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Abstract. Accurate estimates of annual budgets of methaneman et al., 2007), arctic wetlands betweeri BGand 75 N
(CHa) efflux in arctic regions are severely constrained by theare estimated to contribute 23 Tg g~ (Zhuang et al.,
paucity of non-summer measurements. Moreover, the in2004). However, the rapid changes already occurring in arc-
complete understanding of the ecosystem-level sensitivity otic regions such as atmospheric warming, permafrost degra-
CH,4 emissions to changes in tundra moisture makes predicelation, and hydrologic change in conjunction with the es-
tion of future CH, release from the Arctic extremely diffi- timated 1672 Pg carbon stored in northern permafrost soils
cult. This study addresses some of these research gaps i§yarnocai et al., 2009) all have the potential to dramatically
presenting an analysis of eddy covariance and chamber mealter the arctic wetland CHcontribution (Abelson, 1989;
surements of Chlefflux and supporting environmental vari- Serreze et al., 2000; Trenberth et al., 2007; Hinzman et al.,
ables during the autumn season and associated beginning 8005). There are already signs that the vast arctic soil car-
soil freeze-up at our large-scale water manipulation site neabon pool is becoming more available for decomposition and
Barrow, Alaska (the Biocomplexity Experiment). We found release to the atmosphere (potentially as/Ctle to these
that the autumn season gEmission is significant (account- ecological changes (Oechel et al., 1993; Walter et al., 2006;
ing for 21-25% of the average growing season emission)Schuur et al., 2009). Thus, it is imperative to understand po-
and that this emission is mostly controlled by the fraction tential changes in ClHemissions from the Arctic under likely

of inundated landscape, atmospheric turbulence, and the decenarios of climatic change in order to better forecast the
cline in unfrozen water during the period of soil freezing. global CH, budget. In this study we approach this research
Drainage decreased autumn g£éission by a factor of 2.4 topic from a hydrologic point of view on the Arctic Coastal
compared to our flooded treatment. Flooding slowed the soiPlain of Alaska, investigating how experimentally manipu-
freezing process which has implications for extending ele-lated tundra moistures affect landscape-scalg €Hissions.
vated CH emissions longer into the winter season. We also focus on the autumn season, for which there remains
considerable uncertainty in contribution to the annual,CH
budget, both now and under altered tundra moistures.

1 Introduction 1.1 Tundra moisture and CH4 emission

Methane (CH) is a potent greenhouse gas, exhibiting ap- Moisture, temperature, and labile carbon supply are known
proximately 25 times the 100-yr global warming potential to be the major factors influencing Ghbroduction in wet-

of CO, (Rodhe, 1990; Forster et al., 2007). £Emitted  lands (Christensen et al., 2003), but the sensitivity of;CH
from wetlands is the largest single source of atmospheriemissions to these factors remains uncertain (Walter and
CH4 world-wide (Denman et al., 2007). Of the estimated Heimann, 2000). Wetland Gfmissions are predicted to be
100-231Tg CHyr—1 emitted from wetlands globally (Den- highly sensitive to climate change (Roulet et al., 1992; Walter
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and Heimann, 2000), and this may be especially true for arcis beset by two key uncertainties: the direction of moisture
tic regions because in addition to changes in temperaturehange and the sensitivity of emissions to this change.
and precipitation, the hydrological regime of arctic ecosys- Our study was conducted at the Biocomplexity Experi-
tems is likely to be substantially impacted due to permafrostment (“BE”) site near Barrow, Alaska, which was initiated
thaw. Increases in active layer thickness and evapotranspto examine the whole-ecosystem effects of altered tundra
ration may lead to better drainage and a general lowering ofmoistures on carbon storage and release in this arctic wet-
the water table. On the other hand, ground subsidence corland by directly manipulating the water table at the ecosys-
nected to the thawing of ice-rich permafrost (thermokarst)tem level (Zona et al., 2009; Olivas et al., 2010; Lipson
may result in more areas of poor drainage and high wateet al., 2010; Goswami et al., 2011). This study is unique
retention (Schuur et al., 2008; Smith et al., 2005; Jorgen-n that most observational and experimental studies of CH
son et al., 2001). The hydrological trajectory of permafrostflux in arctic tundra have been conducted at the chamber-
regions remains unclear, as changes have currently been obr sub-meter scale, identifying controls at the microtopo-
served in both directions, showing increased moisture or ingraphic level (e.g. Morrissey and Livingston, 1992; Whalen
creased drying depending on local conditions (Smith et al.and Reeburgh, 1992; Christensen, 1993; Christensen et al.,
2005; Jorgenson et al., 2006; Plug et al., 2008; Riordan eP003; Kutzbach et al., 2004; Mastepanov et al., 2008; von
al., 2006). Fischer etal., 2010; Sachs et al., 2010). These studies are ex-
A lowered water table typically reduces glmissions tremely important to advance our understanding of the con-
due to a higher ratio of aerobic/anaerobic respiration in thetrols and drivers of spatial variability in emission rates. How-
soil column and the oxidation of GHproduced in deeper, ever, chamber-based studies have shown large variation in
anaerobic soil layers as it diffuses through the oxygen-richCH4 emissions over short distances and therefore landscape-
surface layer (Whalen and Reeburgh, 1990). Howeverscale studies using eddy covariance measurements are crucial
graminoid vegetation is known to provide a conduit forCH to integrate the effects of small-scale processes and spatial
through CH-oxidizing soil layers via roots and stems such heterogeneity, but these studies are much fewer in number
that emissions have been highly correlated with vasculafFan et al., 1992; Friborg et al., 2000; Corradi et al., 2005;
species cover and root density (Joabsson and Christensew/ille et al., 2008; Sachs et al., 2008). To date, only one
2001; von Fischer et al., 2010). This effect has been specifother arctic wetland study has experimentally attributed dif-
ically noted forCarex aquatilisand Arctophila fulva(Mor- ferences in CH flux to landscape-scale hydrologic change,
rissey and Livingston, 1992; Kutzbach et al., 2004), two although conducted in a different region (the Siberian Arc-
widespread species in wetlands of the Arctic Coastal Plaintic) and using chamber measurements (Merbold et al., 2009).
of Alaska. Bellisario et al. (1999) found an inverse relation- Therefore, our study at the BE provides extremely valuable
ship between water table position and £flix in a Canadian  information on the effects of large-scale changes in tundra
northern peatland, and that greater vascular plant cover wagoisture conditions on ecosystem-level £flixes on the
most responsible for higher emissions. Previous water tablérctic Coastal Plain of Alaska by using both chamber and
manipulations have also shown mixed effects of altered wateeddy covariance measurements.
tables on northern wetland GHlux. Merbold et al. (2009)
experimentally drained a 400 m diameter region of wetland1.2 Autumn season CH emission
tundrain the Siberian Arctic which reduced average; @ik
to less than 4 % of their inundated control plot. However, A major shortcoming of most of the studies on £e&mis-
experimental water table draw-down in a northern peatlandsions from arctic tundra are the lack of shoulder (spring and
near Quebec, Canada showed a general reduction in CHautumn) and winter season measurements, due in large part
emissions but not for low-lying microtopographic sites, andto the difficulty in maintaining measurements during these
the high spatial variability in emissions from these sites ob-times. The shoulder seasons represent transitions between
scured a clear relationship between water table angl fltid high summer emissions and low winter emissions. Most pre-
(Strack and Waddington, 2007). Previous results from ourvious investigations study the growing season, basing yearly
own site in 2007 showed a non-linear effect of water tableestimates entirely from this time period (e.g. Sebacher et
on CH, emission (Zona et al., 2009). Increases in inundational., 1986) or extrapolating reduced fluxes throughout the off-
depth (height of water above the surface) were found to haveeason (e.g. Christensen, 1993). Recently, more arctic stud-
a depressive effect on GHlux, probably due to increased ies have begun to extend GHlux measurements into the
diffusive resistance, whereas decreases in water table beloautumn (e.g. Merbold et al., 2009; Wille et al., 2008; Mas-
an already oxic surface layer led to only a minor decreasdepanov et al., 2008), but these studies are few and show sub-
in flux. Finally, studies of thermokarst lakes in Siberia and stantial variation in emissions as well as different rates of
Alaska suggest that thermokarst lake formation may signifi-change from growing season fluxes. Merbold et al. (2009)
cantly increase Cldemissions via Chiebullition from more ~ showed a sharp decline from large summer emissions as air
deeply thawed lake sediments (Walter et al., 2007). Thustemperature dropped toward zero, while other studies with
forecasting future Chlemissions for arctic wetland regions more modest summer fluxes have shown gradual autumn
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declines (Sachs et al., 2008; Wille et al., 2008). One study insonally thawed ground) ranging from 30 to 90 cm (Bockheim
the Greenland Arctic (Mastepanov et al., 2008) showed veryet al., 1999). Small-scale topography (microtopography) is
large emissions during the period of soil freezing, suggestdargely attributed to polygon-patterned ground created by the
ing that our current understanding of the seasonality of CH formation and expansion of long, intersecting ice-wedges
flux in arctic regions may need revision. Understanding thewhich push up soil to either side as they develop (Leffing-
rate and timing of the shoulder season transitions across theell, 1919). The Gelisol soils in this region are reworked,
Circumpolar Arctic is critical to improving annual estimates unconsolidated Quaternary marine sediments (Black, 1964)
of CHjy flux for this biome. Also, understanding the sensitiv- with major taxons of Typic Aquiturbel, Typic Histoturbel,
ity of these seasonal transitions to altered moisture regimeand Typic Aquorthel (Bockheim et al., 1999). Vegetation is
is important for accurate and sophisticated forecasts of feeddominated by grasses, sedges, and mosses along with a few
backs between arctic greenhouse gas emissions and globptostrate dwarf shrubs (Muller et al., 1999; Raynolds et al.,
climate change. 2005). Snow melt typically occurs in the first week of June
In this study we investigated ecosystem-level sCiilix and freeze-up occurs in late September and October. Mean
during the autumn season of 2009 under manipulated soifinnual air temperature and precipitation (1971 to 2000) are
moisture conditions, representing among the first of these-12°C and 106 mm, respectively. The climate near Barrow
measurements outside the growing season. An opportunity tés generally representative of other coastal arctic wetland re-
use pre-production versions of a newly developed open-patlgions in the North American and Eurasian Arctic in terms of
CH,4 analyser allowed us to conduct autumn eddy covariancenean annual air temperature, but is generally much lower in
measurements, capturing landscape-scalg fiites during  precipitation than the Eurasian Arctic. Mean summer tem-
the decline in temperature and onset of soil freezing wherperature (June to August) is 3G (+£1.0s.d.), and mean
most biological activity in this arctic landscape decreasesautumn temperature (September and October)-3s1°C
markedly. We also present chamber measurements gf CH(+2.5s.d.). The year 2009 was warmer than average; sum-
flux during the autumn of 2007 which allowed us to investi- mer and autumn air temperatures were°€and—1.2°C,
gate how small-scale variations in inundation status help toespectively. Most of the precipitation in this region accu-
explain landscape-scale fluxes. Our goals were to (1) undemulates between June and September (74.Hn28.8 s.d.).
stand the ecosystem-level effect of experimentally raised oPrecipitation during these months in 2009 was also greater
lowered water tables on autumn gemissions, (2) quantify than average (95 mm).
the importance of autumn GHemissions in relation to typ-
ical 100-day growing season estimates, and (3) identify the2.2 Biocomplexity Experiment site
most important environmental factors controlling the transi-
tion between summer and winter Glémissions. Accord- CHa fluxes were recorded at the Biocomplexity Experiment
ing to previous research during the growing season at thisite (Fig. 1). The BE is located within the Barrow En-
site (Zona et al., 2009), we expected water table height to bironmental Observatory about 6km east of Barrow vil-
a key controller of CH flux, with the largest emissions ob- lage and 6.5km south of the Arctic Ocean {¥72.6"N,
served for water tables just above the surface. In addition, wd 56°3545.6"W). The BE is centered on a vegetated thaw
expected that the transition between late summer and earligke basin estimated to have drained 50 to 300yr before
winter CH, flux would largely be controlled by temperature, present (Hinkel et al., 2003).
as soil temperature was found to be the greatest driver of vari- Thaw lake basins form when one of the numerous and typ-
ation in CH; emissions during the growing season (Zona etically shallow lakes in this region drains as a result of several
al., 2009). Finally, as microtopographical variation in water potential mechanisms, such as stream capture or erosion of
table was found to be in important control on the ecosysteman outlet channel (Cabot, 1947; Carson, 1968). The lakes
respiration from this site (Zona et al., 2011), we expected itoriginate due to local permafrost thaw and wind-driven ex-
to play a significant role in landscape-scale k. pansion (Cabot, 1947; Carson, 1968). After drainage, the
basin undergoes a several thousand year evolution of ice
wedge polygon growth, changing soil characteristics, veg-

2 Site description etation colonization and succession, and perhaps lake re-
formation or partial capture by another lake during the cycle
2.1 General region (Billings and Peterson, 1980; Hinkel et al., 2003; Jorgen-

son and Shur, 2007). An aerial view of the Barrow Penin-
The BE is located on the North Slope of Alaska near thesula (and the Arctic Coastal Plain of Alaska in general) re-
village of Barrow (Fig. 1 inset). The terrain in this re- veals a collage-like landscape of lakes and vegetated drained
gion consists mostly of poorly drained, acidic, wet meadowbasins that drained at various times in the past 5500 yr (Car-
tundra of minimal relief. This area is underlain by con- son, 1968; Hinkel et al., 2003). Together, thaw lakes and
tinuous permafrost to depths greater than 300m (Breweryegetated thaw lake basins account for 66—72 % of the land
1958) with active layer thickness (maximum depth of sea-surface in the Barrow region (Hussey and Michelson, 1966;
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Alaska

Fig. 1. Oblique aerial view of the Biocomplexity Experiment site. The wind rose in the top left of the image shows the wind direction
histogram for the autumn period of 2009 (19 August to 25 October). The lower plots show microtopographical differences along the
boardwalks measured by DGPS.

Frohn et al., 2005), making this site generally representativeBoardwalks run along the western edge of the basin as well

of a large proportion of the Arctic Coastal Plain. as in three east-west transects to enable frequent sampling in
The BE basin (Fig. 1) is approximately 1.4 km lordup each section without damage to the tundra. An eddy covari-

to) 0.4km wide, oriented in a north-south direction. The ance tower is located in the western part of each section, as

basin is of minimal relief, with the lower portions of the basin Prevailing winds are from the east.

set less than 1.5m below the surrounding tundra. Within

the basin therfe is low to moder_ate ice wedge po_lygon.de—3 Materials and methods

velopment which, along with microtopography (Fig. 1 in-

set), decreases from north to south. Vegetation is domi3 1 \water table manipulation

nated bySphagnunmosses and wet and moist vascular com-

munities Carex Aquatilis Eriophorum scheuchzefupon-  The objective of the manipulation was to increase the wa-

tia fisherii, Arctophila fulvg (Olivas et al., 2010). Average ter table by 15c¢m in the North (flooded) section, decrease

vegetation height is 15-30cm above the nearly continuoushe water table by 15cm in the Central (drained) section,

moss layer. The organic layer in the Biocomplexity basinand use the South section as a control or intermediate wa-

is approximately 12—15 cm thick and is underlain by a silty, ter table. Treatment was conducted by pumping water from

marine-derived mineral layer (Lipson et al., 2010). Active ponded low-center polygons in the Central (drained) section

layer thickness at this site is comparable to other drainedo the North (flooded) section using high capacity pumps and

lake basins in the area. In 2009, average active layer thickhoses, beginning immediately after snowmelt and until sur-

ness for the control/intermediate moisture section of the BEface water could no longer be removed (due to water removal

was 34 cm, which was similar to the 1995-2009 average ofas well as the natural drop in water table as thaw depth in-

Barrow-area drained lake basin tundra (36£h0s.d.) pre-  creased). In 2008 and 2009 additional water was pumped

sented by Shiklomanov et al. (2010). from a nearby pond into the North (flooded) section to main-
In the spring of 2007 the BE basin was divided into three tain the water table in this section. Evaluation of the water

sections (North, Central, and South) by dikes. Two sets ofchemistry of this pond was similar to standing pond water in

dikes were inserted into the permafrost extending from thethe BE basin with low nutrient content (\Hand PQ)) and

east to west edges of the basin to restrict the movement opH similar to equilibrium with the atmosphere (D. Lipson,

water toward the natural drainage at the southern end (Zongersonal communication, 2011).

et al., 2009) and to isolate the water tables in each section.
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3.2 Eddy covariance instrumentation

Fluxes of CH, COy, and HO were measured at a height

= % it o T i i i
- \\&i e = . of 1.9m above the moss layer using typical eddy covari-
o g 0 =N /1 S Falla B ance instrumentation with the addition of a newly devel-
T RV i o oped open-path CHanalyser. Flux data were taken at
£ B 0[N (fooded) '\k;,. i @”_.-‘\Th'ick e simulaed 1 10Hz and recorded with a datalogger. Three-dimensional
| ¢ Cdrained) B, gt e W wind speed and virtual sonic temperature were collected with

a CSAT3 sonic anemometer (Campbell Scientific, Logan,
Utah, USA). Molar densities of COand HO were col-
lected with an open-path LI-7500 infrared gas analyser (LI-
COR Biosciences, Lincoln, NE, USA). GHnolar density
was measured with a pre-production version of the now-
commercial open-path LI-7700 GHanalyser (LI-COR Bio-
sciences, Lincoln, NE, USA). The pre-production units used

Date (mm/dd) . . . . . . .
in this study were nearly identical to the final production in-

Fig. 2. Water table positiorfa) measured during the growing sea- struments and have shown performance characteristics well-
son (points) and simulated in the autumn using an empirical modekuited to eddy covariance measurements (McDermitt et al.,
(lines) until the refreezing of the active layer. The additional thick- 2010).

ened line for the Central (drained) section shows an independently The |1-7500 and LI-7700 gas analysers were calibrated

simulated water table using the relationship between measured W&efore and after the study period via a 2-point linear equa-

ter table and soil moisture in the top 10 cm of soil during the grow- _. . L
ing season. Error bars show standard error of the mean. The Iowetlon' Ultra high purity nitrogen was used as the zero fouCH

panel(b) shows cumulative adjusted precipitation and cumulative {:02' and RO. High precision gases with certification accu-

potential evapotranspiration from 15 June 2009 (used in the watef@Ccy <1% were used as span values for'zC(-4 ppm in a
balance model). balance of VOC-free air) and Gd750 ppm in a balance of

nitrogen). The span value forJ® was generated with a LI-
610 dew point generator (LI-COR Biosciences, Lincoln, NE,
Although treatment activities were maintained in all three USA) using a dew point 5C below ambient air temperature.

years of the manipulation (2007, 2008, and 2009), interan- The CH, analysers were installed at the BE on 19 Au-
nual differences in water availability and climatic conditions gust 2009. We intended to have the use of three of the pro-
caused the treatment effects to differ between years and frortotype LI-7700 sensors to collect GHux measurements in
target values (see Olivas et al., 2010 for a detailed history okach of the three manipulation sections during the autumn.
the water table manipulation prior to 2009). In 2008 and However, instrument damage resulted in the immediate loss
2009 the desired direction of change for all sections wasof the Central (drained) section prototype, leaving sensors at
achieved, for the entirety of the 2008 growing season and afonly the North (flooded) and South (intermediate) sections.
ter late July in 2009. For the early- to mid-2009 growing sea-Shortly before we received a replacement instrument for the
son, high water tables were maintained in the North (flooded)Central section on 9 September, the prototype LI-7700 in the
section but the early-season removal of water from the CenSouth section was damaged as well. Unfortunately, there
tral (drained) section did not create a significant differencewas not another replacement for the South section. Since
in water table between the Central and South (intermediate}he South (intermediate) site was not a true control and there
sections (see Fig. 2a). We do not know the exact reasongere only two available instruments, we felt the most worth-
for this, as water pumped from the Central (drained) sectionwhile comparison would be between the wettest (North) and
effectively increased the water table in the North (flooded)driest (Central) conditions. Therefore, the periods of4CH
section. In late July of 2009, we decided to add water to theflux measurement for each manipulation section were as fol-
South section and remove it as a “control” in order to dif- lows: North (flooded) section from 19 August to 25 October,
ferentiate the Central (drained) and South water tables. WeSouth (intermediate) section from 19 August to 7 September,
felt that it was more scientifically valuable to evaluate the and Central (drained) section from 9 September to 25 Oc-
ecosystem at different water tables than to adhere to the conteber. For clarity in presentation, most environmental data
cept of a control, since we cannot definitively argue that itfrom each section will only be reported for the concurrent
remained unaffected by the manipulation. Water table differ-CHj flux measurement periods.
ences among all three sections were achieved after 29 July.

3.3 Eddy covariance CH, flux computations

Half-hourly flux calculations of Cll carbon dioxide, wa-
ter vapour, energy, and momentum were made using the
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eddy covariance method (Baldocchi et al., 1988) and code®.4 Chamber-based CH flux
in MATLAB v. 7.12.0 (Mathworks, Natick, Massachusetts,
USA). Prior to covariance computations for each half hour,We also present chamber-based ,C#ux measurements
the sonic anemometer coordinate frame was double-rotatethken in the autumn of 2007 from 13-18 September. Al-
to align with the mean streamline and signals from sep-though these measurements were taken during a different
arate sensors were time-aligned by maximizing the crossyear and with a different manipulation effect than our 2009
correlation between vertical wind speed and scalar conceneddy covariance measurements, the small-scale spatial rela-
tration. Appropriate corrections were applied for the simulta-tionships we observed between soil moisture and f in
neous vertical transfer of heat and water vapour (Webb et al.pur 2007 chamber measurements help to explain our ecosys-
1980; McDermitt et al., 2010) as well as for high frequency tem scale results of 2009. The flux chamber (65cm diam-
spectral loss due to sensor separation and path length aveeter; 50 cm high) was deployed on the soil surface at each
aging (Moore, 1986). A footprint model (Hsieh et al., 2000) of 12 locations along the western 200 m of the boardwalk in
was used to determine the typical upwind distance contributeach manipulation section (see Fig. 1 inset). The chamber
ing to the flux, and identified that under typical conditions was equipped with fixed clear plastic tubing (1 mmID and
80 % of measured fluxes could be attributed to the first 1353 mm OD; 100 cm long) for the air sampling and a fan for
of tundra upwind from the tower. mixing of air sample. Four air samples were drawn from
Quality control was applied pre- and post- flux compu- the headspace in the chamber at approximately 10-min in-
tation (see Supplement A for a breakdown). Raw 10Hztervals after chamber deployment. The 10 ml samples were
data were de-spiked> standard deviations from the run- collected using a 50 ml plastic syringe at a rate of 5ml per
ning mean) and removed of periods clearly demonstratingninute to a 10 ml vial. The vials were transferred to the lab-
error due to heavy fog, mist, rain, or snow. Computed fluxesoratory for the analyses of G@nd CH, concentrations with
were filtered according to stationarity and integral turbulencea gas chromatograph equipped with a thermal conductivity
characteristics tests following Foken at al. (2004). Fluxesdetector (TCD-GC, GC-14B Shimadzu Ltd., Japan), a col-
calculated under low turbulence conditions (friction velocity umn packed Porapack Q (80/100 mesh) and a flame ioniza-
<0.1ms 1) or when winds originated from outside the ma- tion detector (FID-GC, GC-14B Shimadzu Ltd., Japan) with
nipulation footprint were excluded. molecular sieve 13 (80/100 mesh), respectively. Calibra-
Finally, the overall integrity of the fluxes passing auto- tions of CG and CH, were done with a series of standard
matic quality control was assessed by the flux cospectrggases containing 3387, 491+ 10 and 500@: 100 ppmv of
and energy budget closure. Evaluation of the flux cospectraCO; in synthetic air (Scott Gas Co., USA) and 0#9.016,
showed good agreement with the empirical curves of Kaimall.61+ 0.02 and 2.43 0.048 ppmv of CH in synthetic air
et al. (1972). Energy budget closure included terms for sen{Scott Gas Co., USA), respectively. Precisions with the cal-
sible and latent heat fluxes, net radiation, and soil heat fluxjbration ranges were usually better than 2%. The flux was
and averaged 84 % prior to the onset of soil freezing, which iscalculated from the gradient of the relationship between gas
better than the average closure reported for eddy covarianceoncentration and sampling time with a correlation coeffi-
studies (79 %; Wilson et al., 2002). After soil freezing be- cient above 0.99 and linear curve (Kim and Tanaka, 2003;
gan, energy closure averaged 159 %; however, this is consiKim et al., 2007). During the flux-measurement, volumet-
tent with additional energy release during the phase changéc soil moisture in the top 6 cm of soil was measured with
from liquid water to ice within the soil column (Tanaka et a portable soil-moisture logger (HH2, Delta-T Devices, UK)
al., 2003; Guo et al., 2011) in relation to low net radiation with sensor (ML2, Delta-T Devices, UK).
values.
After quality checks and exclusion of fluxes originating 3.5 Environmental measurements
outside the manipulation area, a total of 1481 half-hourly
flux measurements (all three sections combined) were reEddy covariance measurements were accompanied by a suite
tained for analysis (see Supplement A). On average, this repef environmental measurements, which are recorded year-
resented 25 % of the time a GHnalyser was stationed in round in the vicinity of each tower and within the manipu-
each manipulation section, which is not surprising given thelation footprint. Air temperature and relative humidity were
adverse weather conditions and shifting winds (see Fig. Imeasured at 1.6 m height with a HMP45C probe with radi-
inset) experienced at this site during the study period. Noation shield (Vaisala, Helsinki, Finland). Atmospheric pres-
substantial difference existed between the proportions of resure was measured at the Central tower with a PTB 101B
tained daytime and night-time measurements, nor did theslectronic barometer (Vaisala, Helsinki, Finland). Tempera-
number of retained measurements differ greatly between sedures at the soil surface (within the moss layer), 1cm, 5cm,
tions during the concurrent measurement periods. 10cm, 20cm, and 30 cm depths were measured with type
T thermocouples. The standard calibration instruction for
the type T thermocouple was applied in the CR23X data-
logger. During the autumn of 2009 we experienced a loss
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of the thermocouple at 10 cm depth in the North sectionanc ™ ' ' " Siface
those below 5 cm in the South section; therefore we are miss 8 —s— M ffloaded)

ing data at these locations and depths. Soil moistures wer ©@ G (drained)
recorded at three depth increments (0-30cm, 0-10cm, an -10f ‘%~ 8 ntemedite) fop-down -,

freeze front
20-30cm) with 30 cm-long CS616 time domain reflectome- = -15¢

o

try probes (Campbell Scientific, Logan, Utah, USA). The 0—= -}

o

30 cm depth soil moisture probes were inserted vertically intog s |
the soil while the probes for the other two depth ranges were
inserted diagonally to integrate soil moisture over the mea-
sured depth. Uncalibrated volumetric water contents were

............. .+ 'battam-up
- freeze front

A0k

a5tk

. . . L thaw depth thaw-GHF t file
converted to % saturation by unfrozen moisture (% of avail- 4 measurements > elationshit™ € intariiation
able pore space occupied by unfrozen water) by applyinc 0B/24 0708 07/22 0805 08419 0902 0916 0930 10414 10728

a linear scaling equation which forces a maximum value to Date (mm/dd)
100 % and forces a minimum value to 8-14 % saturation dur-Fig 3. Thawing and freezing fronts measured during the grow-
'”9 winter, depending On_ depth. Maximum values were Ob'ing season and simulated for the autumn. Points indicate thaw
tained from data at the site when the water table was knownyeni measurements and lines show simulated thawing and freez-

to be above the sensor level and thaw depth below the senng fronts. From 19 August to 19 September, the thawing front was
sor level, and minimum values were obtained during win- simulated with ground heat flux measurements. After 19 Septem-
ter at the coldest soil temperatures. Data from Hinzman eber, the thawing and freezing fronts were reconstructed by inter-
al. (1991) (soil porosity and minimum unfrozen volumetric polating between the dates when the temperature at a specific soil
moisture content during winter) were used to calculate thedepth decreased consistently belo® Error bars show standard
minimum % saturation for the organic and mineral layers. error of the mean.
A 1.5m tripod housed radiation instruments measuring: up-
welling and downwelling photosynthetically-active radiation ) )
(PAR, 400-700 nm) with LI-190 quantum sensors (LI-COR 19 August until 21 September after top-down soil freez-
Biosciences, Lincoln, NE, USA), and net radiation (0_25_ing began. It is reasonable to assume that water tables in
60 um) with a Q7 net radiometer (REBS, Bellvue, Wash- the manipulation sections did not change subst_ant_ially aﬁer
ington, USA). Ground heat flux at 2cm depth was aver- 21 September because of the low amounts of liquid precip-
aged over five HFT3 ground heat flux plates (REBS, Be”vue,itatior) and evapot_ranspiration after this date. Prior to re-
Washington, USA). Finally, a TR-525M tipping rain gauge freezing of the active layer (before 19 Septgmber), average
bucket measured liquid precipitation (Texas Electronics, Dal-thaw depths (Fig. 3) were reconstructed using the relation-
las, Texas, USA). These environmental variables were meaship between thaw depth and cumulative ground heat flux
sured at 1 Hz and averaged into half-hour blocks. (see Fig. B1in Supplement B). From 19 September to 28 Oc-
During the growing season (prior to the autumn mea-tober, soil freezing fronts (Fig. 3) in the North (flooded) and
surement period), thaw depth and water table position Wer@entra_l (drained) section_s were reconstructed by i_nterpolat—
recorded each week every 4 m along the entire length of thé"d Soil temperature profiles (Fig. 4a and b). We did not re-
east-west boardwalks traversing each section. Thaw deptRonstruct South (intermediate) freezing fronts due to the ab-
was measured by inserting a pointed, graduated metal rogence of flux data after 7 September.
into the ground until reaching frozen soil. Water table po-
sition was measured relative to the surface (top of the greed.6  Statistical analysis
moss layer) using 2.5 cm perforated PVC tubes installed in
the permafrost. Measurements of thaw depth and water tabl®ata were statistically analysed using the MATLAB v. 7.12.0
position were not continued past 19 August (the start of theStatistics Toolbox on the daily averaged eddy covariance
autumn measurement period) as support personnel were rélux data (v = 33 for North (flooded);N = 23 for Central
duced to a minimum at the end of the growing season. How-{drained); N = 10 for South (intermediate)) and individual
ever, approximate values of these two variables were reconehamber measurement§ & 36). The minimal diurnal pat-
structed for the autumn period using relationships with othertern observed in eddy covariance fluxes of Cdlowed us
measurements derived during the growing season. to compute daily averages as long as three hours of data
Supplement B gives a detailed description of the meth-were present. We used t-tests to compare, @hixes be-
ods used to reconstruct water table and soil thawing/freezingween manipulation sections (paired t-test by date) or cham-
dynamics. To summarize, we developed an empirical 1-ber measurements grouped by other factors (2-sample t-tests,
dimensional water balance equation fit with data from theunequal variances). Correlation analyses were used to iden-
growing season and propagated it forward into the autumn atify environmental variables contributing to the variation in
a daily time step. Average water table positions (Fig. 2a)CHg flux in each manipulation section. One measurement of
were reconstructed from the last field measurements omarticularly low CH; flux measured by eddy covariance in
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Fig. 4. Soil temperature profilesa(andb) and unfrozen moisture  Fig. 5. Half-hourly eddy covariance CHflux measurements and

saturationsd andd) in the North (flooded; left column) and Central selected daily average environmental measurements.

(drained; right column) sections during the period of soil freeze.

Note that the soil temperature sensor at 10 cm depth in the North

section was non-functional during this time. The vertical dotted high winds corresponded to relative drops in pressure. Winds

line indicates the date of last non-rejected flux measurements. were predominantly from the east but ranged from all sectors
(Fig. 1 inset).

) ) On 19 August, field measurements showed the average
the Central (drained) section was excluded from the correlay 4ier table was 9.9 cmi12s.d.) above the surface in the
tion analysis because it served as an outlier with strong influyqrh (flooded) section, 2.5 cra6.2 s.d.) above the surface
ence that obscured meaningful relationships. Stepwise multiz, ihe South (intermediate) section, and 6 ch5(2s.d.) be-
ple linear regression was used to identify the fewest and mosy,y the surface in the Central (drained) section (Fig. 2a). Al
ecologically relevant combination of environmental variables ., oan differences were highly significant £ 0.001). Re-
explaining the variation in ecosystem-level £fux. Anal-  gjts from our empirical model extending the growing season
pha level of 0.05 was used for all statistical procedures. measurements showed that differences among the manipula-
tion sections continued into the autumn, and the water tables
in all sections rose substantially due to the late August rainy

4 Results ) : : ;
period. The average water table in each section rose steadily
4.1 Environmental conditions during the autumn until 3 September at which point it generally levelled off un-
of 2009 til top-down soil freezing began around 21 September. Our

model estimated that the average water table in the North
Mist and fog were common throughout the autumn, presen{flooded) section remained 16—18 cm above the surface, the
on average about 4h of every day according to records aBouth (intermediate) section 7-9 cm above the surface, and
Wiley Post-Will Rogers Memorial Airport (approximately the Central (drained) section just above the surface in the
6.5 km west of the BE). There was a relatively rainy period in range of 1-4 cm.
the early autumn; of the 51 mm liquid precipitation measured Although the water table in the North (flooded) section
at the site during the autumn, 43 mm fell between 23 Augustwas approximately 8 cm higher than the South (intermediate)
and 3 September (Fig. 5d). Light snow fell intermittently section during the early autumn, the more variable topogra-
after 19 September and heavy snow began falling on 21 Ocphy in the North section (see Fig. 1 inset) resulted in a sim-
tober and lasted to the end of the study period (25 October)ilar proportion of inundated surface for both sections (due
Long term snow accumulation at Wiley Post began on 16 Oc+o polygon rims remaining above surface in the North sec-
tober and reached 15cm by 25 October (Fig. 5d). Air tem-tion and a water table above the surface in the generally flat
perature generally fell throughout the study period, droppingSouth section). Using the surface elevations along the board-
consistently below 0C after 19 September and reaching a walk in each section to calculate the proportion of the surface
minimum daily average of-8°C on 21 October (Fig. 5b). which would be inundated (below the water table) for the
Wind speeds varied greatly, ranging from calm conditionsaverage water table positions during the concurrent North—
to a daily average maximum of 12.7 m's(Fig. 5¢), and  South measurement period (19 August to 7 September), we
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found that approximately 82 % of the surface was inundated CHj fluxes in the North (flooded) section generally contin-
in the North section compared to 86 % in the South sec-ued at early autumn levels until 21 September after top-down
tion. These calculated proportions agreed with our water tasoil freezing had begun, at which point emissions notably
ble measurements taken every 4 m along the boardwalk durdeclined. There were, however, short periods of increased
ing the growing season when the water tables showed simiCH4 emissions, up to 96 mg CHn—2d~1, which appeared
lar values. Later, during the concurrent North-Central mea-to coincide with high wind speed events and were noted
surement period prior to soil freezing (9-21 September), theeven after the soil surface was frozen. Central (drained)
proportion of inundated surface in the North (flooded) sec-section CH fluxes, although significantly lower than the
tion had risen slightly to 90 %, whereas during this time only North section, exhibited the same trend, averaging 13.3
67 % of the Central (drained) section was inundated due tq+4s.d.)mg CHm~2d~1 prior to soil freezing and declin-
the lower water table and moderate microtopography. ing thereafter, although the decline in Central sectiony CH
In response to the manipulation treatment during the grow{flux immediately after soil freezing began was not as pro-
ing season, our simulated continuation of average thaw depthounced as the North section. The Central section also ex-
into the autumn showed variation among the treatmentdibited peaks in Chl emission that corresponded with high
(Fig. 3). At the beginning of the autumn study period on winds, but the peaks were lower in magnitude than those of
19 August, average thaw was deepest in the North (floodedihe North (flooded) section. During the period of concurrent
section at 34 cm«4.5s.d.), intermediate in the South (in- North-Central CH flux measurements (9 September—25 Oc-
termediate) section at 29 cra-4 s.d.), and shallowest in the tober), the North (flooded) section emitted £&t approxi-
Central (drained) section at 26 cat3.5s.d.). All mean dif- mately 2.4 times the rate of the Central (drained) section and
ferences were highly significanp (< 0.001). Our modeled this difference was statistically significant (paired t-test on
thaw estimated this trend to continue until maximum thaw daily averaged fluxeg; < 0.001). Both the North and Cen-
was reached on 19 September, when we estimated the Nortial sections continued to emit small amounts of4Gii the
section reached an average thaw of 38 cm, the South sectiognd of the study period~14 mg CHym=2d~! in the North
to 34 cm, and the Central section to 29 cm. and~7.5mgCHm~2d1 in the Central), even though the
Soil temperatures dropped rapidly towart@beginning  soil temperature profiles indicated that the top-down freezing
19 September and the active layer subsequently began free#font was deeper than 5cm in the North section and deeper
ing. Temperature profile measurements (Fig. 4a and byhan 10cm in the Central section.
showed that the top-down and bottom-up freezing fronts in Because of the large proportion of rejected half-hourly
the North (flooded) section lagged behind those of the Cenmeasurements, we were not able to gap-fill,.GlDx mea-
tral (drained) section. On 21 October (the last date of non-surements in order to statistically compare daily averages of
rejected fluxes), we estimated that& cm thick layer of soil  CO, and CH, eddy covariance flux. However, we did not no-
in the Central section remained completely unfrozen com-tice a strong relationship between half-hourly £&hd CH,
pared to about 23 cm in the North section (Fig. 3). fluxes during the autumn.
Similar to the freezing front behaviour, declines in un-
frozen soil moisture due to soil freezing in the North 4.3 Relationship between environmental variables and
(flooded) section lagged behind the Central (drained) section autumn CHg flux
(Fig. 4c and d). Dates at which the 0—10cm, 0-30cm, and
20-30 cm unfrozen soil moistures approached minimum |evJ:0r each manipulation Section, we performEd a correlation
els were 31 October, 10 November, and 13 November, re2nalysis to identify the main environmental drivers of vari-
spectively, in the Central section compared to 7 Novemberation in average daily Ciiflux during the autumn. For the
18 November, and 14 November, respectively, in the NorthNorth (flooded) section, we found that GHux was most

section. strongly correlated with unfrozen soil moisture in the top
30cm in an exponential relationship £ 0.74, p < 0.001,
4.2 Eddy covariance CH, flux Fig. 6a). This relationship represented the decline iny CH

emissions as soil water in the active layer froze. We also
In the early autumn (until 7 September), gldmissions found a moderate correlation between L£ftux and fric-
were similar between the North (flooded) and South (inter-tion velocity,u*, (r = 0.48, p = 0.004, Fig. 6b), which cor-
mediate) sections (Fig. 5a) and showed no temporal trendiesponded to increased emissions during strong winds. In
The North section CHflux averaged 33.742.6s.d.) mg a multiple regression between environmental variables and
CHsm2d-1 during this time, only 3.3mgCiHm—2d-1 log(CH;s flux), unfrozen soil moisture in the top 30cm and
greater than the South section on average (South averagéiction velocity explained 62 % of the variability{= 24.7,
30.4+3.3s.d.mgCHm2d1). A paired t-test compar- p < 0.001). Adding other variables to the regression model
ing the daily average CHflux between North (flooded) and only increasek? by a few percent.
South (intermediate) sections indicated this difference was For the Central (drained) section, daily average,@lHx
not statistically significantf = 0.11). was most strongly correlated with (r = 0.66, p < 0.001;
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and the relationship between eddy covariance @itk and friction  Fig. 7. Measured daily average GHluxes (points) along with mod-
velocity (b). The circled point was an outlier removed from the €led fluxes derived from multiple regression results (lines). The in-

correlation analysis. Error bars represent standard error of the mea§€t plot compares measured and modeled fluxes to a 1:1 relationship
(North model R2 = 62 %, p < 0.001; Central modeR? = 60 %,

p < 0.001, South modek? = 58 %, p = 0.01).
Fig. 6b), followed closely by an exponential relationship with

unfrozen soil moisture in the top 30 cm=£ 0.62, p = 0.002, . .

Fig. 6a). In a multiple regression model of log(Hux) small chamber scale<l m diameter) wh.|ch have relevance
and environmental parameters, and unfrozen moisture in 10 the~100m scale of the eddy covariance measurements
the top 30 cm explained 60 % of the variability, and no other©f 2009. Figure 8a shows the relationship between soil
environmental variables were found to significantly add to Moisture and chamber GHlux. The pattern of Cll emis-

this model. sion showed no relationship with soil moistur&%(= 0;

Although the period of measurement for the South (inter-? = 0.89) until the soil was completely saturated (water ta-
mediate) section was short, we found the strongest correlaP!€ at or above the surface), at which point there V‘éas_? very
tion to occur between daily average @Hux and the square  large range of emzlss?ns from just over 10 mg4Chi = d
of the wind speedr(= 0.76, p = 0.01), which was similar {©© 200mgCHm™=d™". This was in contrast to the strong
to the relationships betweert and CH; flux observed for ~ relationship between CHemission and soil moisture ob-
the North and Central sections (wind speed is highly cor-Served for the eddy covariance data of 2009 (Fig. 6a). How-
related withu*) (Fig. 6b). No other environmental variable €Ver: the chamber data address how spatial variation in inun-

added significantly to the variability explained by wind speed dation state at the microsite level informs upon ecosystem-
(R? = 58 %). integrated CH flux, whereas the soil moisture-GHlux re-

Comparison of the expected fluxes from the regressiodations_hip in t_he eddy covariance data represents the effect of
models with measured fluxes (Fig. 7) showed that the Nortihe soil freezing process.
section regression underestimated the increase ip ftid Inundated sites (soil moisture 100% saturated)
during windy periods (wind speed is highly correlated with Showed a much higher average chamber 4CHux
«*). In the half-hourly data, we noticed# threshold of ~ (78.4+16.4s.e.mgChim—>d~") than unsaturated sites
about 0.4 ms! above which the variance in GHlux for the  (25.3£6.3s.e.mgClim~2d™*) and were up to 8 times
North and Central sections increased (there was not enougfigher than the average Ghe¢mission of unsaturated sites.
data at high turbulence to evaluate this for the South secThis pattern was seen for both the North and Central
tion) and the relationship betweeri and CH, flux for the sections, which for this year were the only sections with
North section became increasingly non-linear. In the NorthSaturated sites during the autumn (the water table in the
section, the regression model overestimated; @tkes af- South section was lower than the North and Central sections
ter soil freezing began (except for windy periods), failing to in 2007, Olivas et al., 2010). A two-sample t-test comparing
capture the immediate decline in fluxes as the surface frozednsaturated(= 19) and saturatedn (= 17) sites showed
There was no substantial bias in the regression residuals fdhe difference in Chl emission was highly significant

the Central or South sections. (p =0.006, unequal variances). Unsaturated sites in the
North and Central sections tended to be polygon rims (see
4.4 Chamber measurements Fig. 1 inset), and grouping sites which were clearly polygon

rims (n = 7) or the centers of low-center polygons=£ 15)
Although our chamber measurements of Lftux at the  in these sections also showed a highly significant difference
BE were taken over a few days prior to soil freezing dur- (p = 0.007), with polygon rims showing the lowest GH
ing the autumn of 2007, we noted spatial patterns at theemission.
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Fig. 8. Relationship between chamber measurements of ikt tion is a mechanism of Chtelease at this site.

and soil moisturga) and thaw depth(b) taken between 13 and L
18 September 2007. Note that in this year, the South section showefi-> Autumn CHy4 emission budget
a much lower water table than the North and Central sections dur-
ing the growing season. Lines fh) show the best fit between GH  In order to obtain rough estimates for the amount of,CH
flux and thaw depth for sites with water tables at or above the suremitted outside the typical summer measurement period, we
face (only in the North and Central sections). used our regression models (Fig. 7) to gap-fill missing eddy
covariance measurements of daily £Hux for the North
(flooded) and Central (drained) sections of the BE in 2009.
Average chamber CH fluxes measured in each We loosely define the autumn as late August to late Octo-
section between 13 and 18 September in 2007ber, which follows the convention adopted by Euskirchen et
were as follows: North section CHflux averaged al. (2006) involving the transition from positive to negative
71.4+£20.4s.e.mgChim~2d-1,  corresponding with near-surface soil temperatures. However, in order for the es-
75% of the sites saturated. Central section4CiHix  timates for the North (flooded) and Central (drained) sections
averaged 48.816.3s.e.mgChim=2d~1, corresponding to be comparable, we limited our estimates to the concurrent
with 67 % of the sites saturated. Finally, the South sec-measurement period (9 September to 25 October). For the
tion CHs flux averaged 31.Z9.4s.e.mgChim=2d~1, 46 days between 9 September and 25 October, we estimated
corresponding with none of the sites saturated. that the North (flooded) section emitted 1.1 g43H2 while
The large range of emissions when the water table was athe Central (drained) section emitted 0.5 g2, We did
or above the surface was further explained by a positive renot estimate the autumn GHux in the South (intermediate)
lationship with thaw depth (Fig. 8b). For sites with water ta- section due to the lack of data during the freezing period.
bles above the surface in the North and Central sections, thaw We estimated a 100-day growing season total of
depth explained 85 %p(< 0.001) and 72% g = 0.007),re-  2.4g CH,m~2 from average eddy covariance measurements
spectively, of the variability in Ciiemission. There was no taken at the BE during June and July of 2007 (Zona et al.,
observed relationship between chamber-measured sail CO2009). The year 2007 was a warm and dry year for Bar-
respiration and Ciflux. row, and average water tables and thaw depths at the BE dur-
After the chamber measurements (18 September 2007)ng the growing season of 2007 were similar to the Central
air temperature dropped below @ and a thin layer of ice (drained) section in the growing season of 2009, although
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soil temperatures at 10 cm depth were generally warmer irsite (Sachs et al., 2008; Wille et al., 2008) were similar to
2007. Average emissions at the BE at the end of July 200%urs.

were similar to emissions in the North (flooded) section atthe The manipulation during the 2009 growing season at the
beginning of our 2009 autumn measurement period (19 Au-BE successfully differentiated the water tables in the North
gust). Therefore, we think our 2009 autumn estimate for the(flooded), Central (drained), and South (intermediate) sec-
Central (drained) section presents a probably conservativions, and we simulated that significant differences contin-
comparison to the growing season estimate of 2007, amountded in the autumn. Although the average water table in the
ing to 21 % of the 100-day Ciflux. North (flooded) section was well above the South (intermedi-

We also compared our North (flooded) autumn Citix ate) section in the early autumn, North and South, @flux
estimate of 2009 to an estimate we calculated from grow-Were very similar. Thus, there was no reduction inGldx
ing season chamber GHluxes taken by Rhew et al. (2007) Wwith increased inundation depth, which is contrary to pre-
during 2005 at the BE prior to the water table manipula- Vious observations at this site (Zona et al., 2009) and noted
tion. The growing season of 2005 was climatically very sim- by a few other authors (Sachs et al., 2010; Jauhiainen et al.,
ilar to 2009 and conditions at the BE were mostly wet or 2005). However, our autumn results align with the work of
flooded. From the average June and August measuremengithors who found null or positive relationships between in-
by Rhew et al. (2007), we calculated a 100-day growing seaundation depth and CHemission (e.g. Morrissey and Liv-
son CH; flux estimate of 4.4gClHm—2. Comparing our  ingston, 1992; Heyer et al., 2002; Parmentier et al., 2011).
North (flooded) section autumn emission of 1.1 g/t 2 A higher water table above the surface (greater inundation
to this wet/flooded growing season estimate yielded& % depth) increases the diffusive resistance between the soil sur-
autumn contribution, which is very similar to the 21 % we face and the atmosphere and also may cover the areas of a
calculated for the drier tundra scenario. plant where CH diffusing through aerenchyma exits. How-
ever, studies investigating plant-mediated transport differ in
their conclusions on the portions of the plant which trans-
port CH, to the atmosphere. For example, Kelker and Chan-

5 Discussion ton (1997) found that virtually all Cidwas released in the
lower 15 cm of the plant while Schimel (1995) concluded that
5.1 Controls on CHs flux leaves were the dominant pathway of £Hlease. There-

fore, it has been suggested that the differing conclusions of
We have presented some of the first ecosystem-scale me#hese studies may be a result of other factors such as plant
surements of autumn GHlux in the Arctic under manipu-  phenology, CH concentration in pore water, and soil tem-
lated moisture conditions. The GHlux rates we measured perature (Kutzbach et al., 2004), all which differ substan-
in the North (flooded) and South (intermediate) sections durdially between the early growing season and the autumn, and
ing the early autumn of 2009 were lower than growing sea-may explain why deeper inundation was found to inhibit;«CH
son values measured at this site (Zona et al., 2009), as wet#mission in the early season (Zona et al., 2009) but not in the
as chamber measurements in the vicinity of Barrow (von Fis-ate season (this study).
cher et al., 2010) and eddy covariance measurements in sim- Based on our chamber measurements during the autumn
ilar tundra on the Arctic Coastal Plain of Alaska (Vourlitis of 2007 and knowledge of the site, we propose the similar
et al.,, 1994). Our emissions were substantially lower thanCH, emissions between the North (flooded) and South (inter-
early autumn chamber-based measurements from arctic wetnediate) sections were due to the greater degree of polygon
land tundra in northern Siberia (Corradi et al., 2005; Mer- development in the North section (Fig. 1), which resulted in
bold et al., 2009), but were quite similar to measurementsncreased inundation depth in localized areas but only small
in Siberia and Greenland using eddy covariance (Friborg ethanges in the proportion of inundated landscape. Greater
al., 2000; Wille et al., 2008; Sachs et al., 2008) and cham-polygon development implies that polygon rims may remain
bers prior to soil freezing (Mastepanov et al., 2008; Sachsabove the water table even if the average water table is well
et al., 2010). Our early autumn 2009 eddy covariance meaabove the surface (as in the North section). They form drier
surements were generally lower on average than our chammicrosites that presented lower gEmission. On the other
ber measurements between 13 and 18 September 2007. THisind, even a small increase in average water table above the
could be due to the fact that chamber measurements wersurface could result in nearly complete inundation in a land-
made in a different year with different climatic conditions. scape with very low polygon development (as in the South
It could also be connected to a localized increase iny CH section, Fig. 1). Thus, even though the water table in the
ebullition (e.g. Fig. 9) instigated by the slight disturbance North section was on average8 cm higher than the South
to the surface by the chamber measurement. Chamber meduring the early autumn, similar proportions of the landscape
surements of 2007 showed similar magnitude and variatiorwere inundated. Our chamber observations showed a large
in CHy flux at the microsite level to the Sachs et al. (2010) increase in Ch emission when the water table was at or
study for which eddy covariance measurements at the samabove the surface, which agrees with many previous chamber
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studies (e.g. Bubier et al., 1993, 1995; von Fischer et al.of inundated landscape, contributed to the more than dou-
2010) due to greater anaerobic/aerobic respiration ratio irble ecosystem-scale GHemissions compared to the Cen-
the soil column and substantial reduction in microbial,CH tral (drained) section. The slightly thicker active layer in the
oxidation. The landscape-level Gle¢mission should be re- North section compared to the South (intermediate) may be
lated to the proportional coverage of the surface type withwhy the North section emitted GHat a slightly elevated rate
the greatest emission rate (Forbrich et al., 2011; Parmentiefalthough not statistically significant) compared to the South
et al., 2011), and since the proportions of inundated surfaceection in the early autumn of 2009, even though we esti-
were nearly identical in the North and South this explainsmated the South section to have a slightly greater coverage
why emissions were similar. of inundated surface.

The significantly reduced CHemissions in the Central The strong correlation we found between ecosystem-level
(drained) section compared to the North (flooded) section(eddy covariance) CiHflux and unfrozen moisture satura-
was also consistent with the relative proportions of inun-tion in the top 30 cm of soil indicated the declining availabil-
dated surface, which was significantly lower in the Centrality of unfrozen water (and therefore anaerobic respiration at
section due to moderate polygon development and an aveinundated sites) during the soil freeze period (Panikov et al.,
age water table only a few cm above the surface, leaving 2006; Oechel et al., 1997), which corresponded with declines
significantly higher proportion of sites above the water table.in landscape-scale CHflux for both the North (flooded)
The large Siberian tundra drainage experiment by Merbold eaind Central (drained) sections. The eddy covariance mea-
al. (2009) also showed a late summer/early autumn increassurements presented by Wille et al. (2008) for a comparable
in water table to just above the surface in their drained treatsite in the Lena River Delta, Siberia extended to a similar
ment. At this point, the Chlemissions in their drained treat- point in the cold season and also showed a gradual decline
ment notably increased from near-zero levels to the generah emissions after soil freezing began. At the end of the
range of pre-freeze emissions in our Central (drained) secstudy period, the North section continued to emit higher lev-
tion, although the emissions in their inundated control whereels of CH, than the Central¢14 vs.~7.5mg CHm—2d1,
still much higher. respectively), consistent with the lag in freezing front pro-

We observed no clear relationship between our half-hourlygression and greater unfrozen water still present at inundated
CO; and CH; eddy covariance fluxes in 2009, nor between sites in the North section. Thus, the greater inundation depth
chamber measurements of soil £@spiration and Chiflux and associated deeper thaw in the North section resulted in
in 2007. This result was consistent with the observed highlonger availability of unfrozen water and elevated {inis-
availability of dissolved Fe (lll) in pore water at the BE, and sions into the early winter compared to better drained tundra.
its importance as an alternative electron acceptor in the pro- Soil temperature is known to strongly control microbial
duction of respired C®under anaerobic conditions (Lipson activity and CH, flux in arctic tundra (e.g. Morrissey and
et al., 2010). Thus, the significant capability of this ecosys-Livingston, 1992; Christensen et al., 2003; Merbold et al.,
tem for anaerobic respiration of GOnay mask the small 2009; Wagner et al., 2007). A strong dependence of, CH
increase in aerobic C{respiration for a few centimeters of emission on soil temperature was indeed noted during the
soil above the water table. growing season at this site (Zona et al., 2009), so we expected

The importance of thaw depth as a control onsGHhis-  similar results for the autumn. However, we did not find that
sion (Fig. 8b) is in agreement with previous studies (e.g. Fri-soil temperature helped to explain the variability in autumn
borg et al., 2000; von Fischer et al., 2010; Zona et al., 2009) CH4 emissions. We do not think that the lack of an influential
It is well-documented that a greater amount of unfrozen wa-relationship between soil temperature and,Gdx is due to
ter increases heat conduction to deeper soil layers and deep-diminished response of this system to soil temperature dur-
ens thaw during the growing season (e.g. Drew et al., 1958ing the autumn. Rather, the generally high soil moistures
Hinzman et al., 1991; Shiklomanov et al., 2010). Deeperand associated latent heat storage caused a long soil freezing
thaw due to greater soil heat conduction in wetter conditiongperiod where soil temperatures were restricted to né&r 0
is supported at our site by the strong relationship betweerfor a large proportion of the study. As a result, our obser-
cumulative ground heat flux and thaw depth (see Fig. B2 invations show that the autumn transition in £éhissions is
Supplement). Soils in this region maintain high organic car-more controlled by the availability of unfrozen water at in-
bon contents throughout the top 100 cm of soil (Bockheimundated sites during soil freeze-up than soil temperature, and
et al., 1999), therefore a larger volume of unfrozen soil pro-by large atmospheric turbulence favouring the escape af CH
vides a greater amount of organic carbon available for defrom freezing soil layers.
composition (Vourlitis et al., 1993; Zona et al., 2009). £H The positive relationship we observed between friction ve-
fluxes measured by chambers in this study showed that muclocity (strongly correlated with wind speed) and £eimis-
of the variation in CH flux at water tables above the surface sion has been noted before for other eddy covariance studies
could be explained by thaw depth, supporting that the greatein arctic and sub-arctic tundra (Fan et al., 1992; Sachs et al.,
active layer thickness in the North (flooded) section, in con-2008; Wille et al., 2008). Greater atmospheric turbulence
junction with greater inundation depth and greater proportiondisturbs emergent vegetation which may facilitate ebullition,
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the instantaneous release of £blbbles trapped within the with a more pronounced seasonal pattern (e.g. high sum-
soil or on surfaces below the water table (e.g. Fig. 9). Mor-mer emissions and sharper late summer declines, Merbold
rissey and Livingston (1992) observed that winds of ap-et al., 2009; Whalen and Reeburgh, 1988). Whalen and
proximately 10 ms? or greater instigated CHebullition in Reeburgh (1988) showed that only 10 % of the mean annual
Alaskan arctic tundra and several studies have noted the imEH, flux for high summer-emitting sites occurred outside the
portance of ebullition as a GHemission pathway in temper- thaw period, which is much lower than our estimate for the
ate and arctic wetlands (e.g. Goodrich et al., 2011; Walter eautumn only. However, our estimate of the autumn contribu-
al., 2006; Desyatkin et al., 2009). We did not find that atmo-tion is similar to the site of the Wille et al. (2008) study which
spheric pressure improved the gflux variability explained  showed only slightly more elevated growing season emis-
by soil moisture and*. However, high wind events corre- sions compared to the autumn and a gentle decline after soil
sponded to relative drops in pressure (Fig. 5c¢), which alondgreezing began, such that they estimated that winter emis-
with u* has been suggested to be one of the main triggers o$ions accounted for 35 % of the annual flux. In a year-round
CHg ebullition (Sachs et al., 2008). study of CH, flux in a Swedish sub-arctic mire, Jackowicz-
Higher friction velocities also increase the turbulent trans-Korczynski et al. (2010) estimated the autumn season con-
fer of CHy across the air-water interface, which has beentributed 12—21 % of annual emissions, which is similar to our
suggested to be an important pathway for sites with greateestimate. Contrasting seasonal estimates support the need for
surface water coverage (Fan et al., 1992; Wille et al.,further studies outside the growing season to develop accu-
2008; Sachs et al., 2008). The North (flooded) sectionrate annual Ckibudgets for arctic regions.
showed a greater response to high wind events, and fitting Since moderate amounts of Ghivere still being emit-
a quadratic relationship observed in the latter studies to outed in both the North (flooded-14 mg CH, m~—2d-1) and
half-hourly fluxes from the North section showed good cor- Central (drained;~7.5mg CH m~2d~1) treatments of the
respondence. The sharper reduction inyGhissions for ~ manipulation when our measurements ended, and unfrozen
the North (flooded) section compared to the Central (drainedyoil moistures in the top 30 cm did not decline to near winter
section upon freezing of the surface may be due to the redudevels until mid-November, we suspect that £ptoduction
tion in this release mechanism and could explain the failurecontinued a gradual descent until near this time. In year-
of the regression model to adequately capture the immediateound observations of Alaskan sub-arctic tundra (Whalen
drop in CH; emissions at the onset of top-down soil freezing and Reeburgh, 1988, 1992), gldmissions did not decline
in the North section. As observed by Sachs et al. (2008), 4o near-winter lows until soil temperatures were bele®to
correlation between* and CH, flux remained after the sur- —4°C. High unfrozen moisture contents are known to per-
face layer had frozen, supporting the suggested increase isist at soil temperatures below @, and are especially high
CHg transport through vegetation aerenchyma with greatelabove—1°C (Romanovsky and Osterkamp, 2000). As cool-
turbulence. ing of the active layer is largely restrained until most of the
At this site we found no evidence for an autumnJidilse latent energy stored in surface and soil water is released by
during soil freeze-up, which has been observed using chamfreezing (Romanovsky and Osterkamp, 2000), soil tempera-
ber measurements in northern Greenland (Mastepanov et akures also remain more favourable for microbial activity until
2008). We cannot be certain that a pulse did not occur atinfrozen moisture declines to near-winter levels and strong
our site, since the soil profile had not completely frozen bycooling ensues. The greater depth and fraction of inundated
the end of our measurements and the mechanism proposdandscape in the North (flooded) section resulted in a pro-
by Mastepanov et al. (2008) was the squeezing out of CH longing of this process, and we assumedsQtoduction
as soil freezing progressed. However, the Mastepanov egontinued during this time. Therefore, we hypothesize that
al. (2008) study showed steadily increasingQ#inissions — increased flooding at the local level due to the melting of
from the onset of soil freezing until the top-down freezing massive ice wedges (Jorgenson et al., 2006) or permafrost
front reached 10 cm (after which was the large pulse), whichdegradation (Smith et al., 2005) is likely not only to increase
is in contrast to the generally downward trend we observedCH4 emission due to more anaerobic conditions but also to

at the BE. extend elevated CHemissions later into the winter. This
may result in greater spring emissions, as the frozen surface
5.2 Seasonal emissions layer may trap Cld produced in the autumn and early winter

(e.g. Fig. 9) until it can be released when the surface thaws
We estimated that autumn season CG#hission added 21— the following spring (Heyer et al., 2002).
25 % to the 100-day growing season in which f&#tnissions Satellite observations and model simulations show that
are typically measured. Therefore, while the autumn-winterpresent and future increases in growing season length and
transition exhibits dwindling Cll emissions, it still repre- associated increases in net ecosystem productivity are pri-
sents a significant source of Gldt this site important to the marily due to earlier thaw (Euskirchen et al., 2006), but
annual budget. The contribution of autumn emissions to thestudies of arctic lakes show evidence that later freeze-up is
annual CH budget at the BE is more relevant than other sitesalso occurring and forecasted to continue (Callaghan et al.,
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