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Abstract

Two shortfalls in estimating current and future seasonal budgets of methane efflux in
Arctic regions are the paucity of non-summer measurements and an incomplete un-
derstanding of the sensitivity of methane emissions to changes in tundra moisture.
A recent study in one Arctic region highlighted the former by observing a previously
unknown large methane pulse during the onset of autumn soil freeze. This study ad-
dresses these research gaps by presenting an analysis of eddy covariance measure-
ments of methane efflux and supporting environmental variables during the autumn
season of 2009 and associated soil freeze-in period at our large-scale water manipula-
tion site near Barrow, Alaska (the Biocomplexity Experiment). We found that methane
emissions during the autumn were closely tied to liquid soil moisture in the top 30cm
of soil. Declines in soil moisture between manipulated wet, intermediate, and dry con-
ditions as well as through time during the soil freeze-in period led to corresponding
declines in methane efflux. During the period of soil freeze-in (from 23 September
to 28 October), we estimate that our wet section emitted 623mgCH, m~2 while the
dry section emitted only 253 mg CH, m~2, the average of which represents 18 % of net
emissions from the typically measured growing season. We did not find evidence for
a pulse in methane emissions during soil freeze at this site. Results from this study
imply that future changes in tundra moisture will have a large effect on methane emis-
sions in this region, and changes which span the saturation point are likely to have the
largest effect. We speculate that changes in autumn soil moisture are also likely to
affect winter emissions via the insulative effects of ice on winter soil temperature and
liquid soil moisture availability after bulk soil freeze. Further research should expand
the use of eddy covariance methane flux measurements to investigate ecosystem-level
effects of tundra moisture on autumn and winter methane emissions in this and other
Arctic regions.
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1 Introduction

Methane (CH,) is a potent greenhouse gas, exhibiting 25 times the 100-year global
warming potential of CO, (Rodhe, 1990; Forster et al., 2007). Produced via decom-
position under anaerobic conditions in moisture-saturated soils, methane emitted from
wetlands is the largest single source of atmospheric methane world-wide (Denman et
al., 2007). Northern wetlands contribute substantially to global wetland emissions.
Of the estimated 100-231TgCH, yr_1 emitted from wetlands globally (Denman et
al., 2007), Arctic and sub-Arctic tundra are thought to contribute 42 + 26 TgCH, yr'1
(Whalen and Reeburgh, 1992). This contribution from Arctic wetlands to atmospheric
CH, may change significantly in the future as Arctic ecosystems are being rapidly and
disproportionately altered by global warming (Abelson, 1989; Serreze et al., 2000;
Trenberth et al., 2007). The fact that Arctic soils contain some of the largest soil organic
carbon stocks which are already showing signs of increased availability for decompo-
sition and release (Oechel et al., 1993; Schuur et al., 2009) further highlights the need
to understand potential changes in CH, emissions from this region.

Moisture, temperature, and labile carbon supply are known to be the major factors in-
fluencing methane production in wetlands (Christensen et al., 2003), but the sensitivity
of methane emissions to these factors remains uncertain (Walter and Heimann, 2000).
Wetland methane emissions are predicted to be highly sensitive to climate change
(Walter and Heimann, 2000), and this may be especially true for Arctic regions of near-
surface permafrost (Roulet et al., 1992). In addition to changes in temperature and
precipitation, the hydrological regime of Arctic ecosystems is likely to be substantially
impacted due to permafrost thaw. Increases in the depth of seasonally thawed soil
and evapotranspiration may lead to better drainage and a general lowering of the wa-
ter table. On the other hand, ground subsidence instigated by the thawing of ice-rich
permafrost (thermokarst) may result in more areas of poor drainage and high water
retention (Schuur et al., 2008). The hydrological trajectory of continuous permafrost
regions remains unclear, as changes have been observed in either direction (Smith et
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al., 2005; Jorgenson et al., 2006; Jones et al., 2009; Plug et al., 2008). Thus, forecast-
ing future methane emissions from this region is beset by two key uncertainties: the
direction of moisture change and the sensitivity of emissions to this change.

Particularly understudied periods of time concerning methane emissions from Arctic
tundra are the shoulder (spring and autumn) and winter seasons, due in large part to
the difficulty in maintaining measurements during these times. Most previous investiga-
tions have simply considered the ~100-day growing season, basing yearly estimates
entirely from this time period (e.g. Sebacher et al., 1986) or extrapolating reduced
fluxes throughout the off-season (e.g. Christensen, 1993). However, a recent study in
Greenland observed an unexpected and extremely large methane pulse during autumn
soil freeze (Mastepanov et al., 2008), suggesting that the currently held understanding
of seasonal methane emission distribution in Arctic wetlands may need to be redefined.

The shoulder seasons represent transitions between high summer emissions and
minimal winter emissions. These periods are important to investigate, not only because
their study is needed to improve our understanding of seasonal and yearly methane
emission estimates, but also because the rapidly changing environmental conditions
during these times offer an opportunity to investigate the sensitivity of in-situ methane
emissions to certain environmental factors. Understanding the factors which influence
the rate and timing of emission transitions will improve the prediction of future growing
season emissions as well as how the transitions themselves may change to affect net
yearly emissions.

We had an opportunity to investigate methane efflux during one of the shoulder sea-
sons under different tundra moisture conditions at our large-scale water table manip-
ulation site near Barrow, Alaska (the Biocomplexity Experiment) during the autumn
season of 2009. The Biocomplexity Experiment was initiated to examine the whole-
ecosystem effects of altered tundra moistures on carbon storage and release by di-
rectly manipulating the water table at the ecosystem level. This site is of particu-
lar relevance to methane flux because most studies of methane flux in Arctic tundra
have been conducted at the chamber- or sub-meter scale, identifying components of
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tundra emissions and controls at the microtopographic level (e.g. Morrissey and Liv-
ingston, 1992; Whalen and Reeburgh, 1992; Christensen, 1993; Christensen et al.,
20083; Kutzbach et al., 2004; Mastepanov et al., 2008; von Fischer et al., 2010). While
these studies are incredibly important to advances in our understanding of controls and
spatial variability, few have been able to measure Arctic methane emissions at the land-
scape scale (Wille et al., 2008; Fan et al., 1992; Friborg et al., 2000), not to mention
experimentally attributing differences in methane flux to hydrologic change (Strack and
Waddington, 2007). The Biocomplexity Experiment is therefore useful for improving
our understanding of how small-scale processes and spatial heterogeneity in methane
flux integrate to form the cumulative ecosystem response to general shifts in tundra
moisture.

Normally our active measurements at this site conclude in August with the end of
the growing season, but in light of the recently observed autumn methane pulse in the
Greenland Arctic (Mastepanov et al., 2008) and an opportunity to use pre-production
versions of a newly developed and now commercially available open-path methane
analyzer, we conducted autumn eddy covariance measurements. For a study of grow-
ing season methane efflux conducted at this site, the reader is referred to Zona et
al. (2009). In this study, our measurements investigate ecosystem-level fluxes of
methane during the period of soil freeze-in when most biological activity in this Arctic
landscape is generally thought to be shutting down for the winter. This paper discusses
our flux observations in relation to environmental controls, showing how different tun-
dra moisture regimes affect CH, emissions in this transition period due to combined
changes in biotic and abiotic factors. Using our observations, we discuss the implica-
tions for autumn and winter methane emissions on the Arctic Coastal Plain of Alaska.
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2 Site Description
2.1 General region

The Biocomplexity Experiment is located at the northern tip of Alaska near the village of
Barrow. The terrain in this region mostly consists of poorly drained, polygonized acidic
wet meadow tundra of minimal relief dominated by grasses, sedges, and mosses along
with a few prostrate dwarf shrubs (Muller et al., 1999; Raynolds et al., 2005). The Ge-
lisol soils are reworked, unconsolidated Quaternary marine sediments (Black, 1964)
with major taxons of Typic Aquiturbel, Typic Histoturbel, and Typic Aquorthel (Bock-
heim et al., 1999). Annual average temperature and precipitation (1971 to 2000) are
—-12°C and 106 mm, respectively; monthly maximums occur in July at 5°C and August
at 26 mm. The area is underlain by continuous permafrost and active layer depth (sea-
sonally thawed ground) ranges from 30 to 90 cm (Bockheim et al., 1999). Snow melt
typically occurs in the first week of June and freeze-up occurs in late September and
October.

2.2 Biocomplexity Experiment site

Methane fluxes were recorded at the Biocomplexity Experiment site (“BE”, Fig. 1). This
experiment was initiated in 2005 and is the largest water table manipulation experiment
ever conducted in the Arctic. This site is located within the Barrow Environmental
Observatory about 6 km east of Barrow village and 6.5 km south of the Arctic Ocean
(71°17'2.6" N, 156°35'45.6" W). The BE is centered on a vegetated thaw lake basin
estimated to have drained 50 to 300 years before present (Hinkel et al., 2003).

Thaw lake basins form when one of the numerous and typically shallow lakes in this
region drain as a result of several potential mechanisms, including stream capture or
erosion of an outlet channel (Cabot, 1947; Carson, 1968). The lakes themselves are
thought to originate due to local permafrost thaw and wind-driven expansion (Cabot,
1947; Carson, 1968). After drainage, the basin undergoes a several thousand year
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evolution of ice wedge polygon growth, changing soil characteristics, vegetation colo-
nization and succession, and perhaps eventually lake re-formation (Billings and Peter-
son, 1980; Hinkel et al., 2003; Jorgenson and Shur, 2007). An aerial view of the Barrow
Peninsula (and the Arctic Coastal Plain of Alaska in general) will reveal a collage-like
landscape of lakes and vegetated drained basins that drained at various times in the
past 5,500 years (Carson, 1968; Hinkel et al., 2003). Together, thaw lakes and veg-
etated thaw lake basins account for 66—72 % of the land surface in the Barrow region
(Hussey and Michelson, 1966; Frohn et al., 2005), making this site generally represen-
tative of a large proportion of the Arctic Coastal Plain.

The BE basin (Fig. 1) is approximately 1.4 km long x 0.3 km wide, oriented in a north-
south direction. The basin is of minimal relief, with the lower portions of the basin set
less than 1.5m below the surrounding tundra. Within the basin there is low to moderate
ice wedge polygon development, and vegetation is dominated by Sphagnum mosses
and wet and moist vascular communities (Carex Aquatilis, Eriophorum scheuchzeri,
Dupontia fisherii, Arctophila fulva) (Olivas et al., 2010).

A large amount of infrastructure was installed at this site to investigate the ecological
impacts of altered tundra moisture regimes (Fig. 1). In the spring of 2007 the BE basin
was divided into three sections (North, Central, and South) by dikes. Two sets of dikes
were inserted into the permafrost extending from the east to west edges of the basin to
restrict the movement of water toward the natural drainage at the southern end (Zona
et al., 2009) and to isolate the water tables in each section. Boardwalks run along the
western edge of the basin as well as in three east-west transects to enable frequent
sampling in each section without damage to the tundra. An eddy covariance tower is
located in the west of each section, as prevailing winds are from the east.
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3 Materials and methods
3.1 Water table manipulation

The objective of the manipulation was to increase the water table by 15 cm in the North
section, decrease the water table by 15cm in the Central section, and have the South
section serve as a control or intermediate water table. Results will be presented in ref-
erence to these sections (North, Central, South). Treatment was conducted by pump-
ing water from ponded low-center polygons in the Central section to the North section
using high capacity pumps and hoses, beginning immediately after snowmelt and until
surface water could no longer be removed (due to water removal as well as the nat-
ural drop in water table as thaw depth increased). In 2008 and 2009 additional water
was pumped from a nearby pond into the North section, and in July of 2009 water was
also added to the South section, the purpose in both cases to maintain or create differ-
ences in water tables. Summarizing for the 2009 treatment: approximately 9700 m?> of
water was pumped from the Central section to the North section between 4 June and
24 June, an additional 6800 m*® of water was pumped into the North section from the
nearby pond between 24 June and 24 July, and 1800 m® was pumped into the South
section from this pond between 28 July and 8 August.

Although treatment activities were maintained in all three years of the manipulation
(2007, 2008, and 2009), interannual differences in water availability and climatic con-
ditions caused the treatment effects to differ between years and from target values
(Olivas et al., 2010). However, in 2008 and 2009 the desired direction of change for all
sections was achieved, for the entirety of the 2008 growing season and after late July
in 2009. For detailed information on the history of the water table manipulation prior to
the 2009 growing season, please see Olivas et al. (2010).
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3.2 Eddy covariance Instrumentation

Fluxes of CH,, CO,, and H,O were measured at a height of 1.9 m above the terrain us-
ing traditional eddy covariance instrumentation with the addition of a newly developed
open-path CH, analyzer. Flux data were taken at 10 Hz and recorded with a datalog-
ger. Three-dimensional wind speed and virtual sonic temperature were collected with
a CSAT3 sonic anemometer (Campbell Scientific, Logan, Utah, USA). Molar densi-
ties of CO, and H,O were collected with an open-path LI-7500 infrared gas analyzer
(LI-COR Biosciences, Lincoln, NE, USA). Methane molar density was measured with
a pre-production version of the now-commercial open-path LI-7700 methane analyzer
(LI-COR Biosciences, Lincoln, NE, USA). Our group has worked extensively with LI-
COR since 2006 in testing prototype units of this instrument at this and nearby study
sites. The pre-production units used in this study were nearly identical to the final pro-
duction instruments and have shown performance characteristics well-suited to eddy
covariance measurements (McDermitt et al., 2010).

Two methane analyzers were installed at the BE on 19 August 2009 in the North
and South sections, respectively. We had expected the use of three of the methane
analyzers for the autumn, one for each section, but technical problems constrained us
to the use of two at a given time. Therefore, the North tower was outfitted with an
analyzer from 19 August to 25 October while the time periods of the other two towers
were limited by the availability of an instrument: from 19 August to 7 September for the
South tower and from 9 September to 25 October for the Central tower. For clarity in
presentation, most environmental data from each section will only be reported for the
concurrent methane flux measurement periods.

The LI-7500 and LI-7700 gas analyzers were calibrated before and after the study
period via a 2-point linear equation. Ultra high purity nitrogen was used as the zero
for CH4, CO,, and H,O. High precision gases with certification accuracy < 1% were
used as span values for CH, (4 ppm in a balance of VOC-free air) and CO, (750 ppm
in a balance of nitrogen). The span value for H,O was generated with a LI-610 dew
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point generator (LI-COR Biosciences, Lincoln, NE, USA) using a dew point 5°C below
ambient air temperature.

3.3 Eddy covariance flux computations

Half-hourly flux calculations of methane, carbon dioxide, water vapour, energy, and
momentum were made using the eddy covariance method (Baldocchi et al., 1988) and
coded in MATLAB v. 7.2 (Mathworks, Natick, Massachusetts, USA). Prior to covari-
ance computations for each half hour, the sonic anemometer coordinate frame was
double-rotated to align with the mean streamline and signals from separate sensors
were time-aligned by maximizing the cross-correlation between vertical wind speed
and scalar concentration. Appropriate corrections were applied for the simultaneous
vertical transfer of heat and water vapour (Webb et al., 1980; McDermitt et al., 2010) as
well as for high frequency spectral loss due to sensor separation and path length aver-
aging (Moore, 1986). A footprint model (Hsieh et al., 2000) was used to determine the
typical upwind distance contributing to the flux, and identified that under typical condi-
tions 80 % of measured fluxes could be attributed to the first 135 m of tundra upwind
from the tower. No gap-filling was performed.

Quality control was applied pre- and post- flux computation. Raw data were de-
spiked (> 6 standard deviations from the running mean) and removed of periods clearly
demonstrating error due to heavy mist, rain, or snow. Computed fluxes were filtered
according to stationarity and integral turbulence characteristics tests following Foken
at al. (2004). Fluxes calculated under low turbulence conditions (friction velocity <
0.1m s_1) or when winds flowed from outside the manipulation footprint were excluded.

Finally, the overall integrity of the fluxes passing automatic quality control was as-
sessed by the flux cospectra and energy budget closure. Evaluation of the flux cospec-
tra showed good agreement with the empirical curves of Kaimal et al. (1972). Energy
budget closure included terms for sensible and latent heat fluxes, net radiation, and
soil heat flux, and averaged 84 % prior to the onset of soil freeze, which is better than
the average closure reported for eddy covariance studies (79 %; Wilson et al., 2002).
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After the onset of freeze, energy closure averaged 159 %; however, this is consistent
with additional energy release during the phase change from liquid water to ice within
the soil column (Tanaka et al., 2003; Guo et al., 2011) in relation to low net radiation
values.

After quality checks and exclusion of fluxes originating outside the manipulation area,
a total of 1481 half-hourly flux measurements (all three sections combined) were re-
tained for analysis. This represented 25 % of recorded data, which is not surprising
given the adverse weather conditions and shifting winds experienced at this site during
the study period. No substantial difference existed between the proportions of retained
daytime and night-time measurements, nor did the number of retained measurements
differ greatly between sections during the concurrent measurement periods.

3.4 Supporting environmental measurements

Flux measurements were accompanied by a suite of lower-frequency environmen-
tal measurements, which are recorded year-round in the vicinity of each tower and
within the manipulation footprint. Air temperature and relative humidity were mea-
sured at 1.6 m height with a HMP45C probe with radiation shield (Vaisala, Helsinki,
Finland). Atmospheric pressure was measured at the Central tower with a PTB 101B
electronic barometer (Vaisala, Helsinki, Finland). Temperatures at the soil surface
and 5cm, 10cm, 20cm, and 30cm depths were measured with type T thermocou-
ples. Soil moistures were recorded at three depths (0—30cm, 0—10cm, and 20-30 cm)
with CS616 time domain reflectometry probes (Cambell Scientific, Logan, Utah, USA).
A 1.5m tripod housed radiation instruments measuring: upwelling and downwelling
global shortwave radiation (310-2800 nm) with CMP3 pyranometers (Kipp and Zonen,
Delft, The Netherlands), upwelling and downwelling photosynthetically-active radiation
(PAR, 400-700 nm) with LI-190 quantum sensors (LI-COR Biosciences, Lincoln, NE,
USA), and net radiation (0.25-60 um) with a Q7 net radiometer (REBS, Bellvue, Wash-
ington, USA). Ground heat flux at 2 cm depth was averaged over five HFT3 ground heat
flux plates (REBS, Bellvue, Washington, USA). Finally, a TR-525M tipping rain gauge
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bucket measured liquid precipitation (Texas Electronics, Dallas, Texas, USA). These
environmental variables were measured at 1 Hz and averaged into half-hour blocks.

During the growing season (prior to the autumn measurement period), water table
position and thaw depth were recorded each week every 4 m along the entire length of
the east-west boardwalks traversing each section. Water table position was measured
relative to the base of the vegetation layer using 2.5 cm perforated PVC tubes installed
in the permafrost. Depth of thaw was measured by inserting a pointed, graduated
metal rod into the ground until reaching frozen soil. Water table and thaw depth mea-
surements were not continued past 19 August (the start of the autumn measurement
period) as support personnel were reduced to a minimum at the end of the growing
season and accurate measurements would have become difficult after the surface had
begun freezing.

3.5 Statistical analysis

Data were statistically analyzed in Systat v. 12 (Systat Software, Chicago, IL, USA). We
used forward-stepwise general linear modelling to identify the major environmental pre-
dictors of variation in methane fluxes both among manipulation sections and throughout
the autumn. Here, we combined all data (North, Central, and South sections for the
entire measurement period) and natural log-transformed the methane fluxes with an
added constant to satisfy homoscedacity and lack of trend in the residuals. Thirteen
points of negative half-hourly methane flux values which served as outliers in the model
were excluded from the analysis. An alpha level of 0.05 was used to add or remove
variables in the stepwise model.
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4 Results
4.1 Water table manipulation prior to the autumn measurement period

For the early- to mid-2009 growing season, high water tables were maintained in the
North section but the early-season removal of water from the Central section did not
create a significant difference in water table between the Central and South sections.
However, water table offsets among all three sections were achieved after 29 July
(Fig. 2) when additional water was pumped into the South section. On 19 August, the
beginning of the study period reported herein, the average water table in the North
(wet) section was 9.9 cm above the surface, which was about 7.5cm higher than the
South (intermediate) section and 16 cm higher than the Central (dry) section.

Thaw depths among the sections showed offsets throughout the 2009 growing sea-
son in response to the treatment: the deepest in the North section, followed by the
South section, and finally the Central section with the shallowest (Fig. 2). At the be-
ginning of the autumn study period on 19 August, average thaw depth in the North
section was about 34 cm below the surface, which was about 5cm deeper than the
South section and 8 cm deeper than the Central section.

4.2 Environmental conditions during the autumn

Air temperature generally fell throughout the study period, dropping consistently below
0°C after 19 September and reaching a minimum daily average for the study period
of —8°C on 21 October. Soil temperatures dropped rapidly toward 0°C beginning 19
September, and the active layer began freezing around 23 September (Fig. 3d). Liquid
soil moistures in the top 30 cm of soil steadily declined after soil freeze began, reflecting
the phase change from liquid water to ice (Fig. 3b). Soil temperatures at 10 cm depth
for both the North and Central sections dropped consistently below 0°C beginning 19
October and soil temperatures at 20 and 30 cm depths began dropping steeply below
0°C on 28 October (Fig. 3d). Soil temperature at 30 cm depth in the Central section
remained frozen throughout the study period.
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During the concurrent period of North and South section methane flux measure-
ments (19 August to 7 September), soil moistures in the top 30 cm of soil were nearly
identical at close to 100 % volumetric water content (“VWC”; Fig. 3b). This observation
was consistent with mean water tables in both sections being above the surface at the
beginning of the study period. Coinciding with the higher water table in the North sec-
tion, soil temperature at 20 cm depth in this section averaged 0.75 °C above the South
section for this period (Fig. 3d).

During the concurrent period of North and Central section methane flux measure-
ments and prior to soil freeze (9 September to 23 September), North section soil mois-
ture in the top 30 cm was about twice that of the Central section (Fig. 3b). Soil temper-
ature at 20 cm depth showed a corresponding offset, with the North section averaging
1.1°C higher than the Central (Fig. 3d). After the onset of soil freeze, both North and
Central section soil moistures fell as liquid water was converted to ice, maintaining a
near-consistent offset.

After the end of the autumn measurement period and into the winter, soil tempera-
tures in each section dropped below zero at different rates; the Central section dropped
more steeply at first than the North and was consistently > 1°C lower throughout the
winter at 20cm depth (minimum winter soil temperature approx. —15°C; data not
shown). Consistent with previous work in Arctic tundra (Olsson et al., 2003), mea-
surable liquid soil moisture in the top 30 cm persisted for a time into the winter season
although all measured soil temperatures in this layer dropped steeply below 0°C be-
ginning 28 October. Liquid soil moisture in the North section dropped below 1% VWC
on 18 November, which was 5 days later than the Central section.

Wind speeds varied greatly during the autumn, ranging from calm conditions to
14ms™ (Fig. 3c). Winds were predominantly from the east but ranged from all sectors.
Peak incoming shortwave radiation declined throughout the autumn (Fig. 3e), and av-
erage daily net radiation fell below oOWm™2 beginning 27 September. A total of 48 mm
of liquid precipitation fell at the BE during the autumn, mostly during late August and
early September. Long term snow accumulation at Wiley Post-Will Rogers Memorial
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Airport (approximately 6.5 km west of the BE) began on 16 October and reached 15
cm by 25 October.

4.3 Autumn methane flux

Methane fluxes generally declined throughout the autumn period (Fig. 3a). In
the late summer/early autumn (until 7 September), methane emissions were fairly
steady and similar between the North (wet) and South (intermediate) sections. The
North section methane flux averaged 1.4mgCH, m~Zhr" during this time, only
0.14mgCH, m~Zhr! greater than the South section on average. These flux values
during the early autumn were comparable to past growing season values measured
with different instrumentation at this site (Zona et al., 2009) as well as in the general
region (von Fischer et al., 2010) and for similar tundra on the Arctic Coastal Plain of
Alaska (Vourlitis et al., 1994).

Methane fluxes in the North section generally continued at early autumn levels until
the onset of soil freeze, at which point emissions notably declined, following the fall
in liquid soil moisture until the end of the measurement period (Fig. 3a and b). Cen-
tral (dry) section methane fluxes, although significantly lower than the North section,
exhibited the same trend, averaging 0.58 mg CH, m=2hr”’ prior to soil freeze and de-
clining thereafter. Both the North and Central sections, however, continued to emit
small levels of methane at the end of the study period, even though the soil was frozen
past 10 cm depth by this time (Fig. 3a and d). During the entire period of concurrent
North-Central methane flux measurements (9 September—25 October), the North sec-
tion emitted methane at approximately 2.2 times the rate of the Central section, which
corresponded well with the difference in soil moistures between these two sections.

Short periods of increased methane emission were observed throughout the autumn
for all three sections, up to 4 mgCH, m~2hr~" in the North section, and coincided with
periods of high wind speed. However, peak emissions were short-lived and very small
compared to the strikingly large emissions that have been observed in the Greenland
Arctic during soil freeze (Mastepanov et al., 2008). It was also noted that no large
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emissions were observed when winds shifted such that fluxes were representative of
the surrounding tundra (data not shown), and these fluxes were generally lower than
those measured from the BE basin. The area surrounding the BE basin is typical of
the region, where the surrounding tundra is normally higher in elevation than the basin
and better drained (Hussey and Michelson, 1966).

4.4 Relationship between environmental variables and autumn methane flux

From visual inspection of the data, the variation in methane fluxes among the manip-
ulation sections and throughout the autumn showed a strong, positive correlation with
soil moisture in the top 30cm (Fig. 3a and b). It was also immediately noted that the
short term peaks in methane flux corresponded to peaks in wind speed (Fig. 3a and c).
Forward stepwise general linear modelling (GLM) using the combined data set from all
three manipulation sections indeed confirmed that soil moisture in the top 30cm and
wind speed were the most significant in explaining the variation in methane flux at the
BE during the autumn (Table 1). In addition to soil moisture and wind speed, soil tem-
perature at 20 cm depth and incoming shortwave radiation (310-2800 nm) were also
identified as environmental variables statistically contributing to the explained variation
in methane flux. All four variables were positively related to methane efflux and, taken
together, explained 70 % of the variation in half-hourly fluxes (Table 1).

Soil moisture in the top 30 cm was by far the major environmental variable explain-
ing the variation in methane fluxes at the BE, alone explaining 62 % of the variation
in half-hourly methane efflux (Table 1). High soil moisture in both the North (wet) and
South (intermediate) sections coincided with similar methane flux, while the signifi-
cantly lower soil moisture in the Central (dry) section corresponded to approximately
half the methane emissions compared to the North section. In addition, the decline
in liquid soil moisture during soil freeze in the North and Central sections was closely
followed by a general decline in methane flux.

Wind speed was the second-most significant contributor to variation in methane flux
at the BE, although to a much lesser degree than soil moisture alone. Wind speed
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had an interactive effect with soil moisture, this interaction term contributing 3.5 % to
the explained variation after soil moisture was added to the GLM (Table 1). Temporary
peaks in methane efflux for all sections occurred during high wind events, and this
effect was enhanced with the higher soil moisture levels in the North section as well
as in the both the North and Central sections prior to the decline in liquid soil moisture
during soil freeze.

Soil temperature at 20cm depth and incoming shortwave radiation were the final
statistically significant environmental variables contributing to the variation in methane
flux (Table 1). Soil temperature contributed an additional 2.6 % to the explained varia-
tion, although its explanatory power was largely confined to its variation before freeze
began (when temperature was constant at 0 °C). Greater methane efflux corresponded
with higher soil temperatures (20 cm depth) both prior to soil freeze and under wetter
conditions. Incoming shortwave radiation, contributing a final 1.6 % to the variation
explained by the model, appeared to correspond with the timing of the small diurnal
pattern in methane flux, both diurnals showing a peak during midday which decreased
in magnitude throughout the autumn.

CO, flux was not used in the main GLM due to a lower number of fluxes passing
quality control and therefore a reduction in sample size. However, when the reduced
sample size GLM was run to include CO, flux with the previously identified significant
predictors, CO, flux was identified as significant but entered the model last and only
contributed 0.2 % to the total variation explained. This is fairly consistent with previous
results at this site which found no relationship between methane flux and net ecosys-
tem exchange of CO, (Zona et al., 2009).

4.5 Summary of key results

The water table manipulation at the BE created the desired effect on tundra moisture
in the three experimental sections during the autumn season of 2009. These alter-
nate tundra moistures corresponded with variations in other environmental conditions
and methane efflux. The North section was the wettest with an average water table
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well above the surface in the early autumn. The North section exhibited the deepest
depth of thaw and the highest mid-layer soil temperature (20 cm depth). This section
had the highest observed methane fluxes throughout the autumn. The South section
was intermediate in wetness with an average water table just above the surface in the
early autumn, a thaw depth between that of the North and Central sections, and a
soil temperature (20 cm depth) also intermediate to those of North and Central. South
section methane fluxes were only measured in the early autumn and were only slightly
lower than those of the North section. The Central section was the driest of the three
sections, having also the shallowest depth of thaw and the lowest soil temperature at
20 cm depth. Methane fluxes in this section were measured for the latter two-thirds of
the autumn and were substantially lower than those of the North section.

Methane fluxes declined throughout the autumn, most notably with the decline in
liquid soil moisture during soil freeze. Methane fluxes were also positively related to
wind speed, soil temperature at 20 cm depth, and incoming global shortwave radiation.
No large pulse in methane emissions was observed for any section during the autumn.
Small amounts of methane were still being emitted from this site at the end of our study
period, although the soil had frozen past 10cm depth. Liquid soil moisture in the top
30 cm existed well into the beginning of winter and persisted longer in the wetter North
section compared to the drier Central. North section winter soil temperatures (20cm
depth) were also typically > 1°C higher than the Central throughout the winter.

5 Discussion
5.1 Controls over autumn CH, flux

CH, flux at the BE during the autumn season was closely tied to soil moisture in the
active layer (top 30cm). This strong correspondence of methane flux to soil moisture
is not surprising given moisture’s well-documented control over aerobic vs. anaerobic
respiration and microbial processes in general. Indeed, von Fischer et al. (2010) found
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that soil moisture was the strongest predictor of CH, emission rate across a range of
microsites on the tundra near Barrow, including sites on the non-manipulated tundra
immediately surrounding the BE. Prior to soil freeze, soil moisture in the top 30cm
of soil was probably an excellent indicator of general position of the water table (up
to the surface) and therefore the general oxygen availability within the active layer.
Below the water table, diffusion of oxygen is slow and anaerobic conditions predomi-
nate, promoting organic matter decomposition via anaerobic pathways which include
methanogenesis (Morrissey and Livingston, 1992). In addition, a higher water table
reduces the layer of oxic soil between the water table and the atmosphere, thereby lim-
iting the substantial microbial methane oxidation known to occur in this zone (Whalen
and Reeburgh, 1990). Our data support that the generally subsurface water table in
the Central section promoted less anaerobic decomposition and greater methane ox-
idation than the North and South sections (which exhibited generally above-surface
water tables).

Although the average water table in the North section was well above the South
section in the early autumn, North and South methane efflux were very similar. This
observance and knowledge of the site may point to the role of microtopography in
moderating methane efflux in a generally inundated landscape. The North section has
greater polygon development than the South (as can be seen in Fig. 1), which mani-
fests as greater microtopographic variation in the North (Fig. 4). Therefore, although
the average water table in the North was 7.5 cm higher than the South section at the
beginning of the measurement period, the greater range in surface elevations caused
the proportion of individual locations with a water table below the surface to be nearly
the same as the South (23 % vs. 25 %, respectively). This suggests that greater micro-
topography may limit increases in methane emission at high water tables by providing
more aerobic microsites for methane oxidation to occur. It also suggests that changes
in water table which cross the surface have the largest effect on methane emissions.

After the onset of soil freeze, soil moisture in the top 30 cm appeared to be an indica-
tor of unfrozen moisture available for microbial activity. This is supported by the decline
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in methane efflux during soil freeze and the continuance of both liquid soil moisture
and methane production at the end of the study period although all measured soil tem-
peratures were at or below freezing. The latter is consistent with the persistence of
microbial activity and liquid soil moisture down to —39 °C in Arctic tundra soils (Panikov
et al., 2006; Oechel et al., 1997). Since liquid soil moisture in both the North and Cen-
tral sections did not drop to near-zero levels until mid-November, measurable amounts
of methane emission may have occurred until this time.

Soil temperature is known to have strong influence on microbial activity and methane
efflux in Alaskan Arctic tundra (Morrissey and Livingston, 1992) and has been noted
specifically for this site during the growing season (Zona et al., 2009). However, the
virtually constant soil temperature (20 cm depth) at 0°C during the long period of soil
freeze did not allow for much of a controlling influence of temperature on variation in
methane production. This does not necessarily suggest that autumn methane fluxes
at the BE respond minimally to variation in soil temperature, simply that the stronger
variation in other environmental variables during this time becomes more important.
Indeed, the identification of increased soil temperature as a significant, albeit small,
contributor to increases in methane efflux despite the fact that temperatures were con-
stant for a large proportion of the study period would seem to highlight its importance.

Increased soil temperature observed with increased wetness (Central < South <
North) was a result of heat conduction to the deep soil by water. This has been es-
tablished both experimentally at this site (Zona et al., 2009; Olivas et al., 2010) and
observationally in other studies (Walker et al., 2003; von Fischer et al., 2010). In-
creased heat conduction to the soil not only increases the temperature of deeper soil
layers but also deepens the active layer at a faster rate. Soils in this region maintain
high organic carbon contents throughout the top 100 cm of soil (Bockheim et al., 1999),
therefore a larger volume of unfrozen soil provides a greater amount of organic carbon
available for decomposition (Vourlitis et al., 1993; Zona et al., 2009). Thus, although
we could not add thaw depth as an explanatory variable in the GLM due to measure-
ments ending on 19 August, the soil moisture-induced greater thaw depth under wetter
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conditions (Central < South < North) probably also contributed to corresponding in-
creases in methane efflux. The higher mid-layer soil temperature (20 cm depth) and
greater thaw depth in the North section may explain the slightly higher North section
methane efflux compared to the South.

The effect of wind speed on CH, flux is assumed to be a physical mechanism pro-
moting the release of microbially-respired methane from the soil column rather than a
biological control of methane production. Higher wind speeds disturb emergent vegeta-
tion, which may instigate the release of methane bubbles trapped in the top layer of soil
or within graminoid stems. Morrissey and Livingston (1992) observed that winds of ap-
proximately 10 m s or greater instigated methane ebullition in Alaskan Arctic tundra.
Our observations probably included varying degrees of this effect. The enhancement
of the wind speed effect on CH, flux at higher soil moistures is likely due to the fact that
a greater amount of respired methane was available for release in wetter conditions.

5.2 No observed autumn methane pulse

No autumn methane pulse was observed at the Biocomplexity Experiment site under
high or low soil moisture conditions. Nor did we observe any evidence of a burst when
shifting winds caused fluxes to be measured for short periods from the surrounding
tundra. Instead of a drastic increase in methane emission as the active layer froze,
we observed a general decline in emissions punctuated by small increases during high
wind events.

Why did we not observe an autumn methane pulse? One explanation may simply
be that a substantial amount of methane is not stored within the tundra in this region
and any that is trapped throughout the growing season is released during disturbance
from high wind events. Methane fluxes measured with the eddy covariance method
represent fluxes integrated over a large area, and considering fetch and shifting wind
directions, measured fluxes over the course of the autumn were representative of a
large proportion of each manipulation section (tens of thousands of square meters).
Therefore, another explanation is that high-concentration bubbles of methane were
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forced out of freezing soil at point locations at the BE but amounted to little noticeable
release when averaged over the large flux footprint.

Finally, it is possible that large quantities of methane were not released by the system
until after our measurement period had ended. However, we do not think this to be the
case: The active layer at this site is shallow; soil freeze-up of the ca. 30cm—40cm
active layer occurs simultaneously from both the top-down and bottom-up (Mackay,
1983; Hinzman et al., 1991). Soil moisture measurements indicated that almost 60 %
of the available pore water in the entire Central section active layer had frozen by 21
October, the last date of acceptable methane flux measurements at the BE. In the North
section over 40 % of the available pore water in the top 30 cm of soil, plus the entire
~10cm of surface water, had frozen by this time. Therefore, much of the methane
stored in the system should have been frozen out during our measurement period.

5.3 Implications

Our data are consistent with the body of evidence that active layer soil moisture is a
predominant control on methane efflux in Arctic regions (e.g. Morrissey and Livingston,
1992; Christensen, 1993; Vourlitis et al., 1993; von Fischer et al., 2010). However, this
study extends those observations into the autumn season soil freeze-up, and integrates
over a larger landscape unit for a surface type which is generally representative of
a large part of the Arctic Coastal Plain of Alaska. While this study is limited to a
site with footprints in close proximity, the study benefits from its ability to integrate
within-ecosystem heterogeneity, and therefore provides a comprehensive picture of
the net-ecosystem response over approximately 0.4 km? to environmental conditions.
The ecosystem-level effects we observed due to large changes in tundra moisture are
likely to apply to a large proportion of similar landforms on the Arctic Coastal Plain
and therefore have probable implications for this region’s seasonal and yearly methane
budget under current conditions as well as global change.

Using our regression results to obtain a cumulative estimate of methane emissions
from the onset of soil freeze until soil temperatures began dropping steeply below
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0°C (23 September to 28 October), we arrive at 623mgCH, m~2 emitted for the
North section and 253 mgCH, m~2 for the Central section. The average of these,
438 mgCH, m~2, represents a conservative estimate of methane efflux typically not
measured as part of the growing season, and amounts to 18 % of the 100-day cumula-
tive summer methane efflux we computed from previously measured emissions at this
site (Zona et al., 2009). Therefore, while the autumn-winter transition exhibits dwindling
methane emissions, it still represents a measureable component of the yearly budget
and should be considered, along with winter rates, in studies of methane efflux from
Arctic tundra.

In a future Arctic, our results suggest that should a general drying of the Arctic
Coastal Plain cause water tables to drop from above to below the surface, CH, ef-
flux will be substantially reduced. Wet sites with high graminoid cover, similar to this
one, are the dominant CH, emitters in the region (Morrissey and Livingston, 1992). Re-
ducing the 6.3-7.2TgCH, yr'1 (Christensen, 1993) of wet meadow tundra emissions
by half (as seen in this study under dry vs. wet conditions) would reduce net Arctic and
sub-Arctic tundra emissions by ~8 %. We see this as a conservative reduction, since
emissions from the much larger area of moist tundra would also likely be reduced under
drier conditions. Conversely, a shift to wetter ecosystems from drier tundra will likely
cause a substantial increase in emissions, especially where water tables increase from
below to above the surface in areas of low microtopography. These predicted effects
are from a shift in tundra moisture alone, and are sure to be accompanied by short-
and long-term effects from ecosystem changes induced by warmer air temperatures,
thermokarst erosion, rising CO,, levels, shifts in vegetation, and many other factors.

The effect of autumn soil moisture on winter soil temperature may be of significant
importance for winter methane emissions. Cold season respiration in Arctic soils can
be significant when integrated over the entire season (Oechel et al., 1997). Respiration
in soils near Barrow has been shown to exponentially increase with temperature from
temperatures as low as —39°C (Panikov et al., 2006). After temperatures in the soil
column began to drop steeply below 0°C after the autumn study period, those in the
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drier Central section fell faster and deeper as well as remained more than 1°C lower
throughout the winter when compared with the wetter North section. This was due to
the insulative effects of ice, where greater autumn soil moisture in the North resulted in
a greater ice volume above and within the soil, which better insulated the soil from the
harsh winter temperatures. This implies that winter methane emissions are also likely
to be affected by altered tundra moistures, and may become significant when integrated
over the entire cold season. Winter microbial activity may be significantly reduced
under drier conditions due to colder soil temperatures, whereas winter microbial activity
is likely to increase in wetter conditions that promote more favourable soil temperatures.
Under a future scenario of warmer and wetter tundra, this effect and the additional
persistence of liquid soil moisture well into the start of winter may increase autumn and
winter emissions enough to substantially affect yearly estimates.

Finally, the lack of evidence for an autumn methane pulse under relatively wet or
dry conditions implies that high autumn methane emissions during soil freeze may
not be generally applicable to wet meadow tundra ecosystems with near-surface per-
mafrost. The improvement of measured vs. modelled high latitude methane concen-
trations when an autumn pulse was included (as reported in Mastepanov et al., 2008)
lends merit to its widespread application; however, further research should continue to
investigate where and under what conditions this strong seasonal dynamic is appar-
ent so that global methane transport models as well as mechanistic Arctic emission
models may be improved.

6 Conclusions

This study investigated the role of soil moisture and other environmental factors in
influencing ecosystem-level methane emissions in Arctic wet meadow tundra at a
time when the ecosystem was generally shutting down for the winter. We measured
methane fluxes at the Biocomplexity Experiment site during the autumn and associated
soil freeze period with the use of a newly developed open-path methane analyzer (now
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commercially available as the LI-COR 7700). We found a general decline in emissions
throughout the autumn and that liquid soil moisture in the active layer was by far the
most significant predictor of methane efflux, able to explain general emission differ-
ences between manipulated wet, intermediate, and dry tundra as well as the decline
in emissions during the soil freeze-in period. The main implications of these findings
are that although we found no evidence for an autumn methane pulse, the autumn
was found to be an important component of yearly methane emissions, and a change
to tundra moisture availability in either direction as a result of global change is likely
to substantially affect autumn methane emissions in this region. Changes in moisture
which span the saturation point are likely to have the largest effect. In addition, we
speculate that winter emissions are also likely to be influenced by changes in tundra
moistures, owing to moisture’s effect on soil temperature and liquid moisture availabil-
ity into the winter season. Further research should expand the use of eddy covariance
methane flux measurements to investigate the effect of tundra moisture on autumn and
winter methane emissions at the ecosystem-level in this and other Arctic regions.
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Fig. 1. Oblique aerial view of the Biocomplexity Experiment site. Note that scale changes
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Fig. 2. Water table (top) and thaw depth (bottom) during the regular growing season of 2009.
Points represent averages of measurements taken every 4 meters along the entire length of
the boardwalks in each section. Negative values indicate positions below the surface. Error
bars show standard error of the mean.
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Fig. 3. Methane fluxes and selected environmental measurements recorded during the autumn. All displayed
methane fluxes (panel a) passed quality control and originate within the respective manipulation footprints. Methane
instruments were removed from the site on 25 October but axes are extended to show soil freeze to 30 cm depth on 28
October. With the exception of the extended plot period, the plotted periods of soil mosture in the top 30 cm (panel b)
and soil temperature at 20cm depth (panel d) for the Central and South sections are constrained to the duration
of methane instrument installation. Wind speed (panel c) and incoming global shortwave radiation (310-2800 nm;
panel e) are shown only for the Central section due to nearly equal values concurrently measured in the North and
South sections.
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Fig. 4. Surface elevation (ASL) along the east-west boardwalk in each manipulation section.
Note the greater microtopographic variation in the North section.
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