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Abstract. High Arctic landscapes are essentially vast cold landscapes cannot be overlooked as important consumers
deserts interspersed with streams, ponds and wetlands. Theséatmospheric Chl

landscapes may be important consumers and sources of the

greenhouse gas methane (Hthough few measurements

exist from this region. To quantify the flux of GHFcn,) be-

tween the atmosphere and high Arctic landscapes on northerh  Introduction

Ellesmere Island, Canada, we made static chamber measure-

ments over five and three growing seasons at a desert arfd@pid warming is altering polar regions at unprecedented
wetland, respectively, and eddy covariance (EC) measuretates (AMAP, 2012). Recent climate models suggest that
ments at a wetland in 2012. Chamber measurements revealdctic mean annual temperatures will rise 2.3€7by the

that, during the growing season, desert soils consumeg cHend of the 21st century (Overland et al., 2011) but upG 9
(—1.37+0.06 mg-CH m—2d-1), whereas the wetland mar- in local regions such as the Canadian Arctic Archipelago
gin emitted CH (+0.22+0.14 mg-CH m—2d~1). Desert (ACIA, 2005). Mean annual precipitation is also projected
CHa consumption rates were positively associated with soilt0 increase throughout the Arctic, resulting from the capa-
temperature among years, and were similar to temperat@i”ty of a warmer Arctic atmosphere to transport more wa-
locations, likely because of suitable landscape conditiondef from low to high latitudes (Manabe and Stouffer, 1994).
for soil gas diffusion. WetlandrFcy, varied closely with Warming and wetting of the Arctic has resulted in several
stream discharge entering the wetland and hence extent ginvironmental responses, including permafrost thaw (Froese
soil saturation. Landscape-scalen, measured by EC was ©t al., 2008), glacial and sea ice melt (Pfeffer et al., 2008),
+1.274+0.18 mg-CH m—2d-1 and varied with soil temper- increased surface runoff (Peterson et al., 2002), increased
ature and carbon dioxide flu¥cy, measured using EC was primary productivity and yegetation cover (Walker et al.,
higher than using chambers because EC measurements ig006), and enhanced cycling of greenhouse gases (GHGs),
corporated a larger, more saturated footprint of the wetlandincluding the powerful GHG methane (GHO'Connor etal.,
Using EC Fch, and quantifying the mass of GHenter- 2010), between the _atmosphere and ch_anglng Iandscape_s.
ing and exiting the wetland in stream water, we determined Both CHy production (methanogenesis) and consumption
that methanogenesis within wetland soils was the dominanfCHa oxidation, or methanotrophy) occur in Arctic terres-
source of Fcp,. Low Fcp, at the wetland was likely due trial, freshwater and marine ecosystems. Methanogenesis is
to a shallow organic soil layer, and thus limited carbon carried out by obligate anaerobic microorganisms (except in
resources for methanogens. Considering the prevalence &cean surface waters), whereas methanotrophy occurs pri-

dry soils in the high Arctic, our results suggest that thesemarily in oxic environments. In the low and high Arctic
(as defined by AMAP, 1998), there are numerous sources

of CH4 to the atmosphere, most of which are predicted to
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strengthen in a warming and increasingly ice-free environ-study represents one of the longest recordg g, in the
ment. These sources include thermokarst lakes, peatlandhjgh Arctic, and the highest northern latitude EC fidea-
lake sediments, thawing permafrost, subglacial environ-surements collected to date.

ments, CH hydrates in marine sediments and £ptoduc-

tion in ocean surface waters (Roulet et al., 1994; O’Connor .

etal., 2010; Kort et al., 2012; Wadham et al., 2012). Far more2 Materials and methods

attention has been bestowed on these sources gft€CHe
atmosphere, with proportionally less attention given to nu-

merous sinks of Chiin polar regions. Slnks_ of Ckinclude We conducted our research out of the Lake Hazen base camp
the oxic layer abqve the saturated zone in peatiands wher% Quttinirpaaq National Park, Canada’s most northerly and
CHais prod(t;c;ecjj, n gxygetntateg Watglr ctor:u;nns kOf lakes lan emote national park, on northern Ellesmere Island, Nunavut
oceans, and In dry, desert tundra solls that make up a argﬁ:ig. 1). Fewer than 15 people typically visit the site each
portion of the h'.gh Arctic Iandscgpe (Whalen and Reeburgh ear. The lower reach of the lake’s watershed is considered
1990). These sinks are equally important to understand an high Arctic thermal oasis (France, 1993) because it is pro-

quantify because they_ can both preventJrom entering e ted from coastal weather by the Grant Land Mountains
the atmosphere and directly consume atmospherg; CH and the Hazen Plateau adjacent to the lake. Much of the wa-
. Qurrently, the average atmosphenc conce_ntrauon 0§ CH tershed is typical of the high Canadian Arctic, consisting of
IS just oyerh 1800 parts pgr b'”'ct))n f(ppb) '3 the Northj a dry, mineral soil landscape with intermittent meadow wet-
ern Hemisphere, compared to a background concentratiof, i< o, ponds where water flows and collects. Following
Of.N600 ppb for the majority of the_pa_st 600 0.00 YE4rS hine months of sub-oC temperatures, snowmelt commences
(K'rSChke. et al., 2013). Alt_houg_h monitoring _the rise of at- in the watershed in late May and vegetation growth proceeds
mospheric .CH concen-trayons IS e>ftremely Important .fo.r quickly to peak biomass in mid-July before senescence to-
understanding net emissions of this powerful GHG, it is ward freezing conditions in September. Despite continuous

equally important to quantify how Chis mtgractmg with . daylight during the growing season, pronounced diurnal pat-
landscapes to understand processes driving concentrano(relmS in solar radiation exist

changes. For example, the ﬂl.JX of ¢ &Fch,) between land- We focussed our study on two common, contrasting land-
scapes and the atmosphere is the balance between metharg ’

) o . . %'ape types in the high Arctic: a dry, unproductive polar
genesis and CJ;-IOX|da}t|c_>n (consumption). Wheticy, IS desert (herein “desert”) and a moist, productive meadow
negative, the system is in a phase of netyQ@dnsumption

; wetland (herein “wetland”) (Fig. 1). Ground cover at the
(or methanotrophy), and GHs being removed from the at- egesert £ 188 ma.m.s.l.) is classified as graminoid, prostrate

motsrf)here. Wh_en po(;sm\;:,bthe syz:jen; tls tlrr: a tphasehof N€warf-shrub forb tundra (Walker et al., 2005) consisting of
methanogenesis, and Gt being added to the atmosphere. cryptogamic crust (56.1 %), lichen (11.8 %), D. integrifolia

Thush, as cI|mat(f.t_changes, t?.e stfaté;%ﬁ4 'E an);r:aco.:,ysten;] (4.8 %), moss (1.9 %), Carex nardine/Kubresia myosuroides
can have a positive or negative feedback ontne atmospheriy 3 %), Salix archea (0.6), litter (3.5%) and bare ground

pool Of.CH‘." C“”e.”“y’ there is a paucity dfcy, measure- (20.5%; Tarnocai et al., 2001). Ground cover at the wet-
ments in high Arctic ecosystems (Olefeldt et al., 2013) andland (~231mam.s.l; 2.9ha) is classified as sedge/grass,

little is known_ about how its direction and magnltude will moss meadow wetland (Walker et al., 2005) consisting of
respond as climate and landscapes change in the future. Carex, Eriophorum and graminoids (Edlund, 1994). The wet-

; ;hf glozlldof this rs\;e arrct]/ V:a?it;[lo ?ui:tﬁx?rfor trZ?nse rIand is part of the larger Skeleton Creek meadow wetland
emote fandscapes where very fitie 1S kno egarding ca ‘complex, consisting of permafrost seeps (PF sites), Skele-
bon cycling in general and CHluxes in particular. Between

; Lake, shall .g.P 11 k flowi
2008 and 2012, we measurégy, near Lake Hazen in Qut- ton Lake, shallow ponds (€.g. Pond 11) and a creek flowing

tinirpaag National Park, Ellesmere Island, Canada (84,8 through & wetland valley (Fig. 1). During a typical growing

. . .season, the creek flows into the wetland, saturates soils and
71.2# W). Using static chamber measurements, eddy covari-

. exits downstream towards Lake Hazen.

ance (EC) measurements and a mass budget analysis, we

examlnec_j spatial and temporal var|f_;1t|onslf1@H4 over this 59 Quantifying Fen,

high Arctic landscape. We hypothesized that dry, unproduc-

tive polar desert landscapes would act as a Gidk while 2.2.1 Measurement overview

wet, productive meadow wetlands would be a&durce to

the atmosphere. As elsewhere, soil moisture, and air and soifcH, has overwhelmingly been measured throughout the
temperature were expected to be important driverBg,. Arctic using static chambers because of their simplicity and
However, the high Arctic land area is substantial and rep-convenience (Parmentier et al., 2011). The EC technique
resents the extremes of environmental conditions which ar¢Baldocchi, 2003) for measurinfcH, has only been used
changing rapidly, making it a key ecosystem to examine insporadically in the high Arctic (e.g. Friborg et al., 2000)
the context of global Chl cycling. To our knowledge, this because tunable diode laser detectors or other closed path

2.1 Research site
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Figure 1. Lake Hazen base camp in Quttinirpaag National Park, Nunavut, Canadd K817&.4 W). Both the polar desert and meadow
wetland study sites are shown with static chamber, eddy covariance and aqugatai@pling locations indicated. Emphasis added to aquatic
sites upstream and downstream of the wetland. PF sites indicate permafrost seep streams and Stream sites indicate Skeleton Creek sites.

detectors require large quantities of power not readily avail-2.2.2 Chamber measurements
able in remote high Arctic locations. Recently, a low power

consuming open path Granalyser (LI-7700; LI-COR, Lin-  static, non-steady state chambers were used to quaaify
coln, NE) has appeared on the market (McDermitt et al.,5¢ the desert (2008-2012) and wetland sites (2010-2012;
2011). EC provides'cy, near continuously over short tem- fig 1) At the start of each season, we set four 25cm di-
poral scales (30 min) and large spatial scales (hectares) preymeter white PVC collars 10—15 cm into the soil within 20 m

viding great potential to focus on ecosystem-scale exchangesf each tower (the same locations each year), where they re-

temporal variations across northern ecosystems. This stud¥nclosed bare soil and two other collars enclosesh %

was part of a larger one in which we are quantifying the flux yegetation cover consisting mostly of Dryas (Fig. 1, Sup-
of the GHG carbon dioxideHco,; the balance between GO plement Fig. S1). At the wetland, four collars were placed
uptake via photosynthesis and the release of @@ecosys-  jong its margin because a boardwalk was not permitted in
tem respiration) between the atmosphere and desert (200&he National Park to access the centre of the wetland (Fig. 1,
2012) and wetland (2010-2012) landscapes using EC fligypplement Fig. S1). Each collar enclosed vegetation of sim-
towers. Towers were equipped with Campbell Scientific, Inc. |5y type and cover as the rest of the wetland. Chambers
(CSI; Logan, UT) CSAT3 sonic anemometers and LI-COR yere deployed at each site every 5 to 7 days between June
LI-7500 (open-path) and LI-7200 (enclosed-path)f@ter  and August. On sampling days, between 10:00-16:00LT,
vapour (RO) infrared gas analysers (Supplement Fig. S1).fojl-covered 18 L plastic chambers with sampling lines were
In addition toFcw, and Fco,, these tower-based EC systems piaced into a water-filled groove on the collars. At 0, 20, 40
quantified BO and energy fluxes and were equipped with ang 60 min after deployment, air inside each chamber was
sensors to measure soil temperature and moisture at 5Ciixed by syringe before chamber air was collected into an
depth (CS107B, CS616, CSI; 30 min mean each tower, eacByacuated 35 mL Wheaton glass bottle. Ambient air pres-
growing season), and other meteorological parameters (Supsyre and temperature were recorded. All samples were stored
plement Table S1). Signals from all sensors were recordegy the dark at £C until analysis at the University of Al-

as half-hour means on CSI CR3000-XT data loggers. Thawerta. We used a Varian 3800 gas chromatograph (GC) with
depth was monitored weekly at 10 points along a transect a4 flame-ionizing detector to measure the Qtncentration
each site using a steel probe. (in parts per million; ppm) of each gas sample from each

www.biogeosciences.net/11/3095/2014/ Biogeosciences, 11, 319%-2014
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chamber. Three standard-grade gases (0, 1, 54 ppm-CH EC sensors malfunctioned, returned poor diagnostic values
were used to calibrate the GC, and all samples were anake.g. during rare rain events), when wind did not pass over
ysed in duplicate. We then used the £¢bncentration, the the wetland (17.8 % of all half-hour fluxes), and when the
ideal gas law, chamber metrics, ambient pressure and tenfriction velocity fell below 0.1 ms?, similar to other stud-
perature, and the gas constant to quantify the mass af CHies (Wille et al., 2008). We also applied turbulence tests af-
enclosed by each chamber at each sampling time. Linear rder Mauder and Foken (2006) to remove the poorest-quality
gressions were used to fit relationships between sample timeffuxes (level 2) when they did occur. Half-hour fluxes that
and total masses of GHor each chamber, and root mean were beyondt3 SD of the growing season mean were also
squared errors (RMSESs) were used to assess regression peemoved. These corrections resulted in the removal of 43.8 %
formance (Kutzbach et al., 2011). Regression estimates typef total collected flux data. Measurement gaps occurred be-
ically fit well to observed Ch masses in both desert (mean tween 22 June and 1 July and between 31 July and 1 August
measured- RMSE; 11.19+0.45 ug;n = 101) and wetland when solar charging could not match power requirements.
(13.23+0.47 ug CH; n = 66) chambers. The slope of the For both chamber and E€cH, measurements, positive val-
regression line determineficy, (mg CHs m~2 hr-1) for ues represented GHemission to the atmosphere, whereas
each chamber. Fluxes from the four chambers were averageakgative values represented £¢bnsumption in soils.
to determine site daily means (mg @k—2 d—1) with the as-
sumption that there would be little diurnal variationfig, 2.3 Wetland aquatic chemistry
(supported by EC measurements; see Sect. 3.2).
We determined if there were significant dissolved A0kt
2.2.3 Eddy covariance measurements puts by Skeleton Creek into the wetland so we could exam-
ine the potential for methanogenesis within the wetland soils.

As described above, although EC technology is not new, onlyThese measurements, in combination with EC flux tower
recently has a low-power, robust Glnalyser become avail- measurements, would also allow us to construct a general
able. We had the opportunity during the 2012 growing seasorCH; mass budget for the wetland. We collected surface wa-
to deploy an LI-7700 open-path GHyas analyser on one ter upstream and downstream of the wetland every 2 to 5 days
of our two EC towers. Because we could not obtain cham-during the 2012 growing season (Fig. 1). We measured the
ber measurements in the centre of the wetland, we deployegartial pressure of dissolved GHby collecting surface wa-
the LI-7700 on the wetland EC tower to attain more repre-ter at each site into evacuated 160 mL Wheaton glass serum
sentative CH fluxes from that ecosystem than provided by bottles with butyl rubber stoppers (after Kling et al., 1991).
the chambers on the wetland’s periphery. The wetland ECEach bottle contained 8.9 g of potassium chloride preserva-
tower was positioned just outside the western margin of thetive, and 10 mL of ultra high-purity Nheadspace. Samples
wetland, leeward of the prevailing wind. Winds originated were analysed on the same GC used to analyse the chamber
from the prevailing direction for 82 % of all half-hour mea- samples, but using 0, 50, 350, and 900 ppmsGithndard
surements, and 90% of all fluxes originated from within gases. All samples were placed in a wrist-action shaker for
the wetland footprint using the Kljun et al. (2004) model. 20 min to equilibrate headspace gas with the sample. 500 uL
The LI-7700 was laterally positioned 25 cm from the sonic of headspace gas was extracted from each sample for anal-
anemometer and 1.9 m above the vegetation canopy heighysis using a gas-tight syringe. Duplicate analyses were per-
Measurements of CHmolar density, wind velocity in three formed on all samples. We used the headspacgdald con-
coordinates, sonic temperature, ambient pressure, and CQentrations from each sample, ambient and laboratory tem-
and HO mixing ratios (LI-7200) were collected at 10 Hz perature and pressure, and Henry’s Law to determine the
and logged on a LI-COR LI-7550 interface unit. dissolved CH concentration in the collected water sample.

We used EddyPro (LI-COR, v. 4.1) to calculate £180, Water was also collected at each site for analyses of general
and RO fluxes and to QA/QC data and remove outliers. Gaswater chemistry parameters, including concentrations of par-
fluxes were calculated at half-hour intervals using a blockticulate and dissolved nutrients, ions, chloroplytnd dis-
averaging approach. To correct for anemometer tilt, a dousolved organic carbon. All samples were initially processed
ble rotation was performed to force mean vertical and lat-and preserved on-site in the Lake Hazen/Quttinirpaaq Polar
eral wind components to zerdcH, data were de-spiked Laboratory and subsequently analysed using standard meth-
and corrected for time lag between the anemometer and theds at the University of Alberta’s Biological Analytical Ser-
gas analyser measurements using a covariance maximizaices Laboratory. In situ measurements including pH, dis-
tion approach. Because the LI-7700 is an open-path analsolved oxygen, water temperature, oxidation-reduction po-
yser, density fluctuations were corrected for using the Webltential and specific conductivity were also taken at each site
et al. (1980) approach. We used spectral corrections to adat time of sampling using a YSI (YSI Environmental, Yel-
just for flux loss at high and low frequencies (after Ibrom low Springs, OH) 556 MPS multi-probe system. Water flow
et al., 2007) and to correct for the spectroscopic effects ofat each site was measured every 2 to 3 days using a Pygmy
H,O (LI-COR, 2011). We removed half-hour fluxes when current meter. At each site, we chose a channelized section of
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Over several growing seasons, soils at the desert site
consumed atmospheric GHat a mean rate 1SE) of
—1.37+0.06 mg CHm2d~1 (n = 4, mean of 4 indepen-
dent collars measured 27 times each between 2008 and [.

2012), whereas the wetland site emitted fluxes of4CH (d)
(+0.22+0.14mg CHm2d~1; n = 4, mean of 4 indepen- Polar desert Wetland

dent collars measured 18 times each between 2010 anlc:Jiglure 3. Comparison of 2010-2012 growing season mean CH
2012). Desert soils c_onsstently consumed atmospher_u; CHquxes (Fon.: +1SE) measured in chambe@ and other environ-
throughout the growing season, whereas wetland soils typ- 4

. . . . mental variablegb—d), paired by site. The sampling period repre-
ically consumed atmospheric Qlédiurllng the first 2"‘,’99"5 sented by each bar spans approximately late June to early August.
of July (—0.34+0.12mg CHm~<d~+) before transition-

Letters indicate if there were statistically significant differences of
ing to a source of Chito the atmosphere (0.470.24mg  F.,, between sites using a repeated-measures ANOVA.
CHzm=2d™1) (Fig. 2). When comparing paired sampling

dates from each site between 2010 and 2012, we found

that the desert landscape consumed significantly more atmo-

spheric CH than the wetland (Repeated-measures ANOVA; flow ceased due to low water levels in ponds upstream. Once
Fa,17 =92, p <0.001; Fig. 3). These site differences in ponds returned to maximum storage, creek flow resumed on
Fch, were related to the large differences in soil mois- 16 July 2012 and eventually re-saturated the wetland margin
ture and soil temperature (Fig. 3). Daily mean soil mois- soils to levels similar to other years. Throughout the chamber
ture at 5cm depth of the desert soils was consistently neameasurement period, the desert site, relative to the wetland,
15.14+ 1.0 % v/v during the measurement period, except dur-had higher 5 cm depth soil temperature (1#.4.5°C-desert

ing short rain events. Wetland soil moisture at the same depthrs. 10.4+ 0.5°C-wetland), higher soil heat flux at 5 cm depth
was considerably higher (75423.2 %) than at the desert. (52.3+4.2 Wni2-desert vs. 15.8 1.5 W ni2-wetland)
Because the wetland was bowl-shaped, snowmelt and creeknd deeper thaw depths (&3 cm-desert vs. 2&1cm-
water saturated the centre of the wetland first before wettingvetland; Fig. 3).

the margins where the chamber collars were located. In 2012, Between 2008 and 2012 at the desert site, mean grow-
the wetland gradually dried after snowmelt because creekng seasonfFcn, ranged between-0.91 and —1.78 mg

(9%
o

Soil heat flux (W m-2)
N
(e}

(=)

Mean active layer depth (cm)
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Table 1. Mean @1SE) daily Ch flux (Fcp,) and environmental variables during the chamber measurement period of several growing
seasons at the desert and wetland sites.

Fc, n Airy PAR SHF Soily Soilr n
(mgCHym—2d1)  #) €C) (umoln?2s™l) (Wwm 2 (% VIv) °C) (daily)
Desert
2008 -1.13+0.05 4 7.3:06 520422 14.6£2.7 17.0£22 11.4:0.4 24
2009 -1.49+0.12 5 10.6:0.7 678:20 26.9+1.1 9.44+0.1 12.9+05 20
2010 —-1.54+0.07 4 9.8:06 685126 28.8+1.9 17.5£0.2 12.7405 25
2011 -1.78£020 7 9503 678+22 32.1+1.4 16901 13.740.3 34
2012 -0.91+023 7 8.1404 520432 26.5£2.0 15.4+0.1 11.14+0.4 33
Wetland
2010 -0.05£0.29 4 11.6:0.8 652424  7.8+£0.8 79.001.3 10.6+0.4 22
2011 043044 7 10.720.4 657+21  6.4+0.6 80.6-0.6 10.8+0.2 34
2012 0.16£0.14 7 9.1405 507431 8.1+0.4 582+13 8.24+0.1 33

AirT: air temperature; PAR: photosynthetically active radiation; SHF: soil heat flux at 5 cm depth; 8oiilimetric soil moisture; Sojl: soil temperature;
Fchyn indicates the number of landscape mean measurements (of four chambers) taken during each growing season (also see Fig. 2).

CHs;m2d-1 (Table 1, Fig. 2). CH consumption rates saturated the wetland landscape (Fig. 4c). The increase in
were positively correlated with soil temperatures betweenevaporative fluxes preceded the saturation of the 5 cm depth
years (2=0.97; n =5; simple correlation) but not influ- of the wetland margin, whilg“co, remained positive (net
enced by changes in soil moisturé  0.01). Consumption ~ CO, emission) for another week after this initial thaw period
rates of CH were not significantly different in chambers (Fig. 4d). CH, emissions peaked during the first 2 weeks of
with or without vegetation (RM-ANOVA;F(1 26, = 0.15, July, similar to when net CQuptake peaked. We did not

p = 0.76). Associations between within-seadg, and en-  observe significant changes in whole-wetland,@hission
vironmental factors were generally weak.28< p < 0.07; rates when Skeleton Creek flow resumed during the third
Spearman Rank Correlation; Supplement Table S2-A). Fronweek of July, and soil moisture in the wetland margin re-
2010-2012 at the wetland site, mean growing sedsggy) turned to values similar to the post-thaw period (Fig. 4a,
ranged between-0.05 and+0.43mg CHm2d~1 (Ta- c). In contrast,FcH, measured by static chambers increased
ble 1, Fig. 2). With only 3years of data, trends betweenthrough the summer with peak GHmissions at the end of
mean growing seasofcH, at the wetland site and explana- the season when Skeleton Creek flow was greatest. How-
tory variables were not meaningful. However, we do note thatever, chamber-basettn, on the wetland margin was always
years with fairer weather (air pressufe= 0.95) and warmer  lower than the fluxes measured by the EC technique, includ-
conditions (thaw depth? = 0.81; soil heat flux at 5cm depth  ing a period in early July where averagen, indicated net

r2 =0.67) seemed to be associated with greatest emission€H, uptake (Fig. 4a). Overall, seasonal variationsFih,

at the wetland. Within-season wetlafidn, was positively = measured by EC associated strongest wih, and soil tem-
correlated with mean daily stream flow in Skeleton Creekperature (Supplement Table S3).

(p = 0.72; Supplement Table S2-B.).

3.2 Eddy covariance measurements 3.3 Wetland aquatic chemistry

Fch,, measured using the EC flux tower in 2012, was be-Flow-weighted mean dissolved GHconcentrations %1
tween—0.84 and+-2.73mg CHm—2d~1 with a mean daily ~ weighted SD) in Skeleton Creek water (Table 2) decreased
Fch, (£1SE) of 1.274-0.18 mg CHm—2d~! at the wet-  from 0.005+0.004 umol % upstream of the wetland to
land (Fig. 4a) with no discernible diurnal patterns (Sup- 0.0014 0.005 pmol = downstream of the wetland between
plement Fig. S2). On days when net gldonsumption 3 July and 5 August, a decrease of 70 %. Ammonium concen-
occurred, mearfch, was —0.33+0.07mg CH m—2d-1 trations increased downstream, while nitrate concentrations
(n =9) compared to+1.76+0.14mg CHm2d~! (n= were below the analytical detection limit at both sites. Con-
29) when net Clf emission was occurring. Net uptake of centrations of dissolved organic nitrogen and carbon were
CHg4 quickly changed to net emission just after wetland soilshigher in the wetland outflow than inflow (Table 2).

rapidly thawed. Soil temperature warmed from freezing con- If we assume no net storage of ¢lih the wetland over
ditions (—1.3°C) to above PC during the first 7days of a growing season when stream flow was occurringdte
measurements (Fig. 4b). During that time, frozen moistureJune to early August), we can calculate the net production of
within soils and in snow covering the wetland thawed and CH4 (production-oxidation losses) in wetland soils using the
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Table 2. Flow-weighted mean concentrations{weighted SD) of _._ Fddy covariance @
several chemicals in Skeleton Creek water upstream and down- = 3 Static chambers
stream of the wetland during the 2012 growing season. All chem- f
icals are reported in pmolt! except for water temperaturéQ) g 2 '
and oxidation-reduction potential (mV). 3 |
£
Parameter 2012 P l}
E 0
Wetland Wetland % = %‘ %
inflow outflow change ©
Dissolved CH  0.005+0.004 0.0010.005 -70% 12
Dissolved CQ 72+29 65+ 10 -9%
NO; 0.04+0.00 0.04+0.00 0% 8
NH?{ 0.53+0.13 0.76+£0.07 42% 4
DON 19.4+1.0 22.0+0.5 13% 0
TDN 20.0£0.9 22.8+0.5 14%
DOC 497+ 28 549+ 19 10% -4
Water 7 8.1+1.6 78+£14 —-4% 80
ORP 53t 57 21+17 -60%

60

NO;: dissolved nitrate; NE{I: dissolved ammonium; DON: dissolved organic 40
nitrogen; TDN: total dissolved nitrogen; DOC: dissolved organic carbon; Water

water temperature; ORP: oxidation-reduction potential. 20

0
1.6

Table 3.Wetland mass balance (Eq. 2) of gfér the 2012 growing
season (3 July to 5 August), including stream inggt{,) and out-
put (Och,), flux of CH4 (Fcp,) from the EC tower, and estimate
of net CH, production within wetland soilNPc,).

H20 flux (mmol m-2 s°1)  Soil moisture (% v/v) Soil temperature (°C)

CO2 flux (umol m-2 s°1) Stream discharge (L s-1)

0.8
Stream flow  n  CHg transfer 0.4
8 (#
(m?) ) (9) 00
Ich, 6578 8 0.5 10 o
OcH, 5451 6 0.1 '-’,'; 3
FCH4 — 34 2 002 =
NP, - - 2002 < ¢
& 4
=
s 2
following equation:
25
X (Ich, + NPc,)daily = X (FcH, + OcH,)daily » 1) _E,'TE
T3
wherelcp, and Ocp, are the daily masses of dissolved £H i
entering and exiting the wetlandNPch, is the daily net ‘g,,g
production of CH in soils scaled to 2.9 ha of the wetland, < = o
and Fch, is the daily flux of CH from the wetland surface £ N N N B

(2.9 ha) as measured by the EC tower. Net storage ofiGH QTN Y
wetland soils during the growing season was clearly shown

via burst events in autumn at another high Arctic location

(Mastepanov et al., 2008). However, we suspect these eventggure 4. Comparison of mean daily eddy covariance and static
were less important at our site because of a substantially thinchamber CHj fluxes(a) at the wetland and several mean daily envi-
ner organic layer (see Sect. 4.2), lack of a measurablg cHronmental variablego—f) during the 2012 growing season. Shaded
burst in spring, and the absence of an autummn 6@st at  Pars highlight the period of rapid soil thaw.

our site (unpublished data), which is often coincident with
CHg, burst events (Mastepanov et al., 2018}, and Ocn,
were calculated using

2012

where [CHy1] and [CHytp] were mean concentrations of dis-
solved CH at two consecutive sampling times and V was

IcH, or OcH,(9) = ((ICH4t1] + [CHat2]) /2) - V, (2) the total volume of water that flowed through each station
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between those times. Solving fdiPcH, in Eq. (2), we es-  vegetated soils were still within a moisture range that sus-
timated that the net production of Ghh wetland soils was tained methanotrophs without restricting gas transport.
20029 CH, (2.0mg CHm~2d~1; Table 3). We also found The significant CH consumption rates at the desert
that even if dissolved CiHin Skeleton Creek was entirely through the measurement period in each year (Fig. 2) were
evaded to the atmosphere in the wetland (i.e. not oxidizedalso a function of relatively warm soil temperatures (Table 1)
within soils), it was still a very small component (L %) of since methanotrophy is a microbial metabolic process. De-
Fch, compared to net production in soils (Table 3). spite the high latitude of our site, near-surface soils were
warm with little variation through the measurement period
(Supplement Fig. S3). This region experiences low cloud
cover relative to much of the high Arctic (Thompson, 1994),

4 Discussion resulting in high daily isolation. The deep, narrow valley
structure of the watershed also retains heat more efficiently
4.1 Factors driving CH4 consumption within polar than other Arctic locales (Thompson, 1994).
desert soils

4.2 Factors driving CH4 emission from meadow
The range in mean growing seasdizn, at our desert wetland soils
site during five growing seasons—Q.9 to —1.8mg
CHsm2d-1) was similar toFcH, measured at other dry Fcy, measured in our wetland margin chamberg0 (05
soils in Arctic and temperate ecosystemsQ(to —3.5mg  to +0.43mg CHm2d~1) and using the EC technique
CHsm=2d~1; Supplement Table S4; King et al., 1997; (—0.84 to+2.73mg CH m~2d~1) were considerably lower
Smith et al., 2000; Olefeldt et al., 2013). Methanotrophsthan other low Arctic and sub-Arctic wetlands (Olefeldt
use CH as their primary carbon and energy source foret al.,, 2013; Supplement Table S4). £k produced by
metabolism and in dry soils, rates of methanotrophy are conmethanogenic bacteria as a by-product of carbon metabolism
trolled by factors that (1) deliver CHand oxygen into soils in anaerobic soil environments and several factors control
(Benstead and King, 1997; Flessa et al., 2008); (2) allow pasits production and release to the atmosphere, including (1)
sage and replenishment of these gases where methanotrop$sil moisture/water table position (Moosavi and Crill, 1997;
reside (Moosavi and Crill, 1998); and (3) facilitate heat trans-Christensen et al., 2000); (2) soil temperature (Christensen et
fer and increase soil temperatures where methanotrophs iral., 1995; Nakano et al., 2000; Strom et al., 2012); (3) veg-
habit (Christensen et al., 1999). etation species composition and primary productivity rates

The bulk density and gas diffusivity of upper soil horizons (Christensen et al., 1999; Strom et al., 2012); and (4) sub-
affect diffusion rates of atmospheric gases into soils (Smith estrate availability (Strom et al., 2012).
al., 2000). No vegetation canopy, high wind speeds and sur- Saturated, poorly draining soils may sustain anaerobic
face roughness promote the exchange of gases between thenditions crucial for methanogens and also reduce habitat
soil surface and the atmosphere by increasing the concentrder CHs-consuming methanotrophs above water tables. Soils
tion gradient for CH and oxygen from the soil to the atmo- in our wetland margin collars switched abruptly from net
sphere. The barren and flat terrain with large fetch and som&€H, consumption to net ClHemission when Skeleton Creek
surface roughness (1.5 cm) at the polar desert site would hawater saturated the previously dry organic soils. However,
promoted sustained gas exchange in this way. the EC flux tower measurement (near-constant @mhis-

Soil moisture is also a crucial factor influencing methan- sion) integrated the full wetland area, suggesting that a sig-
otrophy within dry soils. As water content increases, it nificant portion of the wetland within the flux footprint was
replaces gas-filled pore spaces, leading to reduced diffueonstantly near or at saturation following the rapid thaw pe-
sivity and thereby restricting oxygen (and @Hreplen-  riod. This also may explain the lack of correlation between
ishment required for microbial metabolism. Whalen andthe soil moisture measured at the wetland margin and tower
Reeburgh (1996) found that methanotrophic rates peakedtcpn,. Other studies have shown thBgn, may cease to re-
near 20 % soil moisture (v/v) in boreal soils before decreasdate to soil moisture once saturation occurs (Heikkinen et al.,
ing substantially towards saturation. At our desert site, soils2002), and we suspect that was the case at our site.
were sandy, well-drained, and typically between 9-16 % v/v Temperature influences GHproduction and emission
at 5cm below the surface. We found little association be-from wetlands in cold environments (van Huissteden et al.,
tween within-seasofch, rates and soil moisture, suggesting 2005). Soil temperature was strongly associated \#ith,
that desert soil moisture content was well below a thresholdmeasured by the EC tower primarily as a consequence of the
where moisture restricted gas availability for methanotrophs switch from CH, uptake to loss during soil thaw. After this
and above the threshold where desiccation restricted microperiod, soil temperatures were relatively stable, as discussed
bial activity. This conclusion was further supported by the above. Without more variation in soil temperature during the
chamber results wherBcy, was similar in chambers with  growing season, it is difficult to assess the sensitivityef,
and without vascular vegetation, suggesting that the moisteat these higher soil temperatures§-12°C). Although soil
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temperatures at our wetland were generally lower than athat limit carbon accumulation and do not support methano-
wetlands which emit large amounts of ¢k low Arctic re- genesis.
gions (e.g. Parmentier et al., 2011), we found that other high
Arctic wetlands with similar soil temperatures still emitted 4.3 CHy transport and transformations through a high
significantly more CH to the atmosphere (Christensen et al., Arctic wetland
1995; Friborg et al., 2000; Tagesson et al., 2012) than at our
site. Soil temperatures, therefore, did not appear to fully ex-The Skeleton Creek wetland complex is a typical meadow
plain the low CH fluxes at our wetland. wetland within the Lake Hazen watershed and includes soils
Several Arctic studies have demonstrated the importancand productive lakes which are potentially important CH
of plant structures and root exudates to the emission of CH emission sources to the atmosphere. Chemistry sampling of
from wetlands (e.g. Strom et al., 2012). Certain aerenchy-six aquatic sites upstream of the wetland (Fig. 1) showed sig-
mous plants are known to be important conduits o4@bl  nificant changes in dissolved GHoncentrations (Supple-
the atmosphere (e.g. Eriophorum, Carex; Strom et al., 2003)ment Table S5). Low CH concentrations occurred in per-
Plants also release carbon and nutrient-rich exudates frormafrost meltwater (PF sites), high concentrations and emis-
roots during growth, supplying methanogenic communitiession rates were observed in productive lakes (Skeleton Lake,
with key substrates. At our wetland site, vegetation cover in-Pond 11; unpublished data), and concentrations declined
cluded a substantial portion of Eriophorum and Carex specieslownstream in the creek (stream sites) and wetland areas
(Edlund, 1994) similar to other high Arctic wetlands (e.g. (wetland inflow, outflow) due to a combination of evasion
Strém et al., 2003). Sincécn, measured by the EC tower and/or oxidation. These results suggest that wetland com-
correlated best witlfco, during thaw and through the grow- plexes in the watershed are comprised of potential “hot-
ing season (Fig. 4, Supplement Table S3), this suggests eithepots” of CH; production and emission with very little lateral
plant productivity and/or plant-mediated transport of CH transfer of CH between these systems and to Lake Hazen.
may have been important in driving the seasonal variationsThis model of CH flow differs from similar studies in the
in Fcp, at the wetland. HoweverFco, rates at our wet-  south which showed greater importance of laterak @#ns-
land were comparable to other high Arctic wetlands (Fri- port in streams (e.g. Dinsmore et al., 2010).
borg et al., 1997; Tagesson et al., 2012) and others much fur- One of these “hot-spots” of CHoroduction and emission
ther south (e.g. Lafleur et al., 2012, Humphreys and Lafleurwas at our wetland site. Because Skeleton Creek delivered
2011), suggesting that plant productivity also cannot explainonly small amounts of Clito the wetland (despite high GH
low rates of CH emission from our wetland. concentrations draining from Skeleton Lake), we found that
Substrate quantity and quality are key factors supportingthe majority of CH emitted by the wetland was from GH
microbial viability in soils. Peat accumulates in cold wet- produced within its soils (Table 3). Although we did not mea-
land environments because cold temperatures restrict misure pore water Clwithin the wetland, these results suggest
crobial decomposition of fresh litter, while saturation limits that CH; emissions in the wetland were due to in situ produc-
more efficient aerobic degradation pathways. Peat can be #on exceeding oxidation, even if we assume all creek CH
high-quality carbon source for microbes in Arctic wetlands was evaded and included i, measurements. Bacterial
because of its high labile carbon content (Updegraff et al. production of CH in wetland soils was further supported by
1995). At Zackenburg, GL (74N, 20° W), where soil tem-  chemistry results downstream of the wetland which showed
peratures and C£fluxes were similar to our site, peat depths signatures of anaerobic microbial activity in the form of (1)
extended to over 30cm, encompassing most of the activéncreased NEJ :NOj ratios; (2) increases in dissolved or-
layer during the growing season (Christensen et al., 2000)ganic matter; and (3) decreases in oxidation-reduction po-
At the centre of our wetland, the organic layer was only tential. However, it is unclear if fast stream flow velocity and
7 cm thick with a sharp transition to mineral soil (Supplement short water residence times in the wetland affected ultimate
Fig. S4). Therefore, approximately one-quarter to two-thirdsconcentrations and redox potentials measured in stream wa-
of the wetland active layer was comprised of organic-poorter exiting the wetland. For example, redox potential mea-
mineral soils likely not ideal for substantial microbial activ- surements in stream water exiting the wetland+20 mV)
ity. Further, the shallow mineral soils and flow-through na- were generally higher than expected for &Zptoducing en-
ture of our wetland may have made strong oxidizing speciexironments, possibly indicating that stream flow rates were
more available for microbial communities, and thus restrict-too high to accumulate significant dissolved £&hd lower
ing methanogen activity (Lipson et al., 2012). Therefore, thisredox potentials.
wetland site, and presumably its low gEmissions, was dis-
tinguished from other high Arctic wetlands. The reason for a4.4 CHjy fluxes in the high Arctic and future climate
roughly 7-10 cm deep accumulation of organic materials at
the centre of this wetland, despite €0ptake rates compa- Most CH; studies on Arctic landscapes focus on emis-
rable to other high Arctic wetlands, may be due to its youngsion sources to the atmosphere, such as peatlands and wet-
age or could be due to other factors, such as redox conditiongands, because of their considerable coverage in the low- and

www.biogeosciences.net/11/3095/2014/ Biogeosciences, 11, 319%-2014



3104 C. A. Emmerton et al.: Growing season high Arctic methane exchange

sub-Arctic, and their important role in global GHbudgets  AcknowledgementsThis work was supported by the Canadian
(O’Connor et al., 2010; Kirschke et al., 2013). Results from Natural Sciences and Engineering Research Council (Discovery
the Lake Hazen watershed suggest thaty@dnsumption, ~ Grants Program, Northern Research Supplement, Canada Graduate
not emission, is the larger, more consistent patterdi@, Sch_olarships), Natu_ral Rgsources Canac_;la (Pola_lr Continental Shelf
in the high Arctic because of limited wetland and pond cov- Project), the Canadian Circumpolar I_n§t|tute (C_lrcumpolar Boreal
erage (Lehner and Déll, 2004). The GHonsumption rates Alberta Research grant), and Aborlglna.I.Affalrs. .and Northern
at Lake Hazen and other locations across the high Arcti Development Canada (Northern Scientific Training Program).

) . e appreciate the gracious support of the staff of Parks Canada
(Flessa et al., 2008; Lamb et al., 2011) suggest that this Cat Quittinirpaag National Park, the staff of Polar Continental

gion cannot be overlooked as an important consumer of atgpelt project-Resolute Bay, the staff of the University of Alberta
mospheric CH. For example, within Quttinirpaaq National Bjogeochemical Analytical Service Laboratory, George Burba
Park, approximately 99 % of the plant-habitable zone in theand the staff at LI-COR Biogeosciences, Claude Labine and
Park (22 672 krf) is considered to have moderate- to well- the staff of Campbell Scientific Canada Corp., Duane Froese,
drained soils (Edlund, 1994) compared to only 1 % classifiedLauren Davies, Sarah Berkel, Kimberly Rondeau, Peter Carlson,
as saturated or poorly drained soils. Considering the extenand Jennifer Graydon.

sive area of dry, upland landscapes in the broader high Arc-

tic, substantially more Cldmeasurements on dry soils are Editedby: J.-A. Subke

required to better delineate areas of £¢bnsumption and
ultimately support more robust Arctic GHnodels.

Future changes in soil temperature and moisture (ACIA,
2005) are expected to have landscape-level effects in the ArcaciA: Arctic Climate Impact Assessment — Scientific Report, 1st
tic, with some models predicting 18 % of polar desert regions Edn., Cambridge University Press, New York, 2005.
being replaced with southern tundra species by 2080, relativdaMAP: AMAP Assessment Report: Arctic Pollution Issues, Arc-
to 1960 (Sitch et al., 2003). Results from our contrasting high  tic Monitoring and Assessment Programme (AMAP), Oslo, Nor-
Arctic landscapes suggest that soil moisture, soil tempera- Way, xii+859 pp., 1998.
ture, and substrate quantity are key factors determining théMAP: Arctic Climate Issues 2011: Changes in Arctic Snow,Water,
magnitude and direction dfcy, for these landscapes. How- Ice and Permafrost, SWIPA 2011 Overview Report, Arctic Mon-

ever, future changes within each ecosystem will likely re- ggrll;g and Assessment Programme (AMAP), Oslo;&¥ pp.,

sultin dlﬂerentFCH4 responsgs. Polar desert soils are mOStIyBaldocchi, D. D.: Assessing the eddy covariance technique for
WeII.-dralned mineral SQIIS with pockets of cryoturbated or- evaluating carbon dioxide exchange rates of ecosystems: past,
ganic matter (Tarnocai et al., 2001). We found that4,CH present and future, Glob. Change Biol., 9, 479-492, 2003.
consumption rates were affected by soil temperature, buBenstead, J. and King, G. M.: Response of methanotrophic activity
not vegetation cover. Therefore, we may expect that warm- in forest soil to methane availability, FEMS Microbiol. Ecol., 23,
ing temperatures and longer growing seasons may increase 333-340, 1997.

CH4 consumption rates. Predicted increases in precipitatior£hristensen, T. R., Jonasson, S., Callaghan, T. V., and Havstrom,
and permafrost meltwater on the landscapes, at least in the M.: Spatial variation in high latitude methane flux along a tran-
short term, will likely not affect Ckj consumption rates sub- sect across Siberian and European Tundra environments, J. Geo-
stantially because of this coarse-textured soil's poor ability _PhYs- Res.-Atmos., 100, 21035-21045, 1995.

to retain water. Until the soils develop greater organic mat-C"istensen. T. R., Jonasson, S., Callaghan, T. V., Havstrom, M.,
ter content capable of retaining more water (to the point of and Livens, F. R.: Carbon cycling and methane exchange in
o . - . ) Eurasian tundra ecosystems, Ambio, 28, 239-244, 1999.
I|m|t|pg diffusivity), these 30|Is'should continue to consume Christensen, T. R., Friborg, T., Sommerkorn, M., Kaplan, J., llleris,
CH, in a warmer and wetter climate. In the wetland, our EC L., Soegaard, H., Nordstroem, C., and Jonasson, S.: Trace gas
measurements and mass budget analysis indicated that CH exchange in a high-arctic valley, 1. Variations in CO2 and CH4
emission rates to the atmosphere were very low. Although flux between tundra vegetation types, Global Biogeochem. Cy.,
warming air temperatures and permafrost thaw should sup- 14, 701-713, 2000.

port methanogenic activity in the future, until substantial or- Dinsmore, K. J., Billett, M. F., Skiba, U. M., Rees, R. M., Drewer,
ganic carbon accumulation occurs in this system, methano- J., and Helfter, C.: Role of the aquatic pathway in the carbon and
genesis and thus GHemission to the atmosphere will likely gfeenhouse gas budgets of a peatland catchment, Glob. Change
continue to be limited in poorly draining soils in the Lake Biol., 16, 2750‘276_2' 291.0' . )
Hazen watershed. The rate at which landscapes can Chané:'éﬂund’ S. A.: Vegetation, in: Resource Description and Analysis —

is an important unknown for the future cvcling of GHGs at Ellesmere Island National Park Reserve, Natural Resource Con-
L P . ycling servation Section, Prairie and Northern Region, Parks Canada,
this high latitude.

Department of Canadian Heritage, Winnipeg, Canada, 55 pp.,

References

1994.
Flessa, H., Rodionov, A., Guggenberger, G., Fuchs, H., Magdon,
The Supplement related to this article is available online P., Shibistova, O., Zrazhevskaya, G., Mikheyeva, N., Kasansky,
at doi:10.5194/bg-11-3095-2014-supplement O. A., and Blodau, C: Landscape controls of CH4 fluxes in a

Biogeosciences, 11, 30953206 2014 www.biogeosciences.net/11/3095/2014/


http://dx.doi.org/10.5194/bg-11-3095-2014-supplement

C. A. Emmerton et al.: Growing season high Arctic methane exchange 3105

catchment of the forest tundra ecotone in northern Siberia, GlobLafleur, P. M., Humphreys, E. R., St Louis, V. L., Myklebust, M.

Change Biol., 14, 2040-2056, 2008. C., Papakyriakou, T., Poissant, L., Barker, J. D., Pilote, M., and
France, R. L.: The Lake Hazen trough — a late winter oasis in a Polar Swystun, K. A.: Variation in peak growing season net ecosystem
Desert, Biol. Conserv., 63, 149-151, 1993. production across the Canadian Arctic, Environ. Sci. Technol.,

Friborg, T., Christensen, T. R., and Sogaard, H.: Rapid response 46, 7971-7977, 2012.
of greenhouse gas emission to early spring thaw in a subarcLamb, E. G., Han, S., Lanoil, B. D., Henry, G. H. R., Brummell,
tic mire as shown by micrometeorological techniques, Geophys. M. E., Banerjee, S., and Siciliano, S. D.: A high Arctic soil
Res. Lett., 24, 3061-3064, 1997. ecosystem resists long-term environmental manipulations, Glob.
Friborg, T., Christensen, T. R., Hansen, B. U., Nordstroem, C., and Change Biol., 17, 3187-3194, 2011.
Soegaard, H.: Trace gas exchange in a high-arctic valley, 2. Landkehner, B. and Doll, P.: Development and validation of a global
scape CH4 fluxes measured and modeled using Eddy correlation database of lakes, reservoirs and wetlands, J. Hydrol., 296, 1-22,
data, Global Biogeochem. Cy., 14, 715-723, 2000. 2004.
Froese, D. G., Westgate, J. A., Reyes, A. V., Enkin, R. J., andLI-COR Biosciences: LI-7700 Open Path CH4 Analyzer Instruction
Preece, S. J.: Ancient permafrost and a future, warmer arctic, Manual (v.2; 984-10751), Lincoln, USA, 2011.
Science, 321, 1648-1648, 2008. Lipson, D. A., Zona, D., Raab, T. K., Bozzolo, F., Mauritz, M., and
Heikkinen, J. E. P., Elsakov, V., and Martikainen, P. J.: Carbon diox- Oechel, W. C.: Water-table height and microtopography control
ide and methane dynamics and annual carbon balance in tun- biogeochemical cycling in an Arctic coastal tundra ecosystem,
dra wetland in NE Europe, Russia, Global Biogeochem. Cy., 16, Biogeosciences, 9, 577-591, ddi:5194/bg-9-577-2012012.
1115, doi10.1029/2002GB00193@002. Manabe, S. and Stouffer, R. J.: Multiple-century response of a
Humphreys, E. R. and Lafleur, P. M.: Does earlier snowmeltlead to coupled ocean-atmosphere model to an increase of atmospheric
greater CQ sequestration in two low Arctic tundra ecosystems?,  carbon-dioxide, J. Climate, 7, 5-23, 1994.
Geophys. Res. Lett., 38, L09703, dd:1029/2011GL047339 Mastepanov, M., Sigsgaard, C., Dlugokencky, E. J., Houweling, S.,
2011. Strom, L., Tamstorf, M. P., and Christensen, T. R.: Large tundra
Ibrom, A., Dellwik, E., Flyvbjerg, H., Jensen, N. O., and Pilegaard, = methane burst during onset of freezing, Nature, 456, 628-631,
K.: Strong low-pass filtering effects on water vapour flux mea-  2008.
surements with closed-path eddy correlation systems, Agr. ForesMastepanov, M., Sigsgaard, C., Tagesson, T., Strom, L., Tamstorf,
Meteorol., 147, 140-156, 2007. M. P., Lund, M., and Christensen, T. R.: Revisiting factors con-
King, G. M.: Responses of atmospheric methane consumption by trolling methane emissions from high-Arctic tundra, Biogeo-
soils to global climate change, Glob. Change Biol., 3, 351-362, sciences, 10, 5139-5158, df:5194/bg-10-5139-2012013.
1997. Mauder, M. and Foken, T.: Impact of post-field data processing on
Kirschke, S, Bousquet, P., Ciais, P., Saunois, M., Canadell, J. G., eddy covariance flux estimates and energy balance closure, Me-
Dlugokencky, E. J., Bergamaschi, P., Bergmann, D., Blake, D. teorol. Z., 15, 597-609, 2006.
R., Bruhwiler, L., Cameron-Smith, P., Castaldi, S., Chevallier, McDermitt, D., Burba, G., Xu, L., Anderson, T., Komissarov, A.,
F., Feng, L., Fraser, A., Heimann, M., Hodson, E. L., Houwel-  Riensche, B., Schedlbauer, J., Starr, G., Zona, D., Oechel, W.,
ing, S., Josse, B., Fraser, P.J., Krummel, P. B., Lamarque, J.-F., Oberbauer, S., and Hastings, S.: A new low-power, open path in-
Langenfeld, R. L., Le Quéré, C., Naik, V., O'Doherty, S., Palmer,  strument for measuring methane flux by eddy covariance, Appl.
P. 1., Pison, ., Plummer, D., Poulter, B., Prinn, R. G., Rigby, M., Phys. B-Lasers O., 102, 391-405, 2011.
Ringeval, B., Santini, M., Schmidt, M., Shindell, D. T., Simpson, Moosavi, S. C. and Crill, P. M.: Controls on CH4 and CO2 emis-
I. J., Spahni, R., Steele, L. P., Strode, S. A., Sudo, K., Szopa, S., sions along two moisture gradients in the Canadian boreal zone,
van der Werf, J. R., Voulgarakis, A., van Weele, M., Weiss, R. F., J. Geophys. Res.-Atmos., 102, 29261-29277, 1997.
Williams, J. E., and Zeng, G.: Three decades of global methaneMoosavi, S. C. and Cirill, P. M.: CH4 oxidation by tundra wetlands
sources and sinks, Nat. Geosci., 6, 813-823, 2013. as measured by a selective inhibitor technique, J. Geophys. Res.-
Kling, G. W., Kipphut, G. W., and Miller, M. C.: Arctic lakes and Atmos., 103, 29093-29106, 1998.
streams as gas conduits to the atmosphere — implications for TunNakano, T., Kuniyoshi, S., and Fukuda, M.: Temporal variation in
dra carbon budgets, Science, 251, 298-301, 1991. methane emission from tundra wetlands in a permafrost area,
Kljun, N., Calanca, P., Rotach, M. W., and Schmid, H.P. A simple  northeastern Siberia, Atmos. Environ., 34, 1205-1213, 2000.
parameterisation for flux footprint predictions, Bound.-Lay. Me- O’Connor, F. M., Boucher, O., Gedney, N., Jones, C. D., Folberth,
teorol., 112, 503-523, 2004. G. A., Coppell, R., Friedling stein, P., Collins, W. J., Chappellaz,
Kort, E. A., Wofsy, S. C., Daube, B. C., Diao, M., Elkins, J. W., J., Ridley, J., and Johnson, C. E.: Possible role of wetlands, per-
Gao, R. S., Hintsa, E. J., Hurst, D.F., Jimenez, R., Moore, F. mafrost, and methane hydrates in the methane cycle under future
L., Spackman, J. R., and Zondlo, M. A.: Atmospheric observa- climate change: a review, Rev. Geophys., 48, 2010RG000326,
tions of Arctic Ocean methane emissions up té 8®rth, Nat. doi:10.1029/2010RG00032@010.
Geosci., 5, 318-321, 2012. Olefeldt, D., Turetsky, M. R., Crill, P. M., and McGuire, A.
Kutzbach, L., Schneider, J., Sachs, T., Giebels, M., Nykanen, D.: Environmental and physical controls on northern terrestrial
H., Shurpali, N. J., Martikainen, P. J., Alm, J., and Wilmk- methane emissions across permafrost zones, Glob. Change Biol.,
ing, M.: CO, flux determination by closed-chamber methods 19, 589-603, 2013.
can be seriously biased by inappropriate application of lin- Overland, J. E., Wang, M., Walsh, J. E., Christensen, J. H., Kattsov,
ear regression, Biogeosciences, 4, 1005-10251@&194/bg- V. M., and Chapman, W. L.: Climate model projections for
4-1005-20072007. the Arctic, in: Snow, water, ice and permafrost in the Arctic

www.biogeosciences.net/11/3095/2014/ Biogeosciences, 11, 319%-2014


http://dx.doi.org/10.1029/2002GB001930
http://dx.doi.org/10.1029/2011GL047339
http://dx.doi.org/10.5194/bg-4-1005-2007
http://dx.doi.org/10.5194/bg-4-1005-2007
http://dx.doi.org/10.5194/bg-9-577-2012
http://dx.doi.org/10.5194/bg-10-5139-2013
http://dx.doi.org/10.1029/2010RG000326

3106 C. A. Emmerton et al.: Growing season high Arctic methane exchange

(SWIPA): climate change and the cryosphere, Arctic Monitoring Tarnocai, C., Gould, J., Broll, G., and Achuff, P.: Ecosystem and
and Assessment Programme (AMAP), Oslo, 18 pp., 2011. trafficability monitoring for Quttinirpaagq National Park (11-
Parmentier, F. J. W., van Huissteden, J., van der Molen, M. K., year evaluation), Research branch, Agriculature and Agri-Food

Schaepman-Strub, G., Karsanaev, S. A., Maximov, T. C., and Canada, Ottawa, Canada, 169 pp., 2001.
Dolman, A. J.: Spatial and temporal dynamics in eddy co- Thompson, B.: Climate, in: Resource Description and Analysis —
variance observations of methane fluxes at a tundra site in Ellesmere Island National Park Reserve, Natural Resource Con-
northeastern Siberia, J. Geophys. Res.-Biogeo., 116, G03016, servation Section, Prairie and Northern Region, Parks Canada,
doi:10.1029/2010JG001632011. Department of Canadian Heritage, Winnipeg, Canada, 78 pp.,
Peterson, B. J., Holmes, R. M., McClelland, J. W., Vorosmarty, C. 1994.
J., Lammers, R. B., Shiklomanov, A. ., Shiklomanoy, I. A., and Updegraff, K., Pastor, J., Bridgham, S. D., and Johnston, C. A.: En-
Rahmstorf, S.: Increasing river discharge to the Arctic Ocean, vironmental and substrate controls over carbon and nitrogen min-
Science, 298, 2171-2173, 2002. eralization in northern wetlands, Ecol. Appl., 5, 151-163, 1995.
Pfeffer, W. T., Harper, J. T., and O’'Neel, S.: Kinematic constraints van Huissteden, J., Maximov, T. C., and Dolman, A. J.: High
on glacier contributions to 21st-century sea-level rise, Science, methane flux from an arctic floodplain (Indigirka lowlands,
321, 1340-1343, 2008. eastern Siberia), J. Geophys. Res.-Biogeo., 110, G02002,
Roulet, N. T., Jano, A., Kelly, C. A, Klinger, L. F., Moore, T. R, doi:10.1029/2005JG000012005.
Protz, R., Ritter, J. A., and Rouse, W. R.: Role of the Hudson-Wadham, J. L., Arndt, S., Tulaczyk, S., Stibal, M., Tranter, M.,
Bay lowland as a source of atmospheric methane, J. Geophys. Telling, J., Lis, G. P., Lawson, E., Ridgwell, A., Dubnick, A.,
Res.-Atmos., 99, 1439-1454, 1994. Sharp, M. J., Anesio, A. M., and Butler, C. E. H.: Potential
Sitch, S., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A., methane reservoirs beneath Antarctica, Nature, 488, 633-637,
Cramer,W., Kaplan, J. O., Levis, S., Lucht, W., Sykes, M. T.,  2012.
Thonicke, K., and Venevsky, S.: Evaluation of ecosystem dynam-Walker, D. A., Raynolds, M. K., Daniels, F. J. A., Einarsson, E.,
ics, plant geography and terrestrial carbon cycling in the LPJ dy- Elvebakk, A., Gould, W. A., Katenin, A. E., Kholod, S. S.,
namic global vegetation model, Glob. Change Biol., 9, 161-185, Markon, C. J., Melnikov, E. S., Moskalenko, N. G., Talbot, S.
2003. S., and Yurtsev, B. A.: The Circumpolar Arctic vegetation map,
Smith, K. A., Dobbie, K. E., Ball, B. C., Bakken, L. R., Sitaula, J. Veg. Sci., 16, 267—-282, 2005.
B. K., Hansen, S., Brumme, R., Borken, W., Christensen, S.,Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R.,
Priemé, A., Fowler, D., Macdonald, J.A., Skiba, U., Klemedts-  Ahlquist, L. E., Alatalo, J. M., Bret-Harte, M. S., Calef, M. P,,
son, L., Kasimir-Klemedtsson, A., Degodrska, A., and Orlan-  Callaghan, T. V., Carrol, A. B., Epstein, H. E., Jonsdottir, I. S.,
ski, P.: Oxidation of atmospheric methane in northern European Klein, J. A., Magnusson, B., Molau, U., Oberbauer, S. F., Rewa,
soils, comparison with other ecosystems, and uncertainties inthe S. P., Robinson, C. H., Shaver, G. R., Suding, K. N., Thomp-
global terrestrial sink, Glob. Change Biol., 6, 791-803, 2000. son, C. C., Tolvanen, A., Totland, O., Turner, P. L., Tweedie, C.
Strém, L., Ekberg, A., Mastepanov, M., and Christensen, T. R.: The E.,Webber, P. J., and Wookey, P. A.: Plant community responses
effect of vascular plants on carbon turnover and methane emis- to experimental warming across the tundra biome, P. Natl. Acad.
sions from a tundra wetland, Glob. Change Biol., 9, 1185-1192, Sci. USA, 103, 1342-1346, 2006.
2003. Webb, E. K., Pearman, G. I., and Leuning, R.: Correction of flux
Strém, L., Tagesson, T., Mastepanov, M., and Christensen, T. R.: measurements for density effects due to heat and water-vapor
Presence of Eriophorum scheuchzeri enhances substrate avail- transfer, Q. J. Roy. Meteor. Soc., 106, 85-100, 1980.
ability and methane emission in an Arctic wetland, Soil Biol. Whalen, S. C. and Reeburgh, W. S.: Consumption of atmospheric
Biochem., 45, 61-70, 2012. methane by Tundra soils, Nature, 346, 160-162, 1990.
Tagesson, T., Molder, M., Mastepanov, M., Sigsgaard, C., TamstorfWhalen, S. C. and Reeburgh, W. S.: Moisture and temperature sen-
M. P., Lund, M., Falk, J. M., Lindroth, A., Christensen, T. R., sitivity of CH4 oxidation in boreal soils, Soil Biol. Biochem., 28,
and Strom, L.: Land-atmosphere exchange of methane from soil 1271-1281, 1996.
thawing to soil freezing in a high-Arctic wet tundra ecosystem, Wille, C., Kutzbach, L., Sachs, T., Wagner, D., and Pfeiffer, E. M.:
Glob. Change Biol., 18, 1928-1940, 2012. Methane emission from Siberian arctic polygonal tundra: Eddy
covariance measurements and modeling, Glob. Change Biol., 14,
1395-1408, 2008.

Biogeosciences, 11, 30953206 2014 www.biogeosciences.net/11/3095/2014/


http://dx.doi.org/10.1029/2010JG001637
http://dx.doi.org/10.1029/2005JG000010

