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Abstract. The role of the microbial processes governing The model, combined with an incubation study, indicated
methane emissions from tundra ecosystems is receiving inthat methane oxidation by endophytic bacteria, living in co-
creasing attention. Recently, cooperation between methamperation with submergesphagnumplays a significant role
otrophic bacteria and submerg&phagnunwas shown to  in methane cycling at this site. This result is important for
reduce methane emissions but also to supply @&® pho- spatial upscaling as oxidation by these bacteria is likely in-
tosynthesis for the plant. Although this process was shownvolved in 15% of the net methane emissions at this tundra
to be important in the laboratory, the differences that exist insite. Our findings support the notion that methane-oxidizing
methane emissions from inundated vegetation types with obacteria are an important factor in understanding the pro-
without Sphagnunin the field have not been linked to these cesses behind methane emissions in tundra.
bacteria before.
In this study, chamber flux measurements, an incuba-
tion study and a process model were used to investigate the .
drivers and controls on the relative difference in methane1 Introduction
emissions between a submerdigghagnursedge vegetation

: . . Improved understanding of the controls and drivers of tundra
type and an inundated sedge vegetation type witBpiag- o L :
P g 9 yp g methane emissions is important in the study of the global car-

num It was found that methane emissions in agnum i .
8phag bon cycle. While the cold tundra climate and the wet char-

dominated vegetation type were 50 % lower than in the veg- . : )
etation type withouSphagnum A model sensitivity anal- acter of its soils have both led to a large buildup of carbon

. . .- (Post et al.1982 Tarnocai et a].2009, these same wet soils
ysis showed that these differences could not sufficiently beare also a source of methar@ofradi et al, 2005 van der

explained by differences in methane production and plaml\/lolen et al, 2007 Wille et al, 2008, one of the most im-
transport. portant greenhouse gasésdlking et al, 20069. It has been
hypothesized that these emissions might increase under a
warmer climate Zhuang et al.2004 McGuire et al, 2009,

and therefore an improved understanding of the biogeochem-
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Methane is formed by archaea below the water table, inemissions from submergesiphagnumnto this specific type
the anoxic part of the soil as the final step in the series ofof bacteria since most studies on the spatial variations of
processes that degrade organic matiéhélen 2005. The methane fluxes focus on water level, NPP, vascular plant
methane produced is then either emitted to the atmosphere @over or oxidation in the aerated part 8phagnun{Fech-
oxidized to CQ above the water table in the aerated part of ner and HemondL992 Bubier, 1995 Frenzel and Rudolph
the soil by other microorganisms. The balance of production1998 Greenup et al200Q Joabsson and Christens@001;
and oxidation therefore determines the amount of methan€hristensen et al2003 Kutzbach et a].2004 Basiliko et al,
emitted by the ecosystem. For example, if the aerated part 2004 Striom et al, 2005 Minkkinen and Laine2006 Hines
the soil is deep enough, and the oxidation zone large, most cet al, 2008, while oxidation in inundated areas wiphag-
all of the methane can be consum&dhalen and Reeburgh numvegetation is much less studiedif et al, 201Q Lar-
1990. On the other hand, methane emissions are at theimola et al, 201Q Liebner et al. 2011). Field studies in
highest when the water table is situated close to or at thehe Siberian Arctic are virtually not known due to logistical
surface. constraints. In this paper, we compare two inundated vege-

In tundra, these wet areas tend to be dominated by sedgdation types in Northeastern Siberian tundra and show that
such asEriophorum spp., Carex spp. and mosses such methane emissions are significantly lower in a submerged
as Sphagnumspp. The vascular plants in this vegetation Sphagnursedge vegetation type, in comparison to sedge
type further facilitate a release of methane through theirvegetation with noSphagnunpresence, and ascertain that
aerenchyma that provide a direct pathway to the atmospheraxidation in submerge@&phagnuniikely attributes to this
bypassing oxic zones in the soil where methane would nordifference.
mally be oxidized Joabsson and Christens@€@01; Greenup
et al, 200Q Christensen et gl2003 Strom et al, 2005.

However, this plant structure also increases the transfer o2 Materials and methods

oxygen into the soil, which can lead to significant oxidation

of methane at the rhizospher@dpp et al. 2000 Whalen 2.1 Study site

20095. However, there have also been studies that show

that little or no oxidation can occur in the seddésopho-  The study site is located in the nature reserve “Kytalyk” in
rum angustifoliumandEriophorum vaginatungFrenzel and  Northeastern Siberia (78944.9' N, 1472939.4’ E), about
Rudolph 1998. Furthermore, vegetation also influences the 30 km NW from the town of Chokurdakh in the Sakha Re-
quality of substrate that is available for carbohydrate oxida-public (Yakutia), Russian Federation (as shown in Hig.
tion. Methane production is higher in the presence of moreWhile this location is extremely remote, only reachable by
labile carbon than with dominantly stable organic matter, andair during most of the year, and few carbon cycling stud-
it has been shown that sedges suckdsphorumspp. pro- ies have been performed previously in the region, this makes
vide fresh substrates through their roots, which is then conit an ideal and unique area for studying pristine and undis-
verted into methaneSgrom et al, 20095. turbed tundra. The research area itself is situated in a for-

In contrast to the higher fluxes in the presence of vasculamer thermokarst lake that drained in the past when it was
plants, it has been shown that methane emissions are lower iintersected to the south by the Berelekekh (Yelon) river, a
areas that have 8phagnuntover Hines et al.2008. This tributary to the Indigirka river. The floodplain along the river
has mostly been contributed to the low coverage of vasculaand the former lakebed have different vegetation, soil and hy-
plants in these areas, limiting plant transport of methane frondrology. Measurements in this research focus on the tundra
the anoxic zone to the atmosphere. It has also been founterrace, in the former lakebed.
that oxidation of methane is particularly high 8phagnum The climate is cold and continental with an average an-
(Vecherskaya et 811993 Sundh et a].1995. nual temperature 0f10.5°C and extremes as low as25

Recently it has been shown that oxidationSphagnum to —45°C in winter and 5 to 25C in summer. Snowmelt
can also occur below the water table by a cooperation beusually occurs at the start of June, and while most snow is
tween methanotrophic bacteria aBgdhagnunfRaghoebars- gone in mid June, bud break does not occur before the end
ing et al, 2005. In this cooperation, the plant provides oxy- of June or early July, together with the first warm days of the
gen which allows the bacteria to oxidize methane intCO year. Since half way through September temperatures start
which is then returned to the plant to be used for photosyn+to drop below zero again, the growing season is limited to
thesis. Furthermore, it has been shown that methane-deriveithe months of July and August. Summer temperatures are
carbon inSphagnuntan be as high as up to 35 &ip et al,, highly variable due to the large contrast between winds from
2010, and this system could thus explain the high carbonthe North and South. Northern winds blow cold air from
burial found inSphagnunpeatlands. These methanotrophic the East Siberian sea (approx. 100 km away) while Southern
endophytes are very common around the woli (et al, winds bring hot summer air from the Siberian interior. This
2010, with varying rates of oxidation. However, there are dependency on wind direction also means that the daily air
very few studies that relate field observations of methangemperature can drop by as much as@dn just two days
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ously been given byan Huissteden et a)2005 andvan der
Molen et al.(2007).

2.2 Methane flux measurements

To find areas that were suitable for comparison, the vege-
tation at the studied site was classified according to vegeta-
tion, geomorphology and water availability as described by
van Huissteden et a2005. This classification identifies 12
different classes. Of these 12, the vegetation types TW1 and
TWA4, as described in Table were used to compare between
plots with and withouSphagnumThese vegetation types are
responsible for almost all methane emissions of the tundra
terrace and both are usually inundated, which means there
is no aerated part of the soil &phagnuniayer. TW1 is a
vegetation type dominated I®riophorum angustifoliurand
Carex aquatilis(typical cover of 40 to 95 %), whergphag-
numis mostly absent. TW4 is a vegetation type that is domi-
nated bySphagnungcover of 50 to 100 %), but a substantial
amount of vascular plants such @arex aquatilis Eriopho-
rum angustifoliumand Comarum palustreemains (typical
Fig. 1. Location of the research site within Northeastern Siberia. ¢gver of 20 to 30 %). This difference in vascular plant cover
is possibly due to competition betwe&phagnunand vas-
cular plants, resulting in a lower cover of the lattde{jmans
if the wind direction changes from South to North. Since et al, 2002.
methane emissions are sensitive to temperature change, this The other ten classes were not considered here since they
also has an obvious effect on emissions on the short-term. either referred to dry Vegetation types with a water table be-
Annual precipitation is about 200 to 250 mm with approx- low the surface or to areas witBphagnunwhere the wa-
imately half of it falling as rain during the growing season. ter table was below the top of tf&phagnum Furthermore,
The other half falls in the rest of the year, mostly as snow.the study ofvan Huissteden et a{2005 also reported high
Although this amount of precipitation is similar to the yearly methane emissions from the floodplain along the river but in
total in semi-arid areas, total evaporation is much lower, andhis area ndSphagnunis present, and since hydrology, soil
thus the soil remains very wet and plenty of water is availableand vegetation are completely different from the tundra ter-
for plant growth. race, these vegetation types were not included in the compar-
The vegetation is classified as graminoid tundra (tussockison.
sedge, dwarf shrub, moss tundra, cf. circumpolar arctic veg- Measurements were performed on 5 plots of the TW1 veg-
etation map \(alker et al, 2005). The spatial heterogene- etation type and 4 plots of the TW4 vegetation type, for
ity of the vegetation is related to the presence of ice-wedgevhich the spatial variation of vegetation within each class
polygon micro-topography leading to differences in soil wa- was taken into account visually. The plots were located
ter saturation. The higher and drier parts are dominatedn close vicinity to each other, often only separated by a
by eitherBetula nanaand Salix pulchradwarf shrubs with  few meters. Furthermore, only those measurement days
mosses olEriophorum vaginaturhummocks interspersed were selected where both vegetation types were inundated,
with Salix pulchradwarf shrubs and mosses. Towards the to avoid differences in the measured fluxes due to oxidation
center of a polygon, soil conditions get wettBetula nana  of methane in the aerated part of the soiSmhagnuntayer.
is no longer present arthlix pulchracover gets more sparse  Chamber flux measurements were performed in the sum-
while Sphagnumspp. cover increases arhrex aquatilis  mer of 2007 between 18 July and 6 August with the
and Eriophorum angustifoliumappear. DominanSphag-  use of an INNOVA 1412 Photoacoustic Field Gas-monitor
num species includés. balticum S. compactumS. subse-  (LumaSense Technologies A/S, Ballerup, Denmark), follow-
cundumandsS. squarrosumThe center, lowest parts of poly- ing the same measuring practice as describedmHuisste-
gons are usually inundated and vegetation is dominated bgen et al(2005. Each day the same 9 plots, situated along a
Carex aquatilisandEriophorum angustifoliumwvhile Sphag-  boardwalk, were measured, to avoid the occurrence of vari-
numspp. cover is low or absent. Similar vegetation exists atations in the measurements due to spatial differences. For
the edges of ponds that are created by melting ice wedgegach measurement point, a plastic collar of 30 cm in diame-
although transitions can be more abrupt. A more elaboratéer and 10 cm in height was placed carefully in the top soil
site description and comparison with other sites has previwith a 14dn? dark plastic chamber on top. A water lock
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Table 1. Description of the studied vegetation classes.

Code Site class Soil Water table  Vegetation Vascular plant cover
TW1 depression, diffuse organic on mineral 0-15cm Eriophorum  angustifolium 40 % to 90 %

drainage Carex aquatilis
TW4 low polygon centre, organic 0-10cm  Sphagnum Eriophorum an- 20% to 30 %

other depressions gustifolium Carex aquatilis

Comarum palustre

was used in between the chamber and collar to prevent gathat the difference between the studied vegetation types is
leakage. For 8 min, methane concentrations were measureglite similar between years.

5 times with a 2-min interval. The measurement was kept pgtential methane-oxidizing activity was measured by in-
this short to make sure that the air in the chamber would ”OEubating wholeSphagnunplants, 20 grams of moist mass, in
warm up too much, and this was further monitored with the 3 120 m| serum bottle sealed with airtight grey butyl rubber
use of a small thermometer inside the chamber. Also, thestoppers and aluminum caps. Before incubation pleag-
sampled air was first passed through a tube containing sodg,mplants were thoroughly washed 3 times with sterile dem-
lime and a silica gel, which removed G@nd reduced wa-  jneralized water. 1 ml of methane (100 % pure, Air Liquide,
ter vapor concentrations, to prevent cross-interference at higg,e Netherlands) was added to each flask and the methane
concentrations. concentration in the flasks was measured on a HP 5890 gas
Fluxes were determined by linear interpolation of the mea-chromatograph equipped with a flame ionization detector
surements, accounting for air temperature, air pressure anénd a Porapak Q column (100/120 mesh). The methane-
if there was standing water above the surface, also for reexidizing activity test was performed in triplicate on ice and
duced air volume in the chamber. Quality control was doneat 4, 10 and 20C in the dark. Following the incubations, the
by calculating the root mean square error (RMSE) of the lin-Sphagnunmosses were dried in a vacuum stove at@Qo
ear regression. A high RMSE would occur in the case of adetermine the dry weight.

non-linear increase of concentration, in which case the mea- oyidation rates were determined at three separate stages.
surement would have to be rejected, although this did nOtrne jnitial methane oxidation rate, rate 1, is measured be-
occur for the studied period and vegetation types. In som&yeen 0 and 18.5 h, the second methane oxidation rate is de-
cases the total change in concentration would be very 10Wermined between 20 and 46 h. after adding new methane
(<1ppm) and erratic in behavior, due to the measuremeng the Jast methane oxidation rate, rate 3, is determined af-
accuracy of the device (0.4 ppm). In these cases, fluxes Coulghy 46 h when all the samples were incubated on ice. Since
not be determined accurately and because the possﬂ_)lllty oo peat bog water sample was available, the first wash wa-
some leakage cannot be excluded fully (although unlikely).ier served as a control. Methane concentrations in the bottles
these measurements were excluded to avoid biased meangere measured every hour or every day, depending on the
Together with each flux measurement, the water table 'evelactivity, while methane oxidation rates were determined by

thickness of the active layer and soil temperatures at 0, 1Qegression analysis of the data points that showed a linear
and 20 cm were also measured. methane oxidation.

_ The obtained oxidation rates are determined in pmol

2.3 Incubation study CHsgDW-1day %, while fluxes in the field are measured
in mg CHym~2h~1 and this makes it difficult to compare

In July 2008, two additional sites, NS1 and NS2, with a sim- the two rates. Ideally, the two could be compared by mul-
ilar vegetation distribution as the TW4 flux sites, were se-tiplying with the amount of dry weight oSphagnunper
lected for samplinggphagnumThis sampling was done out- m?2. However, oxidation rates from the incubation study were
side the measurement plots to avoid disturbance, allowingletermined under ideal conditions with an ample supply of
for future measurements in those plots. The samples werenethane and oxygen which is unlikely to be the case for
brought back to the Netherlands in closed plastic bags andield conditions, and concentrations may vary vertically in
kept cool as much as possible. During transits by airplanehe field. Nonetheless, by multiplying the incubation rates
they were no longer than 20 h without active cooling. Incuba-with the amount of dry weight cSphagnunper n?, an in-
tion experiments were performed in September 2008. Whiledication will be given whether the optimal oxidation rates
flux measurements were performed in the previous y@ar, from the laboratory are in the same order of magnitude as in
Huissteden et al2005 showed, by using a roving method the field. If this arguably crude translation of fluxes from the
throughout the studied area in the years preceding this studyaboratory to the field shows us lower rates than the observed
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differences, we know that these differences must be due tdion of objective function values vs. parameter values shows
other factors than oxidation alone. Notably, the reverse doesiow sensitive the model performance is to different values
not necessarily hold true but provides a picture of potentialfor each parameter. We assume that a distinct clustering of
oxidation under ideal circumstances. high objection function values within a certain range of pa-
To apply this crude method, four 0.2%plots with the ~ rameter values represents an approximation of the true val-
TW4 vegetation type were selected and $flhagnunwas  ues, given the model structure.
collected. ThisSphagnunwas dried in an oven for a week  We used the Nash-Suitcliffe efficiency for grouped site data
at 60°C and weighed afterwards. This weight was used to(Nash and Sutcliffe1970 which compares the model results

calculate optimal oxidation rates in mg Gri—2h—1. with site group average and standard deviation. It is defined
as
2.4 Flux modeling 2
NS=1-— —ez Q)
While fast export of plant material allowed for an incubation 9

.stud.y, the remot_e location of .th.|_s.research sne. and Igcal Iegi/vhereaez is the error variance,
islative rules limited the possibilities for exporting soil sam-
ples or monoliths, performing isotope studies or inhibiting 1 I

L . - 2_ A
methane oxidation with CiF,. To overcome these limita- 0¢ = T—_12(yt —Yt) 2
tions and to identify which parameters would best explain 1=1

the differences observed, a process model was applied tg, which J; is the predicted value at time and y; the ob-
model methane fluxes of both vegetation types. Methangerved value, and? the variance of the observations. NS
fluxes from the Kytalyk site have been modeledRBirescu  has the value of 1 for a perfect fit, and values close to, or
et al. (2008 and van Huissteden et al2009 using the  pelow 0 when the error variance is of the same magnitude
PEATLAND-VU model that includes a version of tNealter o |arger than the variance of the observations. In that case
and Heimanr(200Q) wetland CH flux model ¢an Huisste-  the model performs not better, or worse than a flux estimate
den et al.2006. simply based on the average of the data.

In this model, CH production below the water table  The GLUE analysis has been compared for both vegeta-
linearly depends on labile organic C concentration with ation types. We compared all parameters that influence the
production rate factoRo. The labile C pool is produced methane flux, including methane production, the oxidation of

by transfer of net primary production (NPP) into root ex- methane during plant transport and plant transport e (
udates and plant litter. This depends on linear converyijssteden et 312009:

sion factors for root-shoot and root-exudate allocation of

NPP (fshoots fex), and the vertical root density distribution ~ — Ro: Methane production rate factor (0.1-0.5 Ui,
(exponential, determined by maximum root defhyos). rglatmg the methane production rate to substrate quan-
NPP depends on a maximum daily NPRyay which is tity from plants.

scaled to soil temperature. Above the water table, @H
oxidized by methanotrophs, which depends onsGidn-
centration and is modeled using a Michaelis-Menten rela-

— fox: (within plant) oxidation factor (0-1), reducing the
amount of emitted Chifrom plants.

tion. Soil-atmosphere transport includes diffusion, ebulli- _ Viransp  Plant transport factor (0-15), increasing the
tion and transport by plants. Ebullition depends on a soil amount of emitted Ckifrom plants.

CH4 concentration threshold. Plant transport depends on

soil CHy concentration, root density, plant growth rate and = Jfshoots fraction (0—1) of NPP allocated to aboveground
a vegetation-dependent fact®fansp During transport part shoots.

of the methane may be oxidized, which is modeled using a
plant oxidation factorfoy. This includes all plant-related ox-
idation (within the rhizosphere, in aerenchymous tissue and — P, maximum daily NPP (0.001-0.005kgC
at the plant surface). m? day1).

To show how sensitive the model was to each parameter,
the GLUE method (General Likelihood Uncertainty Analy-
sis, e.gBeven 2008 by van Huissteden et qR009 was ap- 3 Results
plied. In the GLUE method, a large number of model runs are
done with randomly selected values for the studied parames. 1 Methane flux measurements
ters. The results of each run are compared with measurement
data and an objective function is calculated that indicates thén Fig. 2, water level, active layer thickness and temperature
model fit. Here, 2000 runs were used, which were comparedor the two vegetation classes at each measurement day are
with the measurement data for TW1 and TW4. The distribu-shown. From the figure it becomes clear that soil temperature

— Zroots maximum root depth (0.1-0.6 m).
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Fig. 2. Environmental parameters during the measurement campaign for the two vegetation types. Dark grey shows the data for the
vegetation type withouBphagnumTW1, while the data for the vegetation type wlBiphagnumTWA4, is shown in light grey. Error bars
denote standard deviation®) Daily water level above the surfacg) Active layer thickness(c) Daily soil temperature at 10 cm depth.
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Fig. 3. Daily fluxes for terrain types without (TW1) and wiBphagnunm(TW4). Measurements are shown per day and on the right the
average flux of the two vegetation types is shown. Error bars denote the standard deviation of the measurements.

was very similar between the two vegetation types and activeahe measurements. Average daily fluxes ranged from 3.6 to
layer depth did not differ that much either. However, a sig- 12.3mg CH m~2h~! for TW1 and from 0.7 to 7.8 mg CH
nificant difference was observed for water level. While waterm=2h=1 for TW4. The averages of all measured fluxes were
levels were above the surface for both vegetation types, th8.0+4.7mg CH; m—2h~! and 41+3.1mg CH; m2h1
water level in TW4 was lower from 23 July to 30 July. After for TW1 and TW4, respectively. From the difference of the
that, water levels were more similar, although a difference ofmeans it follows that the emissions from the vegetation type
2 to 3cm in water level remained. with submergedsphagnunwere half as much as emissions
In Fig. 3, the daily fluxes of the class with and with- from the vegetation type witho@phagnum
out submergedsphagnunhave been plotted next to each  For each measurement day, the plots with&mhag-
other and the error bars represent the standard deviations @fum show higher fluxes than the plots wiBphagnumas

Biogeosciences, 8, 1267278 2011 www.biogeosciences.net/8/1267/2011/



F. J. W. Parmentier et al.: Tundra methane flux and bacterial cooperation 1273

@) o T T
—_ — 10 best model fits
L *—x< observed fluxes
£ 15
q
€
[®)]

10
E
X
3

= 5
<
T
(@]

0 [ | | | |
Jul 20 2007 Jul 23 2007 Jul 26 2007 Jul 29 2007 Aug 01 2007 Aug 04 2007 Aug 07 2007

(b) 20 T T
—_ — 10 best model fits
. *—x observed fluxes
< 15 .
q
€
@ 10
E
x
3
= 5

-
T
o

I I I I
Jul 20 2007 Jul 23 2007 Jul 26 2007 Jul 29 2007 Aug 01 2007 Aug 04 2007 Aug 07 2007

Fig. 4. The 10 best model fits (grey) plotted together with observed data (black). Error bars denote standard deviations.

Table 2. Mean methane oxidation rates for the two ana- 3.2 Incubation study

lyzed Sphagnumsamples from sites NS1 and NS2 at different
incubation temperatures. The values are in umoyGFt dry  High methane oxidation rates were found for the samples

weight/day:+ standard deviatiom(= 3). NS1 and NS2 at 4C, 10°C and 20°C, as shown in Tabl2.
Methane oxidation rates varied between 32 and 80 umql CH
TemperatureC) Vg 10° 20° gDW-1day ! and addition of new methane did not result in
NS1 increased rates. Surprisingly, all samples showed activity be-
tween 2.7 and 7 umol CHy DW-1day 1, when incubations
Oxidationratel ~ 48-09 58+05 80+03 were continued on ice. Methane oxidation rates measured in
Oxidationrate2  36-0.7 42+04 75+06 the water controls were negligible since rates were @04
NS2 0.02 umol CH g DW-1day ! on average. A more in-depth

microbiological analysis on the bacterial community of these
samples has been published previouslKhyet al. (2010.

The amount of dry weight dbphagnunper n? was deter-
mined to be 415 250 g, which means that an oxidation rate
from the incubation study of 10 pmol GHyDW-1day !
expected. However, since the measurements were performesould equal 284 1.7 mg CH; m—2h~1 under idealized cir-
manually, only a limited amount of measurements (4 to 5)cumstances. The observed temperature range in the field
could be done per vegetation class per day. This led to a higlwas roughly between 4 and 1€ and, according to Tabl®
standard deviation and there is some overlap between the twoxidation rates at these temperatures vary between 30 and
vegetation types. To show statistically that the two vegetatiord0 pmol CH, g DW-1day ! or 84+5.0 to 111+ 6.6 mg
types do show different fluxes, a linear mixed model (Type lll CHs m~2h~1, which is about a factor of two larger than the
test of fixed effects with an AR(1) covariance structure, e.g.observed difference between the two vegetation types. This
Littell et al., 1998 was performed with the use of PASW large discrepancy between the field and the incubation study
Statistics 18.0 (SPSS Inc., Chicago, IL). This method waswas expected, since these rates were determined under labo-
preferred over a repeated measures ANOVA since the latteratory conditions, with ample £and CH, available, and as
cannot handle missing data. The mixed model showed thasuch the two are not directly comparable. Nonetheless, these
the two vegetation types are indeed different at a 95 % signumbers indicate that a high potential for oxidation within
nificancy level p =0.046). Sphagnunexists.

Oxidation ratel 3303 39+04 54402
Oxidation rate2 320.6 38+05 62+05
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a) no Sphagnum (TW1) b)  with Sphagnum (TW4) Of the 2000 random model runs, fewer runs gave a posi-
g Ojf ‘ ‘ ] ¢ 23 [ ‘ T ] tive Nash-Sutcliffe efficiency for sites witSphagnunthan
S 0. 1€k i without Sphagnunand therefore fewer points are plotted for
% 1% osp - ] that vegetation type. The significance threshgh<(0.1,
£ 1 & oafin . 1 NS=0.551 according to an F-test) was crossed for TW4 but
£ o3f 1 8 o3fmy; ] not for TW1, but this is common for methane emission mod-
& 02p 1202 R il eling (van Huissteden et aR009; for TW1 the threshold is
8 L B ] approached.
01 02 03 04 05 01 02 03 04 05 More importantly, the GLUE results show large differ-

methane production methane production ences in the identifiability of the parameters. Likely values
e D e for Ro ranged from 0.1 to 0.35 uMH for TW1 and 0.1 to
S 07} { & o7} . i 0.3uMht for TW4. Values ofVyanspranged from 2 to 15
Soer 1 S o6 .- 8 for both vegetation types. Opposed to these largely overlap-
B oosp e L 1 9osp DA ping ranges.fox showed distinctively different ranges of 0
£ 0AF L. TE% R Y to 0.8 and 0.4 to 0.9 for TW1 and TW4, respectively. This
ER RO 1300 S clearer distinction fotfox becomes even more apparent when
I WA 1% ol T ] the average of these parameters is considered. Average val-
2 (et ey ata s 2 L ues in TW1 and TW4 were 0.19 and 0.15 uMthfor Ro

0.0— 0.0 ! ! e
00 02 04 06 08 10 00 02 04 06 08 10

within plant oxidation factor within plant oxidation factor

e) f) fox showed average values 0.44 and 0.73, the latter value
> 08 > 08 resulting in significantly higher oxidation (tested with t-test,
& or 1807 . 1 p < 0.001). For the other parameters, no significant differ-
= g o9 - 1 ences could be detected and are therefore not shown iB.Fig.

L 05 L 05 LR IR . . . . g -

e oal 2 oal R S Itis likely that a difference in parameter identifiability and
S o3l . Sosl et e parameter values indicate realistic factors that influence the
A o2k ™ @ o2} Ll N _1, o methane fluxes. This indicates that the difference in fluxes
R S A B i | between the two vegetation types is best explained by dif-
ooy, T s ferences in oxidation rate during transport, and to a lesser

plant transport factor plant transport factor extent by differences in CiHproduction rate and plant trans-
port rate.

Fig. 5. GLUE analysis of model parameters for both vegetation

types, showing Nash-Sutcliffe efficiency. On the left sideq(and

e) the results for the vegetation type withdgphagnumTwi, are 4 Discussion

shown, while the results for the vegetation type w&phagnum

TW4, are shown on the right hand side ¢ andf). The top row & The measurements of the methane emissions from the two

andb) shows values for methane productidty. The middle row  inundated vegetation types show that fluxes from vegetation
(c andd) shows values for within plant oxidation of metharfgy, without submerge&phagnumTW1, was 80+4.7 mg CH,

and the bottom rowg(andf) shows values for plant transport factor, m=2h~1 and 41+ 3.1 mg CH, m~2h~1 for vegetation with
Viransp submerge®phagnumTW4; a difference between the means

of a factor of two. The standard deviation on the averages is
quite large since the measured plots were selected in such a
way that they represent the spatial variation for that vegeta-
tion type, and large variations between spatial replicates are
Sherefore to be expected. In previous years however, the same

shown in Fig4. For most days, the model agrees quite well, . .
X L ) difference between these two vegetation types was observed
falling within the standard deviations of the observed values. . ) . .
at the same site while using a roving measurement scheme

Poor model performance only occurs on 18 July, when ob-

. ) for determining fluxesyan Huissteden et al2005 200
served fluxes of sites witholiphagnumTW1, are clearly an der Molenget aJ.20\é7) confirming thesae resilts. Igur-

higher than those modeled and on 31 July, when observe : S
. ermore, others have observed the high reduction in fluxes
fluxes of both vegetation types are much lower than thos : .
etween these two types of vegetation as well, sudhiass

modeled. et al. (2008, who similarly reported a 50 % lower flux in a

In Fig. 5, the results of the GLUE analysis are shown for mixed vegetation of sedges aSphagnumcompared to a
all runs where the Nash-Sutcliffe efficiency was larger than 9 . 9 gnum P
sedge-only vegetation.

zero and for the three parameters that are expected to influ-
ence methane emission most strongly, methane production,
Ro, within plant oxidation,fox, and plant transportiransp

3.3 Flux modeling

The results of the model runs for the two vegetation types ar
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Apart from the difference in fluxes, the two vegetation 20 ) )
types observed also showed a large difference in vascular ~ ||® ® "° Sphagnum (TW1)
plant cover. Since this type of plant is able to influence © © with Sphagnum (TW4)
methane emissions in wetland¥o@bsson et al1999, it
would have been preferable to select sites where vascular. [
plant cover was similar and onlyphagnuntover would be TE °
different. However, in the field it became clear that vascular-’
plant cover was always higher for vegetation with8phag- = ol 4 |
num TW1, than for vegetation wit&phagnumTW4. This )
difference in vascular plant cover could be due to competition &
betweenSphagnumand vascular plants, as has been showng

by Heijmans et al(2002, making this difference a de facto = 5| i
situation that cannot be avoided, at least not in the field. & N +
The question still remains whether the observed difference
in fluxes can be attributed to vascular plant cover alone. To
investigate this hypothesis, the average methane flux of all o} % .

measurement sites was plotted against vascular plant cover, ‘ ‘ ‘ ‘
obtained from a vegetation mapping for each site, in Big. 0 20 40 60 80 100
This figure shows that, as expected, the TW4 sites show vascular plant cover (%)

lower fluxes and have a lower vascular plant cover than TW1._. .
Fig. 6. Average methane fluxes of each measurement site, plot

However, this difference in flux magnitude is not necessar- .
. . . along its vascular plant cover. The error bars denote standard errors
!Iy due to vascular plant cover. Alternatively, th_e difference along all measurement days. Although there is a difference in vas-
in fluxes from the two classes could be explained by plot-cyjar plant cover and methane flux between the two vegetation types
ting them againsGphagnuncover, since TW4 has a high  Twi1 and TW4, within each vegetation class there is no significant
Sphagnuntover and TW1 none. Therefore, it was preferred increase with vascular plant cover.
to study the relationship between vascular plant cover and
fluxes separately within each vegetation class. For each class,
Fig. 6 clearly shows that there is no pattern with vascular While this inundation reduced the relative influence of
plant cover and no significant regression could be found. Noplant transport, it introduces a new issue since water levels
tably, the second highest fluxes in the TW1 class were meawere significantly different between vegetation types. Most
sured in a plot with a vascular plant cover close to that of themeasurements in July were performed with a higher water
TWA4 plots. table for TW1 than for TW4, as shown in Fig. Since this
The poor predictability of vascular plant cover on methanehigher water table can lead to lower transport and higher ox-
fluxes was confirmed by our modeling study. Average modelidation of methaneSachs et a).2010, this could lead to
parameters for within plant oxidation were 50 % higher in differences in oxidation not related to the methanotrophic
areas withSphagnuntompared to areas witho8phagnum  bacteria associated witSphagnum However, this poten-
while only a small difference was found in plant transport. tially increased oxidation in TW1, the vegetation type with-
So, although the two vegetation types have different vasculaput Sphagnumand exhibiting the highest emissions, would
plant cover percentages, the measurements and model botiminish both the absolute methane emissions from TwW1
suggest that vascular plant cover is not the most likely pa-and the relative difference in emission between the two veg-
rameter to explain the observed differences. etation types, not increase them. Furthermore, the relative
When compared to previous research on plant transportifference between the vegetation types shows no apparent
(Joabsson and Christense200% Tsuyuzaki et al. 2001 effect of water table. While a large increase in the difference
Strom et al, 2003 Christensen et al2003 Kutzbach et al.  in water level between the vegetation types occurred between
20049, this result seems counterintuitive, but it can be ex-18 July and 23 July, the relative difference in emissions did
plained by the fact that vascular plants usually increasenot change. Moreover, the largest relative difference in emis-
methane fluxes by bypassing the aerated parts of the so#lions between the vegetation types was observed for the last
where methane would otherwise be oxidized. In this study,4 measurement days when water levels in both vegetation
no aerated soil layer, associated with methane oxidationtypes were very similar. The observed differences in fluxes
was present, since the studied vegetation types were alwayare therefore not likely to be due to a difference in surface
inundated. It is possible that this inundation reduced thewater level.
difference between net transport to the atmosphere through Although water column oxidation and plant transport were
aerenchyma and upward diffusion. As a result, the rela-not likely to explain the differences observed, an alterna-
tive contribution of plant transport to net methane emissionstive explanation to the higher emissions in TW1 than TwW4
would be smaller. might lie in a difference in methane production. Methane
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production can be increased by the exudation of substrate Thus, the results from the model and the incubation
by plants such a&riophorum (Stiom et al, 2005. While study both point towards high oxidation in tiSphagnum

the amount of substrate and methanogenic activity in the soilominated vegetation type and it is less likely that the ob-
could not be assessed due to legislative restrictions that preserved differences can be explained by methane production,
clude fast export of soil samples and limited analysis pos-within water column oxidation and plant transport alone.
sibilities at the site, methane production related to substrat& hese observations make it likely that methanotrophic bacte-
availability had to be modeled within the process model. Inria play a large role in the recycling of methane of the studied
Fig. 5, it is shown that parameter values for methane pro-vegetation type.

duction had quite similar ranges for both TW1 and TW4,
with TW1 showing slightly higher possible values (0.3 vs.
0.35uM i 1), Also, the average methane production for
TW1 was 0.19 uM h! while TW4 had a somewhat lower
average of 0.15 uM . These results suggest that it’s likely
that production of methane was higher in TW1 but the dif-

5 Conclusions

In this study, methane emissions from two inundated vegeta-
ference between the two vegetation types is not very Iargémrr]]types V\{;ahre compa(rjed. Areasfdong?atedh_tt))yt supmgrged
and possible parameter values largely overlap. This Wouquhptagnun&tNI ts_ome Ise gefhwerg oudnt 3ex ! ; (Emls;lons
indicate that methane production can only partly explain the at were two times lower than inundated vegetation domi-
difference observed between the two vegetation types. nated by sedges but withoBphagnumén incubation ?t”dy
While the measurements and model indicate that the comf—)f sgbmergecSphagnunsamples showed the.lt very high ox-
idation rates of methane, even &@ and on ice, were pos-

bination of plant transport, oxidation within the water col- — "~ "~ X X I
umn and methane production alone is not sufficient to eX_S|ble in this vegetation. This suggested that oxidation below
tthe water table in submergesphagnunis one of the key

plain the observed differences, the model did indicate tha . e ;
oxidation should be 50 % higher in TW4 than TW1 to explain processes in clarifying the difference between the two stud-
ied vegetation types.

the observed differences. Indeed, the incubation study found T ) _
very high methane oxidation rates in submer§gthagnum To assess the likelihood in which other kn(_)wn parameter_s
These high rates are not atypical when compared to oxiSuch as planttrgnsport and methane pro_ductlon could explain
dation rates for incubations of submerggghagnunsam- the o.bserve_d d|ﬁerence§, both vegetation types were mod-
ples from around the world. For example, a site from Ar- eled in detall, _toge'Fher with a sensitivity analysis on the pa-
gentina showed similar oxidation rates at’#)(Kip et al, rame_zters. While this model st_udy showed that m_ethan_e pro-
2010. Most surprisingly, the samples from the studied site duct|0n_and plant 'Fransport might be sqmewhat higher in the
still showed some methane oxidation atGland on ice. Vegetation type withousphagnumpossible values largely
No methane oxidation could be measured under those ciroVerlapped and averages were comparable. Furthermore, the
cumstances for the other samples incubatecKlyy et al. _model appgared to be much more sensitive to within plan_t oX-
(2010, who also showed, with the use of a methanotroph-!dat'on WhICh.ShOWGd average values Fhat were 50 %.hlgher
specific methane mono-oxygenase gene (pmoA)-based PCHR the vegetation type witBphagnumThis reaffirms the im-
combined with a microarrayBodrossy et a).2003, and en- portance of the activity of these methanotrophic endophytes
richment cultures, that this behavior is attributed to an unique™ Submergedsphagnum
methanotrophic bacterial community present in the North- Since most methane at this tundra site is emitted from
eastern Siberian ecosystem. Apparently, this community ighe two studied vegetation types, these results are also spa-
active over a very large temperature range, 0:20which tially important. Respective surface cover of the two vegeta-
explains why oxidation rates stay high in the cold Siberiantion types is 7 to 3 for TW1 and TW4 respectivela( der
soil. Molen et al, 2007, and this means that the vegetation type
The rates obtained from the incubation study were recal-dominated by submerge8phagnunrepresents 30 % of the
culated to fluxes per fby multiplying the oxidation rates methane-emitting surface. If we assume a ratio of 2 to 1
by the amount of dry weight perimAlthough differences in  in the emissions between the two vegetation types, it can
methane and oxygen concentrations between the lab and tH& estimated that oxidation by methanotrophic endophytes
field preclude a direct comparison to differences observed iris likely involved in 15 % of the net methane emission from
the field, they do show that there is a very high potential forthis tundra site.
methane oxidation in submerg&gphagnunif viewed under We conclude, by combining flux chamber measurements,
these ideal conditions. The conversion t gave oxidation  an incubation study and modeling, that this type of methan-
rates that were twice as high as in the field. This indicatesotrophic bacteria, that live in a cooperation with submerged
that the potential for high oxidation Bphagnunis there, al-  Sphagnumis an important factor in the recycling of methane
though caution has to be expressed to view these numbers inithin this tundra vegetation type. Although other factors
an absolute way since they are most likely overestimating thesuch as methane production and plant transport are also
real field conditions. important in determining emissions, the activity of these
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endophytic bacteria adds to a better understanding of théleijmans, M. P. D., Klees, H., and Berendse, F.: Competition be-

drivers and controls of methane emissions from tundra. tween Sphagnum magellanicum and Eriophorum angustifolium
as affected by raised Cnd increased N deposition, Oikos, 97,
415-425, 2002.
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