further characteristics
denotation” intensity ignition conductivity
cm % % % IN mgkeg' | mgkg'
Oi 0to5 very high | 20.2 0.6 33.1 n.a. 6.0 84 265 11 Slightly decomposed plant material, Carex rhizomes
AOi S5to 15 | very high | 10.1 0.3 329 | 192+13 | 59 35 61 <10 Slightly humified plant material, Carex rhizomes
Al 15+ high | 3.8 | 01 [208 | 72407 | 57 68 <50 | <1 |MHumified organic matter, fine sand bands,
frozen ground below

aaccording to US Soil Taxonomy; n.a. = not analyzed
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Table 6: Unsaturated polygon center Soil characteristics and soil classifications.

Unsaturated polygon center

Location: Samoylov, Lena River Delta Date of profile acquisition: 18.07.2009
Geographic coordinates: 72°22.173' N, 126°28.737'E

Field location: Center of low-center polygon Dimensions: 6.5 mx 10 m

Thaw depth during sampling: 28 cm Water level during sampling: 25 cm

Remarks: organic layer very weakly decomposed, no evidence of cryoturbation, CaCO; unverifiable in the whole profile

01l

012

o

depth below soil surface (cm)

A
US Soil Taxonomy (USDA 2010): Typic Aquorthel B
World Reference Base for Soil Resources (WRB 2006): Histic Cryosol (Reductaquic)
Russian Classification (Elovskaya 1987): Permafrost tundra silty-peatish Be =
Horizon Depth Rooting oC N C/N Loss on pH Electrical K P Soil texture & further characteristics
denotation” intensity ignition conductivity
cm % % % IN mgkeg' | mgkg'
Oil 0to3 very high | 12.5 0.4 324 | 235+44 | 5.6 154 470 28 Slightly decomposed plant material
0i2 3to 12 | very high | 15.0 0.4 351 | 21.8+2.6 | 5.6 73 246 20 Slightly plant material, Carex rhizomes
A 12 to 22 high 8.7 0.3 292 | 13.7+13 5.6 41 <50 <10 Humified organic matter, slightly silty fine sand
Bg 22+ ow | 15 | 01 [241] 3301 | 59 35 <50 | <1 |Mediumsily fine sand
frozen ground below

®according to US Soil Taxonomy
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Table 7: Polygonal pond: Soil characteristics and soil classifications.

Polygonal pond

Location: Samoylov, Lena River Delta
Geographic coordinates: 72°22.197 N, 126°28.951'E

Field location: Center of low-center polygon

Thaw depth during sampling: 29 cm/ 43 cm

Date of profile acquisition: 18.07.2009 and 03.09.2010 (ABg)

Dimensions: 12.5mx 12.1 m

Water level during sampling: -18 cm/ -17 cm

Remarks: aquic conditions, redox depletion, organic layer very weakly decomposed, no evidence of cryoturbation,

CaCOs unverifiable in the whole profile

US Soil Taxonomy (USDA 2010): Typic Aquorthel
World Reference Base for Soil Resources (WRB 2006): Haplic Cryosol (Reductaquic)

Russian Classification (Elovskaya 1987): Permafrost tundra silty-peatish

[

depth below soil surface (cm)

Horizon Depth Rooting oC N C/N Loss on pH Electrical K P Soil texture & further characteristics
denotation” intensity ignition conductivity
cm % % % IN mgkg' | mgkg

A 0to7 very high | 6.0 0.3 229 | 147+£28 5.6 31 <50 <10 Slightly decomposed plant material, containing fine sand
Agl 7to 17 high 6.5 0.2 30.2 84+04 5.8 29 <50 <10 Humified organic matter, fine sand bands, gleying
Ag2 17+ high 6.1 0.2 25.8 79+0.1 6.2 24 <50 <10 Humified organic matter, fine sand bands, gleying
ABg 33+ low 54 02 26.0 92401 6.1 36 <50 <10 Humified organic matter, slightly silty fine sand, gleying,

frozen ground below

“according to US Soil Taxonomy
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Table 8: Polygon rim A: Soil characteristics and soil classifications.

Polygon rim A

Location: Samoylov, Lena River Delta Date of profile acquisition: 18.07.2009
Geographic coordinates: 72°22.181' N, 126°28.793' E

Field location: Rim of low-center polygon A Dimensions: 2.8 m; 1.4 m; 5.1 m; 2.4 m
Thaw depth during sampling: 30 cm Water level during sampling: : 18 cm

Remarks: aquic conditions, redox depletion, weak evidence of cryoturbation, organic layer very weakly decomposed,

CaCOs unverifiable in the whole profile

US Soil Taxonomy (USDA 2010): Psammentic Aquiturbel
World Reference Base for Soil Resources (WRB 2006): Turbic Cryosol (Arenic)
Russian Classification (Elovskaya 1987): Permafrost tundra silty-peatish with gleying

Oi

— 15

B(jj)gl

depth below soil surface (cm)

B(ig2

Horizon Depth Rooting oC N C/N Loss on pH Electrical K P Soil texture & further characteristics
denotation” intensity ignition conductivity
cm % % % IN mgkg' | mgkg’

Oi 0to4 | veryhigh | 13.7 0.4 36.00 20.2+1.1 6.8 136 253 34 | Slightly decomposed plant material, bands of fine sand

A 4to13 | very high | 7.8 0.3 276| 125+0.8 6.6 57 81 <10 |Humified organic matter, medium silty fine sand
B(jj)gl 13to0 18 high 3.0 0.2 19.9 6.6 +0.2| 6.1 36 <50 <10 |Medium silty fine sand, gleying, weak cryoturbation
B(jj)e2 18+ low 17 | 01| 189 45%01| 62 27 <50 <10 |Slightlysilty fine sand, gleying, cryoturbation,

frozen ground below

“according to US Soil Taxonomy
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Table 9: Polygon rim B: Soil characteristics and soil classifications.

Polygon rim B

Location: Samoylov, Lena River Delta Date of profile acquisition: 18.07.2009
Geographic coordinates: 72°22.221' N, 126°28.870' E

Field location: Rim of low-center polygon B Dimensions: 3.3 m; 3.1 m; 2.1 m; 3.7 m
Thaw depth during sampling: 45 cm Water level during sampling: : 31 cm

Remarks: aquic conditions, redox depletion, weak evidence of cryoturbation, organic layer very weakly decomposed,

CaCOs unverifiable in the whole profile

US Soil Taxonomy (USDA 2010): Psammentic Aquiturbel
World Reference Base for Soil Resources (WRB 2006): Turbic Cryosol (Arenic)
Russian Classification (Elovskaya 1987): Permafrost tundra peaty-gley

Al

15

B(iig

depth below soil surface (cm)

Horizon Depth Rooting oC N C/N Loss on pH Electrical K P Soil texture & further characteristics
denotation® intensity ignition conductivity
cm % % % IN mgkeg' | mgkg'
Al 0to7 high 2.8 0.1 19.3 54+0.1 6.5 59 <50 <10 Humified organic matter, medium silty fine sand
A2 7 to 20 low 2.6 0.1 18.2 5.8+£0.0 59 41 <50 <10 Medium silty fine sand
B(iig 20+ low 18 | 01 | 130 3900 | 63 41 <50 <10 |Silty fine sand, gleying, cryoturbation,
frozen ground below

according to US Soil Taxonomy
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Table 10: Total porosity, air-filled porosity, water content and bulk density of the investigated site (h = 3).

Site Horizon Mean depth Total Air-filled porosity  Water content Bulk
below soil surface porosity at 0.3 kPa at 0.3 kPa density
(cm) (%) (%) (vol %) (g crf)
Oi 25 90.2+£0.6 222+28 68.0+2.4 0.22+0.01
Saturated AOi 7.5 91.6+0.6 27.7+6.1 63.9+55 0.19 £10.0
polygon
center A Al 14.5 69.0+1.8 3.8* 65.7 £ 0.9 0.79 £0.05
A2 25 80.8+1.7 1.8 +1.3* 79.9+1.7 0.46 +£0.04
1 *% *%
Saturated Oi 2.5 88.24 n.a. n.a. 0.27
polygon AOi 10 n.a. n.a. n.a. n.a.
center B Al 31 n.a. n.a. n.a. n.a.
oil 15 934124 32.8+10.2 60.6 £ 8.0 0.15@50.
Unsaturated  Qi2 8 94.9* 18.32* 72.0+6.8 0.10 £ 0.00
polygon
center A 17.5 92.3+04 32.0+2.6 60.3+2.4 0.16 £0.01
Bg 25 54.4+£2.9 1.7* 56.0+0.3 1.19+0.08
A 89.7+0.6 33.2+7.4 56.4 +6.8 0.23+0.01
Agl 125 85.8+15 22.0+3.6 63.81+2.2 0.34@40.
Polygonal
pond Ag2 25 77.1+£1.2 6.8+1.1 70.3+2.3 0.57 £0.04
ABg
(2010) 33 65.4+1.8 58+1.3 595+24 0.88 £ 0.05
Oi 2 915+24 45.7+14.4 458+12.4 0.19 £ 0.06
Polygon rim A 8.5 73.3+9.1 8779 64.6+1.2 0.68 +0.24
A B(jj)gl 155 72.7+7.8 7.0+5. 1% 65.7 £ 3.0 0.¥0.13
B(jj)g2 26 59.3+3.1 24+29 57.9+1.6 1.05.88
Al 3.5 62.9+1.8 125+ 3.8 50.4+2.2 0.97 £0.03
go'ygon m- a2 13.5 60.3 2.2 4.7 +3.0 556+11  1.02+0.06
B(jj)g 32.5 52.0+ 4.6 9.7+2.6 42.3+3.6 1.26.43

*n=1,*n =2, n.a. =not analyzed
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5.2  Vegetation characteristics

The dominating vascular plant in all polygon cesteas the hydrophilic sedggarex aquat-
ilis covering 25 = 3 % of the basal area of the sagdrgilygon center A, 17 + 4 % of the
saturated polygon center B, 27 = 10 % of the umatgd polygon center and 6 + 1 % of the
polygonal pond. The unsaturated polygon center fuebter covered by the mossésn-
prichtia revolvensand Meesia longisetaand had a distincBalix glaucacomponent (total
shrub cover was < 25 %J.he polygonal pond was covered by the submergedrbraoss

Scorpidium scorpioides

The vegetation of the drier polygon rims was doradaby mosses (e.glylocomium splen-
dens Timmia austriacawith 95 % and the dwarf shruBslix glauca(~3 %) andDryas octo-

pectala(~6 %). The density afarex aquatilisvas 73 culms i (~8 %) at polygon rim B.

5.3 CHsemissions

Low or non-significant Cklemissions were found at the unsaturated polygotecamd the
polygon rims A and B (Table 11). However, one regtie of the polygon rim B (CON II)
showed higher CiHemissions of 17.1 mgfrd™® on 31 August 2010. Twice, significant nega-
tive CH, fluxes were measured at polygon rim B.

In comparison, the saturated polygon center A &edpolygonal pond showed higher £H
emissions. A maximum flux of 132.6 mg’nd* was measured at the saturated polygon center
A (19 July 20095nd of 56.7 mg fd™ at thepolygon polygonal pond (17 July 2009). At the
saturated polygon center B, GHemissions were low on 3 August 2010 with
9.9+3.8mg Md' (n=2) and comparatively higher on 1 September 20ih

18.6 + 10.3 mg M d™*(n = 3).
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Table 11: CH, emissions of all sites (mean * SD of replicates).

Site Date Water Thaw Replicate CH, emissions
level depth  number
(cm) (cm) (mg rhd™)
19.07.2009 -8 31 3 106.5 + 30.9
center A 31.07.2010 -3 55 6 63.4+27.4
30.08.2010 -4 55 6 13.2+3.1
center B 01.09.2010 -4 54 6 18.6 +10.3
24.07.2009 10 26 2 v}
Unsaturated polygonq 7 5519 7 2 3 33
center
27.08.2010 13 45 3 0
17.07.2009 -18 24 3 56.7
22.07.2009 -18 25 3 53.6
Polygonal pond
04.08.2010 -15 40 2 42.4+11.1
29.08.2010 -16 44 3 27.6 +5.3
) 17.07.2009 10 31 2 9.8+5.0
Polygon rim A
22.07.2009 12 35 3 0
17 35 CON | 0.8
18 42 CON I V]
18 24 CON 1l -1.8
02.08.2010
18 34 OoTCI 6
18 29 OoTC Il V]
22 24 oTC 1l 4]
Polygon rim B
24 43 CON | 6
19 51 CON I 17.1.
31 35 CON 1l 5.2
31.08.2010
20 41 OoTCI 2.1
18 37 oTC Il V]
18 31 oTC 1l G

& no significant flux different from ;: no significant flux at one replicate;

“ no significant flux at two replicates
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54 Potential CH4 oxidation rates

High potential CH oxidation rates occurred in samples from the twganic-matter- rich top
horizons of the saturated polygon center A (Oi: 7312.3 nmol Hg dw’; AOi:
18.8 + 8.4 nmol g dw?, Table 12). Oxidation rates of the lower horizamere low (Al:
4.5 + 1.5 nmol Hg dw'; A2: 4.5 + 0.6 nmol g dw?). In comparison to the saturated poly-
gon center, the upper horizons of the polygonaldpeatured lower potential GHbxidation
rates (A: 4.4 + 0.3 nmolhg dw?; Agl: 6.1 + 4.4 nmol ig dw?). The lowest horizon of the
polygonal pond showed a high potential Cbkidation rate of 49.2 + 7.7 nmot'ly dw™.
Samples of the polygon rim showed low oxidatioesah all horizons ranging between 2 and

8 nmol h'g dw™.

Table 12: Potential methanotrophic activity for the different horizons of the studied sitesr(= 3).

Site Horizon Year of soil  Mean depth below Potential CH oxidation rate
sampling soil surface in nmol Kt g dw*
ncm (mean * SD)
Oi 2009 25 31.7+23
Saturated polygon  AOi 2009 7.5 18.8+8.4
center A Al 2009 14.5 45+15
A2 2010 25 45+0.6
A 2009 35 44+0.3
Agl 2009 12.5 6.1+44
Polygonal pond
Ag2 2009 25 7.3+1.8
ABg 2010 33 492 +7.7
Al 2010 25 7.5+09
Polygon rim B A2 2010 10.5 23+0.3
B(ii)g 2010 33 34+13

* n= 1 n.a = not analyzed

5.5  Soil gas diffusivity

Diffusion tests under different water contents sedwhat diffusion predominantly took place
through wide coarse pores in each horizon of bibtis §Table 13). Once the wide coars pores
were drained (6 kPa), the diffusion was faster tht@.3 kPa, but did not change strongly
during further drainage. The lowest horizon wasegelty characterized by the lowest diffu-
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sion coefficient in each case. Diffusivity measuees at different water contents showed
that the diffusion coefficient exponentially incsea with an increasing volume of air-filled
pore spaceR = 0.9, p < 0.001,n = 11, Des= -3.33625 x 10+ 6.86722 x 10 x ¢*95883x0a)
whereda is the volumetric fraction of porosity filled layr, Figure 18).

2 *
R R =0.9
2.0x10° P<0.001
1.5x10° 1
_/‘\
'n
g
A" 1.0x10° 4
5.0x10"
0.0 4
| ! | ! | ' | ! | ! | ! | ! | ' | ! I ! |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Air-filled porosity (v/v)

Figure 18: Relationship between air-filled porosityand soil gas diffusivity (effective diffusion codicient)
with exponential fit, n = 114. Star marks diffusion coefficient of CH (D = 2.2 x 10°m?s?) in free air at
20 °C and 101.325 kPa given by Coward and Georges(d37).
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Table 13: CH, diffusion coefficients of an unsaturated polygonenter and a polygon rim at the different dewateringevels 0.3, 6, 30 and 100 kPa at different soil piths

(mean £ SD,n = 3).

Diffusion coefficients in 18x m?s* (mean + SD) at dewatering levels of

Site Horizon Mean depth below
soil surface in
cm 0.3 kPa 6 kPa 30 kPa 100 kPa
Oil 15 0.70 £ 0.47 5.52 +2.29 6.72+2.14 7.1R08
Unsaturated Qi2 8 0.40+£0.16 5.22+£1.02 7.15+1.03 7.48301.
polygon center A 17.5 0.67+£0.21 4,98 +0.69 6.37 £ 0.85 6.8D 1
Bg 26.5 0.24 £0.17 0.75+0.33 2.18+0.77 3.1599
(0] 2 1.73+1.16 3.98+1.77 5.04 +1.68 6.13 £21.9
. A 9 0.20+£0.18* 1.03+0.53 2.05+0.61 2.69+11.1
Polygon rim A
B(jj)gl 16 0.27+0.14 1.20+0.44 2.69+0.99 2451.02
B(jj)g2 26 0.45 £ 0.20* 1.44 +0.90 1.89 + 0.68 360.83
*n=2
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5.6  Concentration profiles of O,

In the saturated polygon center A, dissolvedcOncentrations of up to 80 % air saturation
were found in the water column above the soil s@f@ July 2009: -16m; 24 July 2009: -
15 cm). Both @ profile measurements (Figure 19) showed thaiv@s depleted (< 1 %) with-
in the first horizon (Oi). Thus the main part ofidetion presumably occurs close to the soill
surface at this site under these water level camdit

The polygonal pond showed dissolved €@@ncentrations of up to 100 % air saturation i th
upper water column (both days water level > 18 tiova soil), decreasing towards the soil
surface to <6 % air saturation (Figure 20). Measwants indicated that,Qvas depleted
within the thick submerged moss lay@n 7 July 2009, high ©concentrations were found
deep within the moss layer (24 %).

041 T LAY T T mess )

depth below soil surface (cm)
1

154 Al

—=—0, concentration 08.07.09
20 4 —8—0, concentration 24.07.09 ,

T T T v I
0 50 100

O, concentration (% air saturation)

Figure 19: Saturated polygon center A: Depth profiés of GQ con-
centration on 8 July 2009 (black squares) and on 24uly 2009

(black circles).
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Figure 20: Polygonal pond: Depth profiles of @ concentration on
7 July 2009 (black squares) and on 22 July 2009 éuk circles).

In the unsaturated polygon center dissolvead@ncentrations were measured at very different
water levels (8 July 2009: @n; 24 July 2009: 1@m; Figure 21). Dissolved ©concentra-
tions of 100 % air saturation were found in theatnsated moss layers on both days, decreas-
ing within the upper horizons on 8 July 2009 angdo within the profile on 24 July 2009
with a lower water level. The water level continalyudropped down within the soil profile
during the days before 24 July 2009, thus pore m@tesumably remained above the free
water level, and reduced,©oncentrations were measured already above tter leael (be-

tween 7.5 and 10 cm).
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Figure 21: Unsaturated polygon center: Depth profiés of G concentra-
tion on 8 July 2009 (A, black squares) and on 24 3u2009 (B, black cir-

cles).

Similar patterns were found in the polygon rim Aestr Q concentrations depleted within

5 cm above water level from concentrations of 9@ifsaturation (Figure 22).

While O, concentrations were depleted within 5 cm abovefonh below water level at the

unsaturated polygon center and the polygon rimséterated polygon center and the polygo-
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nal pond do not show this close relation af @ncentration and water level. These sites in-
stead exhibited high dissolved €oncentrations in the submerged moss layer aodghout

the water column.

o HI T T T T T T O T T T T T T T ORI TTTTTTTTITTTT moss

depth below soil surface (cm)

—e—0, concentration 24.07.09

Blig?
] 1 —B—0, concentration 08.07.09 wr

30 4= , . r r
0 50 100
O, concentration (% air saturation)

Figure 22: Polygon rim A: Depth profiles of G, concentration on 8
July 2009 (black squares) and on 24 July 2009 (blacircles).

5.7 CH4 concentration and stable carbon isotope profiles

5.7.1 Saturated polygon center A

During sampling in 2009, saturated polygon centée@ured a water level of 5-8 cm above
the soil surface (Table 11) and a thaw depth o€B1(19 July) and 33 cm (24 July). The
highest CH concentrations of 148 +7 pmof'L (19 July 2009, Figure 23) and
175 + 4 pmol [* (24 July 2009Figure 24) were found close to the frozen grourdl strowed

a relative decrease from there to 9 cm by 88 %taridt cm by 61 %, respectively. Both pro-
files showed a Cliconcentration peak (19 July at 61h; 24 July at 9 cm) followed by a fur-
ther decrease to near atmospheric concentratioregds the water surface.

Concurrently,d"°C values of CHfluctuated between the frozen ground (19 Ail26 cm:
0"CH, = -56.9%o0; 24 July at 26 cmd**CH, = -57.6 %0) and the upper horizon (19 July at
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4 cm: 53CH, = -56.3%0; 24 July at 6.5 cmé*>CH, = -57.7 %o) increasing towards the water

surface.

During sampling in 2010, the water level was alditer (3-4 cm above soil surface, Table
11) and thaw depth much deeper (55 cm), €bhcentrations close to the frozen ground were
much higher (31 July: 722 + 73 umof'L30 August: 1,085 + 329 umol*{. Figure 25 & 26,
n=6) and showed a relative decrease from heredton2 by 63 + 18 % (31 July) and by
86 £ 7 % (30 August) followed by a decrease iny€bhcentrations similar to those observed
in 2009.

Concurrently,63C values of CHlincreased between the frozen ground (31 WCH, = -

71 + 1%o; 30 August:0"CH, = -72 + 1 %o,n = 6) and 20 cm by 14 + 2 %o (31 July) and by
12 £ 2 %0 (30 August) in absolute values, then flatihg between 20 cm and 5 cm with-
in 3 %o (31 July) and between 20 cm and 10 cm with# (30 August) before increasing
further towards the water surface (31 Judy®CHs=-53 + 3%o; 30 August: 5°CH, = -
46 + 2 %o,n = 6).

5.7.2 Saturated polygon center B

Concentration and stable carbon isotope profilegweeasured in the saturated polygon cen-
ter B on two days in 2010. The site showed similater level and thaw depth conditions as
the saturated polygon center A that year (Figur& 2B). Likewise, the highest CiHtoncen-
trations were found close to the frozen ground oth lnlays (3 August: 454 + 55 pmof L1
September: 915 + 386 umol*LFigure 25n = 6), with a relative decrease from here to 20 cm
by 54 + 14 % (3August) and by 83 +12 % (1 Septainb@H, concentrations further de-
creased to 44 + 38 pmol*l(3 August) and to 43 + 16 pmol*l(1 September) at 5 cm.

Concurrently,d™*C values of Chisteadilyincreased between the frozen ground (both days
0CHs = -71 + 1 %o,n = 6) and 10 cm by 14 + 1 %o (absolute change) ah BoAugust and
by 11 +2 % on 1 September. On both days, valussiufated by 2 + 3 %o between 10 and

5 cm, before further increasing towards the wateface to near atmosphedt®CH, values

57



Results

(0"3CH,4 = -44 + 3 %0). Only one replicate on 3 August shdwevalue ob™*CH, = -39.0 %o at

5cm.
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Figure 23: Saturated polygon center A: Depth profiés of CH, concentration (black
squares) andé™C of CH, (black triangles) on 19 July2009. Error bars represent the

standard deviations of the means of two analyticakplicates.
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Figure 24: Saturated polygon center A: Depth profiés of CH, concentration (black
squares) andé™C of CH, (black triangles) on 24 July2009. Error bars represent the

standard deviations of the means of two analyticakplicates.
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Figure 25: Saturated polygon center A: Depth profies of CH, concentration (black
squares) ands™*C of CH, (black triangles) on 31 July 2010 (A, B) (mean *[3 n = 6).
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Figure 26: Saturated polygon center A: Depth profiés of CH, concentration (black
squares) andé™C of CH, (black triangles) on 30 August2010 (A, B) (mean + std,
n = 6).
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Figure 27: Saturated polygon center B: Depth profiées of CH, concentration (black
squares) ands**C of CH, (black triangles) on 3 August 2010 (mean + S, = 6, except
o'°C at 5 cm:n = 5).

13
8 “CHy(%o rel. VPDB)
-30 4 -80 =70 -60 =50 -40
1 . 1 . 1 . 1 . 1

-20 4
E
S 10
e I A 1
S o : " waler
£ {m a—— soil surface
— \ ]
5 104 m A
3 \
é 200 HEd —A—

| 13

_% 30 o —4A—35 CH,
q.) 1 2
o —m—CH, conc
= 404
b~ -
5 50
S 07 . —

60 frozen ground

70 ) T v T T T

0 500 1000 1500
. -1
CH, concentration (pmol L )
01.09.2010

Figure 28: Saturated polygon center B: Depth profies of CH, concentration (black
squares) ands**C of CH, (black triangles) on 1 September 2010 (mean + std,= 6).
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5.7.3 Unsaturated polygon center

In both years, this site featured a water levet Gfcm below soil surface during sampling.
On 24 July 2009, the site featured a thaw dept®dofm and a water level of 10 cm (Figure
29). CH, concentrations were very low at all depths (< 4ohint). 5*°C values of Chfirst
increased towards the water level, then decreasé#tkiaerobic part above before increasing

again towards the soil surface.

During sampling in 2010, the thaw depth wa%7 cm deeper than during 2009 and highyCH
concentrations were found above the frozen grod®8 + 82 pmol [* on 30 July (Figure 30)
and 1,170 + 254 pmolton 27 August (Figure 31). GHtoncentrations decreased to 16 cm,
thus still within the water-saturated part of theil,sby 96 +1 % on 30 July and by
100 £ 0.02 % on 27 August (relative changes).

On 30 July 20106**C values of CHsteadilyincreased from the frozen ground towards the
soil surface, then decreasing within the vegetaéger. On 27 August 2010-*C values of
CHjincreased from the frozen ground to 16 cm, thectdiating by 0.7 %o (absolute changes)

towards the soil and vegetation surface.
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Figure 29: Unsaturated polygon center: Depth profiés of CH, concentration (black
squares) ands*3C of CH, (black triangles) on 24 July2009. Error bars represent the

standard deviations of the means of two analyticakplicates.
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Figure 30: Unsaturated polygon center: Depth profiés of CH, concentration (black
squares) ands**C of CH, (black triangles) on 30 July2010 (mean + SDn = 3).
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Figure 31: Unsaturated polygon center: Depth profiés of CH, concentration (black
squares) ands**C of CH, (black triangles) on 27 August2010 (mean = stdn = 3; 6*°C
of CHsat 16 cm:n = 2).

5.7.4 Polygonal pond

In both years, this site featured a water levet @6 cm above soil surface during sampling.
In 2009, the thaw depths were 25 cm (17 July 2@0@) 26 cm (22 July 2009). The highest
CH, concentrations were found close to the frozen mplowith 619 + 10 pmol & (17 Ju-

ly 2009,n = 1, Figure 32) and 669 + 7 pmof(22 July 2009n = 1, Figure 33), decreasing
from there to 3 cm by 98-100 % (relative changBs}h profiles showed a CHoncentration
peak at 8 cm (17 July 2009: 488 + 4 pmdl 22 July 2009: 606 + 7 pmolY). In addition a
CH, concentration peak occurred within the moss |layet.5 cm above soil surface (17 July
2009: 96 + 2 pmol t; 22 July 2009: 215 + 2 pmol ) followed by a further decrease to near

atmospheric concentrations towards the water sewrfac

Concurrentlys*C values of CHfluctuated between the frozen ground (both d&§6H, = -
61 %) and 8 cm by <1 %o (absolute changes) incngabm there to 2 cm above soil sur-
face by 14 %o (17 July 2009) and 10 %o (22 July 20@0peak of -64 %o occurred both days
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at 4.5 cm above soil surface within the moss ldgfore increasing again towards the water

surface.

In 2010, thaw depths were 40 cm (4 Audt3i0), and 44 cm (29 Auguad10). CH concen-
trations above the frozen ground were 1,144 + 3099lL™" (4 August 2010,n = 3, Figure
34) and 1,759 + 583 pmol'L(29 August010,n = 3, Figure 35) decreasing towards the soil
surface, but still featuring 298 + 251 umét and 258 + 234 pmoltat 3 cm. At two repli-
cates, the Cldconcentration decreased by 87-97 % (relative obs)pgvhile the third repli-
cate showed a decrease by only 26 % (4 AuZQ®ED) and 53 % (29 Augu®010). This repli-
cate featured a CHconcentration half the magnitude of the other teplicates above the
frozen ground. Within the lower moss layer £¢bncentrations are still high decreasing at 7

cm above the soil surface to 6 + 6 umdhhnd16 + 17 pmol L.

Concurrently,6*C values of CHi steadilyincreased between the frozen ground (4 August
2010:0CH, = -70 * 2%o; 29 August 2010: 6*3CH, = -68 + 0%o0; n = 3) and 3 cm by absolute
changes of 9 +1 %o (4 August) and 12 + 3 %0 (29 Astguslightly decreasing within the
moss layer at 2 cm above soil surface and thehdurhcreasing towards the water surface to
near atmospherid**CH, values (4 Augusts*CH, = -44 + 2%o; 29 August: 5°CH, = -

47 + 2%0; n = 3).
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Figure 32: Polygonal pond: Depth profiles of CH concentration (black squares) and
6"°C of CH, (black triangles) on 17 July2009. Error bars represent the standard devi-

ations of the means of two analytical replicates.
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Figure 33: Polygonal pond: Depth profiles of CH concentration (black squares) and
6'°C of CH, (black triangles) on 22 July 2009. Error bars repesent the standard devi-

ations of the means of two analytical replicates.
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Figure 34: Polygonal pond: Depth profiles of CH concentration (black squares) and
6'°C of CH, (black triangles) on 4 Augus2010 (mean + SDn = 3).
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Figure 35: Polygonal pond: Depth profiles of CH concentration (black squares) and
6'°C of CH, (black triangles) on 29 August 2010 (mean * std, = 3).

5.7.5 Polygon rim A

Concentration and stable carbon isotope profilesweeasured in the polygon rim A on two
days in 2009. The site featured water levels ofrhQ(17 July 2009) and 12 cm (22 July 2009)
and thaw depths of 31 cm and 35 cm respectivelinguwwampling (Figure 36 & Figure 37).
On both days, ClHconcentrations fluctuated within the water-saeotgpart of the soil and
showed a relative decrease between 29 cm and dillly @1 % ( = 1). Above the water lev-

el, CH, concentrations immediately decreased to 0 prfol L

Concurrentlys**C values of Chifluctuated between 29 cm (both da¥SCH, = -63 %.) and
11.5 cm by 2 %0 (absolute changes) increasing fimanetto 6.5 cm by 21 %o on 17 July and

by 16 %o on 22 July before approximating atmosph#ri€H, values close to the soil surface.
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5.7.6 Polygonrim B

Concentration and stable carbon isotope profilesweeasured at the polygon rim B on two
days in 2010 (Figure 38, Figure 39). The replic&esured very different thaw depths (2 Au-
gust 2010: 24-4tm; 31 August 2010: 31-51 cm) and water levels (2 August 2010: 1722

31 August 2010: 18-31 cm), thus are displayed iddizlly divided into CON treatments
(Figure 38) and OTC treatments (Figure 39).

On both days, the highest ¢Eoncentrations were found above the frozen grqond2 Au-
gust ranging from 40 to 1,503 pmof land on 31 August from 376 to 1,175 pmd)LRepli-
cates sampled directly at the water level showed @H, concentrations immediately de-
creased to 0 pmoltat the anaerobic-aerobic interface, except at CO&t 2 August 2010
(relative decrease by 36; Figure 38 A) and OTC | at 31 August 2010 (relatilexrease by
79 %; Figure 39 B).

Replicates with the water level at 18 cm showedharease o*°C values of CHlin the an-
aerobic part of the soil ranging between 2-24 %s@hite changes). At all replicaté$C val-
ues of CH increased towards near atmosphéfitCH, values close to the soil surface with

fluctuations in the aerobic part of the soil. Repte OTC Il showed a peak of -68 %0 at 8 cm.
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Figure 36: Polygon rim A: Depth profiles of CH, concentration (black squares) and
6"%C of CH, (black triangles) on 17 July 2009. Error bars repesent the standard devi-

ations of the means of two analytical replicates.
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Figure 37: Polygon rim A: Depth profiles of CH, concentration (black squares) and
6"°C of CH, (black triangles) on 22 July 2009. Error bars repesent the standard devi-

ations of the means of two analytical replicates.
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Figure 38: Polygon rim B: Depth profiles of CH, concentration (black squares) and**C of CH, (black triangles) of the CON treatments on 2 Augus2010 (A) and on

31 August 2010 (B). Error bars represent the standad deviations of the means of two analytical repliates.
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31 August 2010 (B). Error bars represent the standd deviations of the means of two analytical repliates.
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5.7.7 General characteristics and profiles in comparison

At all sites, the highest Citoncentrations were found close to the frozenmploln general,
CH, concentrations above the frozen ground were lamv2009 than in 2010 when sampling
was carried out later in the season and thaw depthdeeper. Concurrentl§:’CH, values
were more depleted with deeper thaw depth.

At the polygon centers and the polygonal pond, €éhcentrations above the frozen ground
increased during the season. By the end of Augegitihing of September 2010 these sites all
featured CH concentrations around 1,000 pmdi.LThe highest Cld concentrations were
measured at the polygonal pond with 1,759 + 583IjLrifon 29 August2010. Replicates of
the polygon rim B revealed differing thaw depths differing water levels along with a wide

range of CH concentrations above the frozen ground.
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5.8 Isotopic fractionation associated with oxidation

Fractionation factors of CHoxidation ranged from 1.0036 to 1.0322 with a medn
oox=1.018 + 0.009( = 24 Table 14). Across all sites a significant positoagrelation was
found between oxidation rates angi (Pearson’s correlation coefficient=0.5; p<0.02,
n=24). In the following, the results afy are divided into polygon centers (saturated poly-

gon center A and polygonal pond) and polygon rim.

Table 14: Fractionation factor a. determined for the different horizons of the studed sites = 3).

Site Horizon  Year of soll Mean depth below 0 ox
sampling soil surface (mean + SD)
incm
Saturated polygon O 2009 25 1.031 + 0.002
center A AOI 2009 7.5 1.023 + 0.002
A 2009 3.5 1.005 + 0.001
Agl 2009 12.5 1.009 + 0.007
Polygonal pond
Ag2 2009 25 1.017 £ 0.001
ABg 2010 33 1.020 £ 0.002
Al 2010 25 1.026 £ 0.002
Polygon rim B A2 2010 10.5 n.a.
B(ij)g 2010 33 1.013 +0.002

n.a = not analyzed

5.8.1 Polygon centers and polygonal pond

The isotopic fractionation during oxidation was aest in the top horizons of the saturated
polygon center A (Oiuox = 1.031 + 0.002, Table 14). Low isotopic fractiboa was detected
for the two upper soil horizons of the polygonalngo(A: aox = 1.005 +0.001; Agl:

oox = 1.009 £ 0.007) corresponding with low oxidatiactivities found in this experimental
set-up. In comparison, the calculated isotopictioaation factors of the lower horizons were
higher (Ag2:00x = 1.017 #0.001; ABg: aox = 1.020 £ 0.002). There was a significant positive

correlation between oxidation rates and(Pearson’s correlation coefficient 0.6; p < 0.01,
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n = 18). Furthermore, isotopic fractionation factassociated with oxidation differed signifi-
cantly between sites (ANOVA, Tukeyp,< 0.01,n = 18).

5.8.2 Polygon rim

Isotopic fractionation during oxidation was high the top horizon of the polygon rim

(Al: 1.026 £ 0.002, Table 14). In the second hoariod the polygon rim, the low potential

CH, oxidation rate impeded the analysis of isotopactionation. There was a significant pos-
itive correlation between oxidation rates amg (Pearson’s correlation coefficient=0.9;

p = 0.02,n = 6) in the polygon rim.

5.9 Isotopic fractionation associated with diffusion

Isotopic fractionation by diffusion under unsatecdatconditions ranged between 1.007 and
1.018 (Table 15). At 0.3 kPa, values #q# did not correlate significantly with diffusion dee
ficients (Pearson’s correlation coefficient -0.1; p > 0.05,n = 18). However, there was a
negative correlation betweeni; and diffusion coefficients under further draineaditions

(6 kPa) (Pearson’s correlation coefficient -0.9; p = 0.001,n=9).

Almost no isotopic fractionation by diffusion wastdcted under water-saturated conditions
with agir = 1.001 £ 0.0002n(= 3). Under unsaturated conditions, valuesf did not differ
significantly between sites (ANOVA, Tukey'sp>0.05 n=27) with a mean
agir = 1.013 £ 0.003.
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Table 15: Fractionation factor aq determined for water-saturated conditions and forunsaturated condi-

tions at 0.3 kPa and 6 kPa with samples of differ@rorizons.

Water potential Site Horizon Mean depth below o gift
soil surface (mean £ SD)
incm
Saturated
Water-saturated . oi 25 1.001 + 0.0002
polygon center B
Saturated Oi 2.5 1.014 + 0.003
polygon center A AOi 7.5 1.014 £ 0.001
A 35 1.010 + 0.003
0.3 kPa
Agl 12.5 1.013 £ 0.002
Polygonal pond
Ag2 25 1.011 + 0.000
ABg (2010) 33 1.017 £ 0.001
Al 2.5 1.011 + 0.004
6 kPa Polygon rim B A2 10.5 1.012 + 0.004
B(i))g 33 1.017 £ 0.001

n.a. = not analyzed
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5.10 Quantification of microbial CH 4 oxidation efficiency

A decrease in CHconcentrations accompanied with an increas#6fH, was interpreted as
CH, oxidation in oxic soil horizons. In the followirfggures, oxic zones are highlighted in red
according to the measured concentration profile©0{5.6). The microbial Ckloxidation
efficiency was calculated using Eq. 5. Comparing, @Midation efficiencies assuming no
fractionation through transport;hs= 1.000) with those applying the determined fiaci-
tion factor for diffusion in water-saturated comoiits @uans= aqir = 1.001; 5.9), revealed dif-
ferences irfoy inverse to the applied.x. The lower the appliedy, the higher the potential
error in the calculateé,x when neglecting fractionation by diffusion in dgfon dominant
systems (Figure 40). Applying,x= 1.031 withayans= 1.000 resulted in a GHoxidation effi-

ciency 3 % lower than applyin@gans= agitr = 1.001, while foraqx= 1.007 it was lower by
14 %, respectively.

100
90—-
80—-
70

60

ox

50 +

40 4

error of f_ (%)

30 +
20

10

T v T T T v T T T v T
1.005 1.010 1.015 1.020 1.025 1.030

Qox

Figure 40: Errors of f,, (%) under water-saturated conditions when neglectig frac-
tionation by diffusion according to the applieday.
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5.10.1 Saturated polygon center A

According to the @profile measurements at this site, the dominantiggo of CH, oxidation
presumably occurs within the first horizon closehte soil surface (Figure 19). In this horizon
a decrease of Cjtoncentrations was found accompanied with an &sgef™>CH, (5.7.1).
For calculations between 5 cm and the soil surfageof the first horizon of this site was
employed (Oiaox = 1.031, Table 14). Withyans= agirt = 1.001 for water-saturated conditions
(Table 15), a CHl oxidation efficiency offox = 45 % was assessed between 1.5 below and
4 cm above the soil surface (-4 cm) on 19 July 20091) and off.x = 56 % between 6.5 and
-4 cm on 24 July 2009n(= 1) by assuming diffusion to be the sole transmoechanism
(Table 16). In 2010, calculated Gldxidation efficiency was.x = 19 + 9 % between 5 and -
3 cm on 31 Julyr(= 6) andfyx = 44 = 20 % between 5 and -4 cm on 30 Augnst 6) (Table
17).

5.10.2 Saturated polygon center B

No O, profile measurements were conducted at this lsitesince it featured very similar soil
properties and water level conditions as the sednaolygon center A (5.1.1), it was assumed
that oxidation processes also occurred within iits¢ fiorizon close to the soil surface. In this

horizon, an increase 6t°CH, was found (5.7.2).

Employing the isotopic fractionation factors of geturated polygon center A (@jx = 1.031;
owrans= oqiff = 1.001 for water-saturated conditions, Table 14Table 15), a Cll oxidation
efficiency offox = 52 £ 7 % was assessed between 5 and -5 cm ag@sA2010rf = 4) and
of fox =52 £ 11 % between 5 and -4 cm on 1 Septembd) 202 6) by assuming diffusion to
be the sole transport mechanism (Table 18).
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Table 16: Saturated polygon center A: Calculated Clloxidation efficiencyf,, in per cent on 19 July 2009
(0p: 1.5 cm; Jg: -4 cm) and on 24 July 200986: 6.5 cm; dg: -4 cm).

Saturated polygon center A

19.07.2009: 1.5t0-4 cm 24.07.2009: 6.5t0-4cm
5"*CH (%o rel. VPDB) 83CH, (% rel. VPDB)
=30 4 -80 =70 -60 =50 -40 =304 -80 =70 -60 =50 -40
1 1 L 1 1 1 1 1 1 1
— =20 o . -20
;5/ =10 5 =104
§ o8 e etereiasd | water ; , x = T
£ . ~ |soil surface £ = e | soil surface
@ 104" - Z 10 /-_ .\/‘
= L =
2 204 \l\ « 2 20d .\.\ A\/‘
E 304 - * 7 i .—é 304 - *
5] frozen grouna 5
; 10 :05 w0l frozen ground
5 —a—3"cu g
=M —m—CH c:nc A Ao,
60 N 60 —®— CH, conc
70 =y T T 1 70
0 500 1000 1500 1‘» §1|m mluu Isluu
“H. concentrati -1 . ) -1
16.07.2009 C I-I4 concentration (umol L") - CH, concentration (umol L)
e (%o) -44.9 g (%) -40.9
Jp (%) 58.3  0p (%) 57.7
Olox 1.031 Olox 1.031
Grans 1.001  ayans 1.001
fox (%) 45 fox (%) 56
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Table 17: Saturated polygon center A: Calculated CH oxidation efficiencyf., in per cent on
31 July 2010 §p: 5 cm; Jg: -3 cm) and on 30 August 2010596: 5 cm; Jg: -4 cm).

Saturated polygon center A

31.07.2010: 5t0 -3 cm

813CH (%0 rel. VPDB
z 10 4 — T:ﬁ
2 20 . —A—
31.07.2010 CH, concentration (pmol L-I)
CON | CON I CON 1 OTCI oTCIl oTC
Og (%o) -53.1 -55.4 -54.0 -49.0 -55.9 -53.1
Jp (%o) -61.4 -58.5 -59.2 -59.0 -60.1 -57.2
Olox 1.031 1.031 1.031 1.031 1.031 1.031
Grans 1.001 1.001 1.001 1.001 1.001 1.001
fox (%0) 28 10 17 33 14 14
30.08.2010: 5to -4 cm
813CH (%o rel. VPDB)
30082010 o CH, cz)nccntralion(pmol LJI) .
CON I CON I CON 1l OoTC I oTC Il oTC 1l
Je (%o) -44.7 -44.3 -48.2 -45.0 -46.3 -44.9
Jp (%o) -63.6 -55.7 -51.8 -59.2 -65.7 -55.9
Olox 1.031 1.031 1.031 1.031 1.031 1.031
Otrans 1.001 1.001 1.001 1.001 1.001 1.001
o (%) 63 38 12 47 65 37
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Table 18: Saturated polygon center B: Calculated CH oxidation efficiencyf,, in per cent on
3 August 2010 §p: 5 cm; Jg: -5 cm, *6p: 10 cm; dg: 5 cm,**dp: 10 cm; dg: -5 cm ) and on

1 September 2010dp: 5 cm; Jdg: -4 cm).

Saturated polygon center B

03.08.2010: 5to -5 cm

813CH, (%o rel. VPDB)

-80 -70
L !

-60 =50 -40
! L L

depth below soil surface (cm)

T
500

T T
1000 1500

. . -1
CH, concentration (umol L)

CON | CONIII CON IlI* OTCI OTC II** OoTC Il
Jg (%o) -40.7 -44.7 -39.0 -45.1 -43.8 -42.9
Jp (%o) -59.3 -58.0 -57.4 -60.1 -58.2 -58.3
Olox 1.031 1.031 1.031 1.031 1.031 1.031
Otrans 1.001 1.001 1.001 1.001 1.001 1.001
fox (%0) 62 44 62 50 48 51
01.09.2010: 5t0 -4 cm
813CH, (%o rel. VPDB)
%] A
-g ;:: y\ frozen ground
' CIsl(i’cunccmralion I(Y:::nul I.-l) o
CON I CON I CON 1l OoTC | OoTC 1l oTC
e (%o) -43.4 -44.3 -43.5 -47.3 -46.6 -39.1
Sp (%) -60.0 -58.7 -58.6 -59.4 -60.0 -60.7
Olox 1.031 1.031 1.031 1.031 1.031 1.031
Otrans 1.001 1.001 1.001 1.001 1.001 1.001
fox (%) 55 48 50 40 45 72

81



Results

5.10.3 Unsaturated polygon center

According to the @profile measurements at the unsaturated polygotecethe main part of
oxidation presumably occurs within 5 cm above ammSbelow water level (Figure 21).
Since CH concentrations were too low in 2009 (5.7.3), no,©kidation could be detected
nor calculated. On 30 July 2010, a decrease of €Hcentrations was found accompanied
with an increase of**CH,between 16 and 1 cm. On 27 August 2010, sampliftgpwithin
the zone of potential oxidation already showed,@bincentrations of 0 pmolLand data

from lower depths necessary for £bkidation calculations was not available.

No isotopic fractionation factors were determinedthis site, but since it featured similar soll
properties as the saturated polygon center A (B.1h& oo« values of the saturated polygon
center A were employed (Table 14). Calculationsenssnducted for 16 to 6 cm for water-
saturated conditions withyans= aqit = 1.001 and for 6 to 1 cm for unsaturated cond#io

Wlth atransz Odiff = 1.013.

Replicates | and Il showed an overall CHxidation efficiency of fox =94 % and
fox = 101 % calculated between 16 and 1 cm. Replitiateatured a microbial Clloxidation
efficiency of 118 % between 16 and 6 cm (Table 19).
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Table 19: Unsaturated polygon center: Calculated Ckloxidation efficiencyfoy in per cent on 30 July 2010

(saturated conditions:dp: 16 cm; dg: 6 cm, unsaturated conditionsdp: 6 cm; dg: 1 cm).

Unsaturated polygon center

16to6cm
rep | rep Il rep Il
Jg (%o) -46.0 -51.4 -37.0
Op (%o) -66.1 -59.9 -63.0
Clox 1.023 1.023 1.023
Grans 1.001 1.001 1.001
fox (%0) 91 39 118

30.07.2010

depth below soil surface (cm)

-80 -70 -60
1 L

513 CH (%o rel. VPDB)
-5

el P
3007.2010
6tolcm
rep | rep Il rep Il
-45.4 -40.2 -40.4
-46.0 -51.4 -37.0
1.031 1.031 1.031
1.013 1.013 1.013
3 62 -19
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5.10.4 Polygonal pond

CH, oxidation efficiencies were calculated for the eporizons of the polygonal pond
(Table 20), where CHconcentrations decreased a#tdCH, increased (5.7.4). In 2010, an
increase o6'°CH, was only detected in the moss layer, thus noieffay calculations were
conducted for this year.

On both days in 2009, oxidation was calculated betw8 cm below and 2 cm above the soil
surface (Table 20). The mean valueagf of the upper two horizons of the polygonal pond
(0ox = 1.007) andoyans for water-saturated conditionsygns= aqir = 1.001) were employed
(Table 14 & Table 15). Calculated Gldxidation efficiencies weré&y = 240 % on 17 July
2009 1 =1) andfox = 162 % on 22 July 2009 € 1).
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Table 20: Polygonal pond: Calculated CH, oxidation efficiencyf., in per cent on 17 July 2009 and on
22 July 2009 (both day®r: 8 cm; Jg: -2 cm).

Polygonal pond

17.07.2009: 8 to -2 cm

13
8'?CHy(%o rel. VPDB)
=30 -80 =70 -60 =50 -40
1 1 | 1 1

20
— n T water
E -10 —I Wnoss layer
3 —~u ‘4
2 L—
o 0
51 /o/ soil surface
“E 10 ol -
E - e
= 204 \"\ *\
2 A
z 304 frozen ground
<
2 a0
e 13
= —A—3
2 50 CHy
3 —®— CH, cone

60 -

70 T T T 1

0 500 1000 1500
~ . -1
CH, concentration (pmol L )
17.07.2009

22.07.2009: 8 to -2 cm

13
8 7CH,(%o rel. VPDB)
30 4 -80 =70 -60 =50 -40
L L L L L
-20 4
1 = water
-0 moss layer
I,
h—"
0
3 /&< soil surface
= -
10 4
— &
T 4
204
Sma
304 frozen ground
40 4
—a—s%y
50 ¢ 4
—®— CH, cone
60 4
70 T T T 1
0 500 1000 1500
. . -1
C H4 concentration (umol L")
22.07.2009

I (%o)
Jp (%o)
Oox

Otrans

-46.8
-61.2
1.007
1.001

I (%o)
Jp (%)
Oox

Otrans

-51.9
-61.6
1.007
1.001

fox (%)

240

fox (%)

162
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5.10.5 Polygon rim A

According to the @ concentration profiles at the polygon rim A, thaimpart of oxidation
presumably occurs within 5 cm above and below wiatezl (Figure 22). Calculations were
conducted in horizon A where a decrease of Gbhcentrations accompanied with an increase
of 9**CH, was found around the water level (5.7.5), betwekb and 9 cm on 17 July 2009
and between 14 and 6.5 cm on 22 July 2009.

No isotopic fractionation factors were determinedthis site, but featuring very similar soil
properties as the polygon rim B (5.1.3), the value of the Al horizon of the polygon rim B
was useddox = 1.026, Table 14, 5.10.6). On 17 July 2009, @©Kidation occurred at the in-
terface of water-saturated and unsaturated congitamd calculations were conducted with
both agyans= agir = 1.001 and withagans= agir = 1.013 (Table 21). Calculatedx was be-
tween 63 % and 121 % € 1). CH, oxidation efficiency calculations on 22 July 20@8re
divided into water-saturated conditions withyns= aqir = 1.001 between 14 and 11.5 cm and
unsaturated conditions withans= aqir = 1.013 between 11.5 and 6.5 cm. Overall calcdlate
fox was 126 %.

5.10.6 Polygon rim B

No O, profile measurements were conducted at this bite,since it featured similar soll
properties and water level conditions as the palygm A (1.1.1), it was assumed that oxida-
tion processes also occurred within 5 cm abovelaholw water level. The replicates of this
site featured very different thaw depths and wéeels (5.7.6) and unfortunately samples
were not always taken close to the water tablesT®ld, oxidation efficiencies could only be
calculated for some replicates where a decreaseHafconcentrations and an increase of
d"CH, were found.

For horizon A2 nanok had been determined (Table 14), thus for, ©kidation calculations
between 18 and 24 cm the value of &) = 1.026 was used. Accordingly, the mean value of
Al and B(jj)g horizonsdyx = 1.019) was used for GHbxidation calculations between 24/25

and 18 cm.
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Calculations regarded either water-saturated cmditwith arans= agir = 1.001 or unsaturat-

ed conditions withyans= agit = 1.013 or both when occurring at the interface.

On 2 August 2010, calculated oxidation efficiencie=e 89 % at replicate CON I, between
119 % and 357 % at replicate CON Il and betweef3&81d 265 % at replicate OTC Il (Ta-
ble 22). On 31 August 2010, calculated Ldkidation efficiencies were 159 % at replicate
OTC | and between 131 % and 393 % at replicate O Gable 23).

Table 21: Polygon rim A: Calculated CH, oxidation efficiencyf,y in per cent on 17 July 2009dp: 11.5 cm;
Je: 9 cm) and on 22 July 2009 (saturated conditiongip: 14 ¢cm; dg: 11.5 cm unsaturated conditions: dp:
11.5 em; Jg: 6.5 cm).

Polygon rim A
17.07.2009: 11.5t0 9cm  22.07.2009 14to 11.5cm 11.5t0 6.5cm
8"3CH, (% rel. VPDB) ] 8"3CH, (% rel. VPDB) ]

E 10 ' = . E 10 fg

§ 20 l\' A/ § 0 -\.

T . “a omen ground _g 30 .

17.07.2009 CHy concentration (pmol L’I) 22.07.2009 CHy concentration (pmol L>|)

Je (%) -42.9 Se (%) -58.7 42,5
Sp (%) -58.6 Sp (%o) -59.0 -58.7
Olox 1.026 Olox 1.026 1.026
Grans 1.001 1.013 Gtrans 1.001 1.013
o (%) 63 121 fox (%) 1 125
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Table 22: Polygon rim B: Calculated CH, oxidation efficiencyf,y in per cent on 2 August 2010: 18 cm;

oe: 13 cm ordp: 24 cm; dg: 18 cm).

Polygon rim B

02.08.2010

513CH (%o rel. VPDB)
0 @

515CH, (% rel. VPDB)
- )

513CH (% rel. VPDB)
20 w0 £

204 w0 0 Sq " 0 "
20]
-
o
—a—s"cn, —a—s"on
® = CH, cone @ = CH, con
o 00 1000 \ H i 0 100 15
. . - . . l
CH, concentration (umol L™') CH, concentration (umol L™)
02082010 con'l 02082000 con 11 02082000 con
513CH (%o rel. VPDB) 513CH (% rel. VPDB)
204 w0 0 @ " - 0 20 w0 S0 "
20]
s
3 = e
€ /_/ X
2 a .
£ ] — Sromenground
. -
2 nd
= w0
3 o] 0
—a—s"cn —a—s"on, —a—s"ci,
® = CH, cone . CH, cone @ = CH, con
o S0 1000 1500 o 00 1000 1500 H 0 100 15
. . l . K . . l
CH, concentration (umol L™) CH, concentration (umol L™) CH, concentration (umol L™)
02082010 otc 1 02082000 otc 1 02082000 otc 11

CON I

CON IlI

oTC Il

18 to 13 cm

24 to 18 cm

24to 18 cm

I (%o)
Jp (%o)
Oox

Otrans

-59.7
-71.3
1.026
1.013

-47.1

-68.5

1.019
1.001

1.013

-55.1
-71
1.019
1.001

1.013

fox (%)

89

119

357

88

265
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Table 23: Polygon rim B: Calculated CH, oxidation efficiencyf,y in per cent on 31 August 201056: 18 cm;

Je: 13 cm ordp: 25 cm; dg: 18 cm).

Polygon rim B

31.08.2010

5'3CH (% rel. VPDB) 5'3CH (% rel. VPDB) 5'3CH (%0 rel. VPDB)
E— a0 “ ) " 20 “ i 0 0 “ 50 n
20
0
g
2
Pt
F
£ 0]
5
Y
f
0 ~
z . .
3o . e
ERS o - = «
2wl 35 A,
Ci cone
100 | 150 Toao Y500
CH, concentration (umol ™) CH, concentration (umol L™) CH, concentration (umol L)
31.08.2010 con | 31.08.2010 con I 31.08.2010 con 111
13, RO ,
513CH, (% rel. VPDB) RO 513CH (%o rel. VPDB)
4 ‘o rel. VP 4
30 -80 70 60 50 -0 8 (”4“\ rel. VPDB) 80 <70 60 50 40
20 “ 0 0 5
20 N
0
g
2
Pt
F
£ 0]
5
Y
f
%30 pue
2
B AW o » - -
< 9 frazenground d
= «] =
g 5 "
3 60l N . 3, Ao,
. . Ci cone
100 100 Toao Ts00
CH, concentration (umol ™) CH, concentration (umol L™) CH, concentration (umol L™)
31082010 ot 1 31082010 ot 1 31.08.2010 ote 11

OoTCI

oTCl1

18to 13 cm

25to0 18 cm

I (%o)
Jp (%o)
Gox

Otrans

-45.9
-66.6
1.026
1.013

-50.3
-73.9
1.019

1.001 1.013

foc (%)

159

131 393
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5.10.7 CH4 oxidation efficiency corrected for soil temperatue

While aox was determined in the experiments at 4 °C, ind&taperature profiles indicated
different (mostly higher) temperatures in the digant soil horizons. According to Chanton

et al. (2008b}.x decreases with rising temperature by 3.9 40",

Applying this temperature-dependent correction ltedun equal or lowet.,y, the latter caus-

ing higher CH oxidation efficiencies than without the correcti@able 24 & Table 25).

Table 24: Polygon rim A and B: Calculated CH, oxidation effi-
ciencyfoy in per cent applying the fractionation factorse,y cor-
rected for the mean temperature (‘temp’) measured dring

sampling in the horizon of interest according to Chnton et al.

(2008b).
Polygon rim A
Date n Temp °C ag COIr agg  foxCOrr (%)
17.07.2009 1 4.2 1.024..001 63
1.013 121
22.07.2009
145t011.5cm 1 2.8 1.026.001 1
115t065cm 1 4.7 1.026.013 125
Polygon rim B
Date Temp °C ag COIr  agy  foxcorr (%)
02.08.2010 CON I 2.7 1.0261.013 89
CON 1l 2.0 1.020 1.001 113
1.013 306
oTC Il -0.6 1.0211.001 79
1.013 199
31.08.20100TC | 3.4 1.0261.013 159
oTCI1I 15 1.0201.001 124
1.013 337

90



Results

Table 25: Saturated polygon center A and B, the unsaturated pe
ygon center and the polygonal pond: Calculated ClHoxidation
efficiencyf,, in per cent applying the fractionation factorse,y
corrected for the mean temperature (‘temp’) measurd during
sampling in the horizon of interest according to Chnton et al.
(2008b).

Saturated polygon center A

Date n Temp °C agy COIT  ag  foxCOrr (%)
19.07.2009 1 12.6 1.028.001 50
24.07.2009 1 6.2 1.03@.001 58
31.07.2010 6 10.2 1.029.001 21+10
30.08.2010 6 8.5 1.029.001 4721

Saturated polygon center B

Date n Temp °C agy COIT  agy  foxCOrr (%)
03.08.2010 4 11.1 1.028.001 58+8
01.09.2010 6 6.8 1.030.001 54+11

Unsaturated polygon center

Date n Temp°C agCOIr oagg  foxcorr (%)
30.07.2010

16 to 6 cm 3 7.2 1.022.001 87 £42
6tolcm 3 10.0 1.029.013 18 +47

Polygonal pond

Date n Temp °C agy COIT  ag  foxCOrr (%)
17.07.2009 1 7.2 1.004.001 288
22.07.2009 1 5.3 1.004.001 194
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5.11 Temperature enhancement experiment

From mid August to early September 2010, the O'B&timent at the saturated polygon center
A showed 0.7 £0.7 °C higher temperatures at 1 emax( 3.1 °C, min -0.6 °C) and
0.3+ 0.3°C at 5 cm below soil surface (max 1.5 -0.2 °C) in comparison to the CON
treatment (Figure 41). The saturated polygon ceBtézatured 0.6 £ 0.3 °C higher tempera-
tures at 1 cm (max 1.8 °C, min -0.4 °C) and 0.42°@C at 5 cm below soil surface (max
1 °C, min 0 °C) in comparison to the CON treatm@igure 41) during this time. The satu-
rated polygon centers showed no differences inweatel and thaw depth between the treat-

ments on the sampling days.

At the polygon rim B the OTC treatments were 00.4°C higher at 3 cm (max 2.3 °C, min -
0.7 °C) and 0.8 £ 0.4 °C at 10 cm below soil swefamax 2.2 °C, min 0.1 °C) in comparison
to the CON treatment (Figure 42) from early Augiosearly September 2010. The polygonal
rim B featured no differences in water levels ahawt depths attributable to a temperature
increase (Figure 38 & 39). Since the replicates #atured different thaw depths and water

levels among the treatments, no statistical corapanvas conducted.

After one month, the OTC treatment showed no sicgmitt differences in neither concentra-
tions nord™>C values of Chito the CON treatment at all sampling depths of béhsaturated
polygon center A and B (ANOVA, Tukey's > 0.05,n =6, see Figure 43 C & D, after 31
days; Figure 44 C & D, after 30 days). Further, calcuda@H, oxidation efficiencies did not
differ significantly between treatments at botlesi{ANOVA, Tukey’sp > 0.05,n = 6 at satu-
rated polygon center A, Table ;7= 4 at saturated polygon center B, Table 18).
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Figure 41: Saturated polygon center A (A) and B (B)Temperatures at 1 cm (red lines) and at 5 cm (gen
lines) below soil surface at the CON (closed linelnd OTC treatment (dashed line) during 12 August 200

and 5 September 2010.
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CON3cm CON10cm  coereereenees OTC3cm  weovveveeeeese OTC10cm
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Figure 42: Polygon rim B: Temperatures at 3 cm (redines) and at 10 cm (green lines) below soil suda at
the CON (closed line) and OTC treatment (dashed lig) during 4 August 201Gnd 5 September 2010.
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6. Discussion

6.1 Potential CH4 oxidation

Wetland CH emissions are mainly regulated by aerobic miclo@id, oxidation (Segers
1998, Whalen 2005) and methanotrophic bacteriaizidp to 100 % of Ckproduced in the
aerobic soil layer (Le Mer and Roger 2001, Fritzakt2011). Consistent to other wetland
studies, dissolved £Toncentration profiles located the oxic zone fesaturated conditions a
few centimetres above and below the water tablefandgaturated conditions no deeper than
the first few centimetres below the soil surfacen@ et al. 1995, King 1996, Whalen and
Reeburgh 2000, Whalen 2005, Elberling et al. 208&¢ording to Clymo and Bryant (2008),
O is respired faster by methanotrophs in the fiestticnetres below the water table than it
can be replaced by diffusion.

Similar to previous measurements in another polygenter in the Lena River Delta
(Knoblauch et al. 2008), the surface horizon (G¥f of the saturated polygon center A holds
a high potential methanotrophic activity with oxida rates in the range of 31.7 £ 2.3 nmol
h™ g dw? (5.3), in spite of being prevalently water-satecatFiedler et al. (2004) determined
reduced conditions of -50 mV for the first 5 cmtafo water-saturated polygon centers on
Samoylov Island. Correspondingly, this study meadulepleting dissolved &oncentrations

in the surface horizon (Figure 19). Methane oxmatin the water-saturated rhizosphere
might be facilitated by the site’s high averagesiign(25 + 3 %) ofCarex aquatilis(5.2), a
vascular plant with an internal gas-space ventilagystem (aerenchyma) able to dray O
from the atmosphere to roots and rhizomes in tloxiarzone (Kutzbach et al. 2004) making
it available for methane-oxidizing bacteria (MORBR)aé&nbroek 2010). Zimmermann (2007)
showed in incubation experiments with soils of dane study area that MOB are well
adapted to low @concentrations. In samples of 10 cm below the wiatele CH was oxi-
dized faster at exoncentrations of 0.5 % v/v than at atmosphericeatrations of ~21 % v/v
Oz (Zimmermann 2007).

In the polygonal pond, measurements have shown tiggolved @ concentrations in the
moss layer depleting towards the soil surface (@d0). In comparison to the saturated pol-
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ygon center, the average densityGQ#rex aquatilisis much lower (6 £ 1 %). The density of
aerenchymatous sedges is likely to be a key fdoto€H, oxidation rates in upper soil hori-
zons of water-saturated polygon centers undertinesinditions. The lowest horizon (ABQ) of
the polygonal pond showed a high potential,@kidation rate of 49.2 + 7.7 nmot'ly dw™.
Incubation studies conducted by Zimmermann showatihactive MOB do exist in the low-
er soil horizons which can be reactivated (Zimmemim2007). However, the Lzoncentration
profile of this site indicated that horizons beltve rhizosphere are anoxic and do not play a
role for the quantification of microbial GHbxidation efficiency (Figure 20). In contrast et
other sites, in the polygonal pond the highest miaie CH, oxidation rates are not found in
the soil, but in the submerged brown moss layed @1 nmol i g dw'; Liebner et al.
2011). The high potential methanotrophic activifyttee thick, submerged brown moss layer
of Scorpidium scorpioides the polygonal pond has been explained throbghmutualistic

symbiosis of the moss with methanotrophic bactg@rigbner et al. 2011).

The low potential Chl oxidation rates in all horizons of the polygon rBnhave also been
reported for other polygon rims on Samoylov Islavith the highest rates in the bottom lay-
ers above the frozen ground (Wagner et al. 2008)nEhough batch cultures allow a compar-
ison of potential Chloxidation rates of different sites under optimizedditions, they do not
permit conclusions for in-situ GHbxidation. Beside the CGfbxidizing microbial communi-
ties and environmental factors, soil physical ctods, especially air-filled porosity, soil-

water content and £and CH availability, determine the actual Gkxidation rates.

6.2 Isotopic fractionation associated with oxidation

Fractionation factors of CHoxidation were in range of those previously reporfReeburgh
et al. 1997, Teh et al. 2006, Templeton et al. 2@bral et al. 2010). With 1.031 + 0.001 the
mean value oé of the top horizon of the polygon center A (Oips high as values of land-
fill cover soils also determined at 4 °C (Chantorale 1999), where CHoxidation rates are
several orders higher in magnitude (Scheutz €&Qf19). While Teh et al. (2006) fourndg to

be inversely proportional to the Glxidation rate R = 0.86,p < 0.001,n=9) in tropical
rain forest soils with maximum oxidation rates beéw 8.2 and 11.3 nmol*ty dw’, Pear-
son’s regression analyses found a positive coroelatf oxidation rates withu (r = 0.5

98



Discussion

p <0.02,n = 24), which is stronger when separated into pmlygentersr(=0.6; p < 0.01,
n = 18) and polygon rimr(=0.9; p = 0.02,n = 6).

Moreover,aox differed significantly between the polygon cent@reana.x = 1.018 £ 0.009).

Thus, the different sites probably host differenpylation sizes of methanotrophs. Further,
they might host different methanotrophic commusitigth differentoox (2.3). Differences in

the carbon isotopic fractionation are due to theetgf methane monooxygenase (MMO) ex-
pressed by the cells, the mechanism for assimilaifccell-carbon and type of cellular physi-
ology (Jahnke et al. 1999). Each process of tis¢ @H, oxidation step (adsorption and de-
sorption from the cell wall and conversion to meibix may precede at a specific rate with a

specific isotopic fractionation (Nihous 2010).

Moreover, isotopic fractionation associated withtima@otrophic activity presumably occurs
in the submerged moss layer@dorpidium scorpioidem the polygonal pond as it has shown
high oxidation rates in previous studies. Hencegemthese mosses are abundant, their frac-

tionation effect should be considered in additmsadil fractionation processes.

6.3  Soil gas diffusivity

Since CH diffusion alters the isotopic signature of the agmng gas phase, isotopic fraction-
ation associated with diffusion needs to be taken account in Chlefficiency calculations
when this transport mechanism dominates (Mahial.€2008). Factors determining the soil
gas diffusivity comprise air-filled porosity, theterconnectedness of the pore system and tor-
tuosity. Results showed that diffusion occurredmyaihrough wide coarse pores. The expo-
nential relationship between air-filled porositydaime diffusion coefficient is related to an
increasing interconnectivity of pores with an irasig share of air-filled pores. The latter
effect has been observed in the same magnitudaif@ral soils with lower air-filled porosi-
ties (Gebert et al. (2011Dex = 1.319 x 10 x *¥0110)_ 1 477 x 10, where®a is the volu-
metric fraction of porosity filled by air), but isss pronounced at higher porosities in compar-
ison to mineral soils where the effects of torttyogpilay a larger role. Soils with a larger air-
filled porosity promote higher diffusive gas supplyboth Q into the uppermost soil horizon

and CH escaping from lower horizons.
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This finding is in line with the low diffusion cdefients of the lower horizons of the unsatu-
rated polygon center and the polygon rim A (TablevBich are characterized by higher bulk
density and less air-filled porosity (Table 1). thermore, the soil-water content strongly con-
trols the diffusivity through determining the p@pace available for gas phase transport and

thus the fractionation by diffusion.

6.4 Isotopic fractionation associated with diffusion

Results showed that the effect of isotopic fracimn by CH diffusion can be on the same
order of magnitude as the isotopic effect of micbkCH, oxidation. Under water-saturated
conditions almost no isotopic fractionation occdreys = 1.001 + 0.0002). This value is as
low as the isotopic fractionation during air-watgas transferggqiz = 1.0008, determined by
Knox et al. (1992). Even though the effect of igatdractionation by diffusion under saturat-
ed conditions is low, results of this study showleat neglecting this factor causes underesti-

mations of the Clloxidation efficiency.

Under unsaturated conditions, the isotopic fraetimm by diffusion was higher, but remained
below the theoretical maximum value in ajx max= 1.0195. De Visscher et al. (2004) used
glass beads to determine the fractionation factodiffusion for the air phase of sandy land-
fill cover soils. This porous medium featured ahggdiffusion coefficient (5.54 x 10m* s?)
than the organic-matter-rich tundra soils in thisdg. The glass beads presumably feature
both a lower tortuosity and a higher pore interamedness allowing faster diffusion. How-
ever, maximum values of fractionation factors fofugion were the same in both studies (De
Visscher et al. (2004)xgis = 1.0178 #0.001; this study agi = 1.018). Results showed that
diffusion predominantly took place through wide rs@a pores and that once they were
drained (6 kPa) fractionation effects of diffusidacreased with increasing diffusion coeffi-

cients.

6.5 Quantification of microbial CH 4 oxidation efficiency

A decrease in CHconcentration accompanied with an increasé-#H, was interpreted as

CH, oxidation in oxic soil horizons. Previous studiégeatlands reported the highest metha-
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notrophic activity (Whalen and Reeburgh 2000, Kaabh et al. 2008) and highest concen-
trations of MOB biomarker (Zimmermann 2007) closd¢he water table. Accordingly, in this
study the zone of oxidation was always close tonthter table at the anaerobic-aerobic inter-
face where the ratio of CHo O; is optimal (Dedysh 2002).

Some profiles in 2010 showed a decrease in €idcentration accompanied with an increase
of 9*3*CH, between lower, anoxic and upper, oxic soil horizéis the lower, anoxic horizons
no CH, oxidation was assumed. Anaerobic oxidation of rmwe¢h(AOM) was not considered,
since it is coupled to the reduction of electronegtors such as sulfate, ferric iron, nitrate,
and nitrite (Blazewicz et al. 2012) and concentragiof these electron acceptors are too low
in the organic-matter-rich soils studied (Fiedlealk 2004). Instead the changes of concentra-
tion and stable isotope signatures of idthe anoxic horizons are attributed to diffusard
shifts in production mechanisms. According to Peppl. (1999) the CHstable isotope dis-
tribution in a peat column was mainly affected bgduction mechanisms below 10 cm while
oxidation and transport mechanisms affected it alddvcm. It is likely that both acetotrophic
and hydrogenotrophic methanogenic pathways playeaim the upper horizon, while the con-
tribution of hydrogenotrophic methanogenesis ineesawith depth. This has been described
for a West Siberian peat bog by Kotsyurbenko e{28104), where/*CH, values similar to
this study were measured with -60 to -55 %0 inupeer and with70 %o in the lower peat
layers. Acetate fermentation has been reportec foarexdominated fen (Popp et al. 1999)
and is associated with the breakdown of more lamig@nic matter through plant root exu-
dates in the rhizosphere (Chanton et al. 2005).

Calculations showed that neglecting the fracti@mafssociated with diffusion causes errors
in the determined Cjxidation efficiency. The effect of diffusion chges the isotopic signa-
ture of CH, in the remaining gas phase available for oxidatibmus, neglecting diffusive
fractionation by settingyansto 1 causes an underestimation of,@kidation: a lighter isotop-

ic signature is observed which could misleadinglyifiterpreted as less oxidation efficiency.
Therefore, the isotopic fractionation factor ofrisport is subtracted from the fractionation of
oxidation in the CHl efficiency calculation. As a result, the calcuth&fficiency increases,
since the shift in*>C values is caused by a smaller difference betwgeandayans Calcula-
tions indicated that isotope fractionation by dsffan plays a substantial role under unsaturat-

ed conditions. Under water-saturated conditiondraationation associated with diffusion
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could be neglected when the valuengfis high (e.gaox = 1.031), since in this case the error
for foxis small. However, the error & reciprocally depends on the applieg and the error
for foxincreases with lowedox (€.9.00x = 1.007). Thus, for comparison of microbial £dki-
dation efficiencies of different sites with differteny, it is advisable to still useyans= 1.001

for saturated conditions.

Including temperature-dependent corrections for ifmdopic fractionation factors into the
oxidation efficiency calculations, resulted in heghoxidation efficiencies when in-situ tem-
perature was higher than 4 °C. Tyler et al. (1%9wwed that the correlation between temper-
ature and isotopic fractionation factor decreaset soil depth ranging between 4.3 and 5 x
10* °C™. Further, Knoblauch et al. (2008) found with Solging of microbial PLFAs that the
community active in situ is dominated by type | hagtotrophs and that rising temperatures
increase the importance of type Il in soils of laene area. Type Il bacteria show a lowey CH
oxidation activity and a lowet,x than type | (Zyakun and Zakharchenko 1998). Thiuis,
assumed that microbial communities of differentsgystems react unequally to temperature
and universal applications of correction factomnsgroblematic. Nonetheless it is likely that
aox IS directly influenced by soil temperature and laegng might either underestimate or
overestimate the Ctbxidation efficiency.

6.6  Microbial CH 4 oxidation efficiencies of wet polygonal tundra sts

Measured Chl concentration gradients in the wet polygonal tanslrils of Samoylov Island
were similar to those of former studies conductextd (Wagner et al. 2003, Knoblauch et al.
2008, Liebner et al. 2011) with low GHoncentrations close to the water table increasing
towards the frozen ground. Gldoncentration profiles of this shape were repoftedseveral
peatland ecosystems, e.g., for a nortl@anexdominated fen (within 100 cm) (Chasar et al.
2000), for an intermediate fen (within 70 cm) (Hbmook et al. 2009), for an alpine fen
(within 70 cm) (Liebner et al. 2012), for a rainesatlependent raised bog (within 700 cm)
(Clymo and Bryant 2008) and for a boreal peatlanthe continuous permafrost zone (Miao
et al. 2012) with increasing GHtoncentrations at 30 and 40 cm below soil surfaitie in-

creasing thaw depth during the season.
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This study quantified ClHoxidation efficiencies for wet polygonal tundralsmf different
hydrology. As mentioned by previous studies (Cabtall. 2010, Nihous 2010), the calculat-
ed oxidation efficiency is only as reliable as kmowledge of the isotopic fractionation fac-
tors since slight variations in the adopted andayans Change the outcome strongly. For the
presented study sites of the polygonal tundraenSiberian Lena River Delta it seems plausi-
ble to use the measm = 1.013 under unsaturated conditions for,GHtidation efficiency
calculations when diffusion is the predominant $@ort mechanism, sinegis did not differ
significantly between sites. However, calculatiomgdicated that Cloxidation predominantly
occurs within the saturated oxic soil layer atsékbs. Applyingagir = 1.013 at the unsaturated
polygon center and the polygon rims sometimes teduhf,x exceeding 100 % by far indi-
cating that CH has been already oxidized at the anaerobic-aemotadace. For the studied
soils, the fractionation factor for diffusion undsaturated conditiong; = 1.001 seems to be

of utmost importance for the quantification of tBe, oxidation efficiency.

On the contrary, isotopic fractionation factorscassted with oxidation need to be determined
for the oxic horizons of the sites of interest aseyt differ strongly.
However, for logistical reasongsx was only determined for horizons of the saturgteggon
center A, the polygonal pond and the polygon rinf8t the saturated polygon center B, the
unsaturated polygon center and the polygon rink,was substituted with values of sites
featuring very similar soil properties. Thus, £bkidation efficiencies calculated for these

sites contain higher uncertainties and are ongf ipproximations.

Calculations indicated that 10 to 70 % of the paetlCH, which was transported by diffu-
sion was oxidized in the first horizons of the sated polygon centers A and B with a mean
ranging around 50 % on most days. aktidation efficiencies of these magnitudes seesn re
sonable and have been described before e.g. focpess from a fresh water marsh soils with
up to 32 % under water-saturated conditions (Roafel King 1996), up to 34 % in@arex
dominated boreal fen (Popp et al. 1999) and 13-80 &water-saturated peat surface (King
1996). Other ecosystems reported highey Gkidation efficiencies, e.g. 80-90 % in the sur-
face layer of a flooded rice field (Conrad and Ratks 1991, Frenzel et al. 1992), 90 % in the
oxic surface layer of a lake sediment (Frenzel.1$00) and up to 90 % in landfill biocovers

(Cabral et al. 2010). The non-oxidized share of, BHpresumed to be transported by different
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mechanisms to the atmosphere (ebullition, planttated transport and diffusion), but cannot
be accounted for with this method.

In 2010, CH emissions of the saturated polygon centers inglicatdecrease in emission with
increasingox. Previous studies reported a fast increase of €@hissions in June, a maximum
in July and a slow decrease in the subsequent mdothow-centered polygons of Samoylov
Island (Schneider et al. 2009, Sachs et al. 2@EW)n though this pattern agrees with our,CH
emission measurements, it is not supported bydlwilated CH oxidation efficiencies which
do not increase during the vegetation period. Higlid, oxidation efficiencies would be ex-
pected at the end of the summer, when the highdgtcGncentrations are found above the
frozen ground along with lower GHmissions. This would be the casedf of the saturated
polygon center B is in fact lower than the emplogebstitute value of the saturated polygon
center A (Oiaox = 1.031). Moreover, there are some uncertaintimected to thé *CH,
values from the rhizosphere used for bkidation efficiency calculations which are dis-

cussed in turn below:

Firstly, plant-mediated CHtransport might affect the isotopic signature ¢f,(n the pore
water. Wetlands inhabited by vascular plants shtamtpmediated Clltransport as the pre-
dominant transport mechanism (Van Der Nat and Mimidg 1998) which may account for
up to two-thirds of the total flux in a water-satted polygon center of the Siberian tundra
(Kutzbach et al. 2004). The vegetation of the potygenters was dominated Garex aquat-
ilis (5.2) and it is assumed that this sedge transpgadssia passive diffusion (Kutzbach et al.
2004) which also has been reported for another reemibthe genusCarex rostrata(Chan-
ton et al. 1992). The downward transport gfddthese plants is accompanied by an upward
diffusion of CH, from the rhizosphere along the concentration gradiLai 2009). This pas-
sive transport mechanism is accompanied by isotibaationation resulting in the release of
lighter **CH, (Chanton and Whiting 1996, Chasar et al. 1999%t fimvas assumed that plant-
mediated transport does not affect the,©kidation efficiency calculations as the Cbi-
passes the aerobic layer and is not availableXmlation. However, it is possible that the re-
lease of"?CH, entails not only an enrichment BCH, within the plant aerenchyma, but also
in the rhizospheric pore water (Popp et al. 1998ar@on et al. 2005, Zhang et al. 2011).
Kutzbach et al. (2004) suggest that [diffusion in Carex aquatilisis limited by the high
diffusion resistance of the root exodermes whicbasgte the aerenchyma from the rhizo-
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sphere. This diffusion resistance presumably cafraefionation. Previous studies reported
fractionation factors for plant transport between,s = 1.011 and 1.018 by measuring
aerenchymatous and emitt¢dCH, values, thus for the fractionation of ¢l¢aving the plant
(Bilek et al. 1999, Popp et al. 1999, Zhang eR@lll). It remains unclear if the fractionation
factor for the root exodermes Garexare of the same magnitude.

Secondly, CH production processes presumably affect the isotsiginature in the pore wa-
ter. Acetate-dependant methanogenesis produces*f®enriched Chithan CQ-dependant
methanogenesis (Whiticar 1999). Peaks of, Ebhcentration accompanied increasiiCH,
values in the upper horizon of the saturated palyggnter A indicated CHoroduction where
fresh organic material is available for degradationthe upper horizons GHproduction and
oxidation may occur in close proximity. While Glxidation causes enrichmentCH, in
the pore water in comparison to methanogenesikjftaiis methanogenic pathways towards
acetate fermentation can also cause enrichmerifGH, in the soil profile. Thus, using
0"CH, values originating from simultaneous g£ptoduction and oxidation might result in an
underestimation or overestimation of the actual ©kldation efficiency. An approach to dif-
ferentiate the processes could be to include meamnts of5**CO, and the stable isotope
values of hydrogerdD (Whiticar 1999) in the soil methane model.

Thus, *CH, enrichment in the rhizosphere can originate from, 6xidation and soil diffu-
sion, but also from a shift in CGHbroduction pathway and plant-mediated transpagsiima-
bly, both the effect of a shift in GHproduction pathway and of plant-mediated transpart
the *3CH, in the pore water increase during the vegetatietiod. These factors may also

explain some of the high variability of Glaxidation efficiencies between replicates.

Thirdly, calculations for the saturated polygon tees in 2010 use the upmaEtCH, values
which originate from a composite of six gas sampiéen from the closed chamber and con-

tain possible uncertainties resulting from atmosighdilution.

At the unsaturated polygon center, calculationthefCH, oxidation efficiency indicated that
most of the produced GHvhich was transported by diffusion was oxidizedcérdingly, no
significant or very low Chl emissions were detected at this site. At one cafdi complete
oxidation occurred already in the water-saturatedezand the negative GHdxidation effi-

ciency in the unsaturated zone presumably derives fdilution with atmospheric CH
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(~-48 %0). While CH concentrations above the frozen ground were \@tydn the sampling
day in 2009, they were of the same magnitude agsdOHcentrations in the saturated polygon
centers in 2010 with deeper thaw depth. The pernthniewer water table of the unsaturated

polygon center features a distinct aerobic layeitifating complete oxidation.

At the polygon rims A and B, Ct+bxidation efficiencies also indicated a completé, ©xida-
tion. The high variability in thaw depth and wal@rel complicates the location of the zone of
oxidation. Further, short-term fluctuations of tivater levels were observed. According to
Moore and Dalva (1993) a time lag might occur betwa rising water table and the devel-
opment of anaerobic conditions and methanogenk®iseover, a falling water table might
increase the release of pore water,@tHough the air-filled pores (Moore and Dalva 1993)
Methanotrophs are able to survive anaerobic canditand to react quickly to oxygen availa-
bility (Roslev and King 1996). The water table dynes and their effects on microbial pro-
cesses need to be considered during pore waterdiagngb polygon rims. In this study, for
most calculations both saturated and unsaturateditotans were assumed, giving lower and
upper boundary values of Gldxidation efficiency. In agreement with previolsamber CH
flux measurements on Samoylov Island (Wagner é(413, Kutzbach et al. 2004, Sachs et al.
2010), CH emissions were low or not detectable at the palygms. Negative Clifluxes
indicate that these soils might be able to oxidis@ospheric Clj however, this form of
methanotrophic oxidation cannot be accounted fah wiis method. So far, little is known
about methanotrophic populations growing on atmespHevels of CH (‘high affinity oxi-
dation’, 2.3) (Le Mer and Roger 2001, Conrad 20@Ri, they might show different stable

isotope fractionation than populations of low afffrmethanotrophy.

Despite their differing soil and vegetation chagaistics, all sites measured here featured CH
concentrations up to 1,000 pmof bbove the thaw depth, and the predominant wate lev
seems to be the controlling driver for the magretod CH, oxidation efficiency. To the au-
thor’'s knowledge, Ckiconcentrations of this magnitude have not beeorte@ for polygon
rims in the study site. Thus, reported low £gissions from the polygon rims result from
high CH, oxidation efficiencies, but not from lower methgeaesis.

A special case is the polygon pond which showsmialeCH, production and oxidation in
both the soil and the submerged moss lagenigh potential methanotrophic activity of the
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thick, submerged brown moss layerSworpidium scorpioideBas been explained with moss-
associated methane oxidation, so called MAMO (Lexlet al. 2011). ClHoxidation efficien-
cies calculated for the soil exceeded 100 % byTiae. employed:,x = 1.007 is comparatively
low and applying the higher fractionation factor tfe saturated polygon center A
(a0x = 1.031) gives more reasonable Ldkidation efficiencies ofox = 46 % (17 July 2009)
andfox = 32 % (22 July 2009). Further, quantifying £ékidation in the soil requires the use
of samples from the rhizosphere which imply the samcertainties as described previously
for saturated polygon centers. Even though, @hhissions were of the same magnitude as
those reported for the subclass ‘overgrown watérthe land cover class ‘wet sedge-and
moss-dominated tundra’ (Schneider et al. 2009), @hhission measurements with dark
chambers are highly questionable, since they impadésynthesis and interrupt the symbio-
sis: oxygen gets depleted, methanotrophic consempsi hampered and GHccumulates
(Liebner et al. 2011). In contrast, transparentdb& measurements at the same site found a
mean negative flux of -1.7 + 11.3 mg’d* (Liebner et al. 2011). Thus, this site which
showed the highest GHoncentrations above the frozen ground might fancis a CH sink
due to CH oxidation associated with submerged brown modsewever, it remains unclear
what causes the concentration peaks within the agss in 2009. Such a profile might de-
rive from an accumulation of gas bubbles after lin. The lighté**CH,values rather indi-

cate further Chlproduction, but it remains unclear if and howdtwors in submerged mosses.

The contribution of diffusion to other simultanelyusccurring transport mechanisms has to
be estimated by means of the interpretation of tunsged/water-saturated conditions and
both the CHconcentration and Sl soil profiles. Transport \balétion alone does not change
isotopic signatures of CHn the soil profile. It is assumed that plant-nadd transport plays
a more important role in saturated polygon cenfleigure 45 A) where it accounts for up to
two thirds of total CH emissions (Kutzbach et al. 2004). In unsaturatdggon centers and
polygon rims (Figure 45 B) the distinct oxic actieyer facilitates a complete Gldxidation

of the produced CHduring diffusion, and the lower the water tables smaller the potential
amount of CH reaching the plant roots for plant-mediated tranisprior to oxidation. The
low CH4 emissions and high calculated £ékidation efficiencies of the unsaturated polygon
center despite the site’s high densityGairex aquatilis(27 £ 10%; 5.2) support this assump-

tion.
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A CH, emissions (mg m2 d-'): B CH, emissions (mg m2 d-):
~10-100 (this study) =3 (this study)
~20-100 (Sachs et al. 2008, 2010) <10 (Sachs et al. 2008, 2010)
~18-90 (Schneider et al. 2009) ~2-6 (Schneider et al. 2009)

Soil Surface

Oxic
Active Layer

Water Level

Diffusion Plant-mediated

Diffusion Plant-mediated

Anoxic
Active Layer

Permafrost
saturated unsaturated

Figure 45: lllustration of CH 4 transport mechanisms in saturated polygon center§A) and unsaturated
polygon centers and polygon rims (B) with data ofttis study for CH, oxidation during diffusion and with
data for plant-mediated transport of Kutzbach et al(2004). While plant-mediated transport plays an im
portant role in saturated polygon centers accountig for up to two thirds of the total emission (Kutzlach
et al. 2004), it plays a smaller role at sites with distinct oxic active layer, facilitating compleé CH, oxida-

tion during diffusion. In addition, CH 4is emitted via ebullition which is not accounted fohere.

6.7 Impact of temperature enhancement on microbial CH oxidation efficiency

All studied sites featured high C/N ratios indiogtithat the soil organic matter is only lightly
degraded which is attributed to the absence of exyduring water-saturation and to low
temperatures. The presence of OTCs increased thtesyperatures in range of values de-
scribed by Dorrepaal et al. (2009) who applied OTiCs subarctic peatland with a mean
temperature increase of 0.6° C in spring and 0116 C in summer at 5 cm below soil sur-

face.
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At unsaturated sites, it is expected that,@kidation is predominant, and no direct effect of
temperature on CHemissions is expected (Kutzbach et al. 2004 #sisumed that the pre-
dominant water level controls the ¢bixidation efficiency much more than temperaturee T
drier polygon rims indicated complete gékidation and need no further attention concerning

temperature effects.

Still, temperature effects on the ¢ldxidation efficiency at water-saturated sites dese
closer look. Several authors found a correlationvben soil temperature and ¢Emissions
(Bubier and Moore 1994, Bellisario et al. 1999, i€fensen et al. 2003) and the question is
how CH, production and oxidation respond to a temperatoeease. A stronger response is
reported for CH production withQ, values of 5.3-16 than for GHbxidation withQyo values

of 1.4-2.1 (Dunfield et al. 1993, Bubier and Mod&94). Measurements showed that the up-
per soil horizons of ClHoxidation are more exposed to temperature chatigesthe lower
horizons of methanogenesis (Langer et al. 2010 further assumed that the stronger re-
sponse of Chkiproduction is compensated by the response of @ditlation (Kutzbach et al.
2004). As expected, measurements at the saturatgdop centers showed a stronger tem-
perature increase at 1 cm than at 5 cm. Howeuds, dOncentration and isotope profiles do
not rule out that CiHproduction and oxidation occur simultaneouslyha thizosphere of the

saturated polygon centers.

After one month, the OTC treatment showed no disbkr effect on the CHoxidation effi-
ciencies at the saturated polygon centers andeteitbncentrations nat—C values of Chl
differed between the treatments. Therefore,thesatsereveal the lack of a short-time effect
of temperature on CHlynamics. Further samples need to be taken ty shadeffect after a
few years. Observations of a change in vegetatientd the OTC treatment should be includ-
ed, since vegetation has an impact on e.g. thessoibice temperature, the organic matter
available for degradation, plant-mediated gas paris A recent study combined the ITEX
OTCs with snow fences to increase soil temperatarédse winter time and removed accumu-
lated snow in spring to have a similar water ingnd time of snowmelt between the treat-
ments (Natali et al. 2011). Snow effects of theli@gpOTCs should be monitored and if re-

quired manipulated.
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7. Conclusion & Outlook

The isotopic fractionation factors presented herabke the calculation of the Gldxidation
efficiency in arctic wetland soils (Hypothesis 3sigpported). This study showed that LH
diffusion causes isotopic fractionation in both evagaturated and unsaturated arctic wetland
soils (Hypothesis 1 is supported). Further, assgmo fractionation through transport
(arans= 1) by neglecting the isotopic fractionation asated with diffusion causes errors in
the determined CHoxidation efficiency in arctic wetlands (Hypothesgl is supported). A
mean value oéqi = 1.013 may be applied for unsaturated conditibosyever for the inves-
tigated polygonal tundra sites fractionation byudifon plays a predominant role under water

saturation withogiss = 1.001.

To determine Ckoxidation efficiency, the isotopic fractionatiorcfars associated with oxi-
dation need to be determined for the oxic horizmma case by case basis, since they strongly
differ from site to site and horizon to horizon @dyhesis 2 is supported). The experimental
set-up to determine the potential £&dxidation efficiency at 4 °C presumably either urede
timates or overestimates the £ékidation efficiency, when in-situ temperaturese actually
higher or lower than 4 °C. Preferably further sésdshould determine a temperature correc-
tion for aox for the studied soils. If feasible, isotopic fiadation factors should be deter-

mined at temperatures occurring in situ.

The predominant water table determines the magaitdicCH, oxidation efficiencies in arctic
wetland soils. The unsaturated polygon center adadpblygon rims with a water level dis-
tinctly below the soil surface — thus aerobic layat the soil surface — indicated complete
oxidation of the produced GHThe saturated polygon centers with a changingemlatvel
close to the soil surface showed Lékidation efficiencies of 10 to 70 % (Hypothesissb
supported).

Diffusion is only one of three simultaneously octwy CH, transport mechanisms in Arctic
wetlands. Results indicated that diffusion presugnplays a increasing role with lower water
table while plant-mediated transport plays a morpartant role in saturated polygon centers

than in unsaturated polygon centers and polygos afithe study area.
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Variations in the CHl oxidation efficiencies of the saturated polygomtees on Samoylov
Island cannot be explained by small changes inntatde position. Even though the water
tables fluctuated at the saturated polygon centkey, remained distinctively above the soill
surface. At these sites variations of Lbkidation efficiency are attributed to differendas
microbial activities. In the short term, no chamgeCH, oxidation efficiencies in response to
increased temperatures was observed at water-&atigides (supports Hypothesis 6). Prefer-
ably, the effects of temperature increase on @idduction and on Cjbxidation efficiencies
should be studied on the long term, supplementék studies about the possibly increased

carbon uptake by plants and the respiration of dedpC with deeper thaw.

The presented study shows that unsaturated conslitiowetland soils cause high gékida-
tion efficiencies. The distribution of unsaturatpdlygon centers could increase during
draughts as during the dry summer of 1999 (Willale2008). Dry microclimate can lower
the water level of formerly saturated polygon cent&urther, the polygon rims’ hydrological
barrier function could decrease as temperature®ase and contribute to deeper thawing
which likely causes a leakage from saturated palycgnters. In contrast, increasing precipi-
tation or thermokarst formation could cause a gsiwater level. The ratio of aerobic and an-
aerobic soil volume can shift and thereby severtbbnge CH oxidation efficiencies and thus

CH, emissions.

To deepen the understanding of 4xidation efficiencies of arctic wetland soils, Isoof
different hydrological regimes were studied hem. Epscaling purposes, more data of repre-
sentative sites are desirable, especially more atadéferent times during the vegetation peri-
od. Preferably fractionation factors would be deiieed from soil samples without long field-
to-laboratory transport times. In addition, the meaments 06**CO, and D of the pore
water samples could improve the differentiatiorCét, processes. For a more complete pic-
ture of the Lena River Delta, the differences of,@irfbduction and oxidation across the dif-
ferent terrace-like units need to be understoodthEy the isotopic fractionation associated
with MAMO needs to be determined and the distrimsi of both ponds with MAMO and
without MAMO have to be determined for upscalingtihations for a larger scale should be
compared to eddy covariance or tall tower measungn€alculations could then provide the
basis for an improved estimation of currenta@blurces and sinks and their potential strength

in response to environmental change and global warnespecially in permafrost-affected
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soils which bear the potential to cause a positeetlback to climate change. The crucial
guestion is how the distribution of the differenicrotopographic land covers shifts in re-
sponse to global warming.
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