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Abstract Greenhouse gas emissions from thawing permafrost in arctic ecosystems may amplify global
warming, yet estimates of the rate of carbon release, and the proportion of carbon released as methane 
(CH4) or carbon dioxide (CO:i), have a high degree of uncertainty.There are many areas where no 
measurements exist, and few year-round or long-term records.Existing year-round eddy covariance 
measurements of arctic CH4 fluxes suggest that nongrowing season emissions make up a significant 
proportion of tundra systems emissions on an annual basis. Here we present continuous CH4 flux 
measurements made at Eight Mile Lake,an upland tundra ecosystem undergoing permafrost degradation 
in Interior Alaska. We found net CH4 emissions throughout the year (1.2 + 0.011 g C-CH4 m2/yr) that made up
61% of total radiative forcing from annual C emissions (C02 and CH.i; 32.3 g C m2/yr) when taking into
account the greenhouse warming potential of CH4  relative to COi. Nongrowing season emissions accounted 
for 50% of the annual CH4 budget, characterized by large pulse emissions. These were related to abrupt 
increases in air and shallow soil temperatures rather than consistent emissions during the zero curtain-a 
period of the fall/early winter season when subsurface soil temperatures remain near the 0 °C freezing 
point. Weekly growing season CH4 emissions in 2016 and 2017 were significantly related with thaw depth, and 
the magnitude of CH4 emissions between these seasons was proportional to the rate of active layer thaw 
throughout the season. 

1. Introduction
Arctic warming exposes a portion of the estimated 1,330-1,580 Pg of permafrost carbon pool to potential 
microbial decomposition as previously frozen ground thaws (Hugelius et al., 2014;Schuur et al., 2015). 
Organic carbon (C) stored within permafrost zone soils can be released as greenhouse gases (GHGs), and it 
is critical to be able to estimate how much will be released via aerobic decomposition as carbon dioxide 
(CO:i) or anaerobic decomposition as methane (CH4) and C02 (Schuur et al.,2008). This is because sustained 
CH4 emissions have 45 times the radiative forcing of C02 over a 100-year time scale and may therefore have a 
significant effect on the GHG warming potential from high-latitude terrestrial ecosystems (Myhre et al.,2013; 
Neubauer & Megonigal,2015). The fraction of C released as CH4 will be dictated in large part bythe changing 
hydrology of Arctic systems,where newly waterlogged areas may produce CH4 anaerobically even in regions 
not usually associated with net methane emissions, for example, relatively well drained upland tundra (Natali 
et al.,2015;Nauta et al.,2015;Olefeldt et al., 2016). 

Degradation of permafrost by rising air temperatures creates ground subsidence (Grosse et al.,2011) that can 
lead to land surface collapse in ice-rich permafrost in a process called thermokarst. Thermokarst landscape is 
estimated to cover 20% of the northern permafrost terrain (Olefeldt et al., 2016). Thaw and the resulting 
subsidence create changes in microtopography where water drains to regions of low relief, while higher 
areas drain and become drier. Deeper permafrost thaw may occur as a positive feedback in low-lying areas 
via increased thermal erosion from pooled water insummer and increased snow accumulation that insulates 
soils in winter (Blanc-Betes et al.,2016;Johansson et al.,2013). Increased ground subsidence may also shift 
some upland areas to stronger CH4 sources (Natali et al.,2015;Nauta et al., 2015). Changes in soil moisture 
in response to permafrost thaw is a major source of uncertainty in projecting long-term trends of CH4 

emissions and the amplitude of GHG responses (Lawrence et al.,2015;Treat et al.,2015). 

Arctic tundra systems account for an estimated 19 Tg/yr of global CH4 emissions at present, but there are 
large  uncertainties  (8-29  Tg/yr)  owing  to  scarce  spatial  coverage  and  the  paucity  of  year-round  or 
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long-term records (McGuire et al.,2012). The few studies with data coverage outside of the growing season 
indicate that emissions during the nongrowing season may be significant, comprising upto half of the annual 
emissions in some sites. Several studies have shown large CH4 emissions relative to annual emissions during a 
period of the shoulder season with incomplete soil freeze up known as the zero curtain (Outcalt et al., 1990; 
Zona et al.,2016),during spring thaw (Raz-Yaseef et al.,2017), or autumn freeze (Mastepanov et al., 2008;Pirk 
et al.,2015;Whalen & Reeburgh, 1988).The zero curtain effect is the observed delay in refreezing of the active 
layer in permafrost affected soils. The zero curtain occurs as a result of the latent heat of unfrozen soilwater 
that maintains soiltemperatures near 0 °C (Outcalt et al.,1990;Romanovsky & Osterkamp,2000). Dry tundra 
ecosystems have been reported to be potentially significant CH4 sinks (D1mperio et al., 2016;J0rgensen et al., 
2014) or low-levelsources (Euskirchen et al., 2016;Whalen etal.,1991).However,taking into account this zero 
curtain period, recent work has shown that late-season CH4 emissions in dry tundra during the can be 
substantial (Zona et al., 2016). As a result, much of the uncertainty in annual arctic CH4 assessments lies in 
emission estimates from the nongrowing season. Large uncertainties in CH4 emissions estimates complicate 
efforts at process-based upscaling of CH4 flux measurements and modeling the potential response of CH4 

fluxes to the effects of climate change-particularly as future Arctic warming is likely to be skewed during 
the spring and winter months when measurements are lacking (Bekryaev et al.,2010). 

Eight Mile Lake near Healy, AK,is an upland tussock tundra site that has been undergoing thermokarst for 
several decades (Osterkamp et al., 2009). Permafrost degradation has resulted in heterogeneous ground 
subsidence that has affected surface hydrology and soil temperatures, as well as shifting plant species 
composition from tussock forming sedges to shrub species in areas of increased thaw (Belshe et al., 2012; 
Schuur et al., 2007). Carbon dioxide fluxes from the site have been characterized using chamber-based 
and eddy covariance data collection since 2004 (Belshe et al., 2012; Celis et al., 2017; Lee et al., 2011; 
Trucco et al., 2012;Vogel et al., 2009). Thawing of permafrost at Eight Mile Lake (EML) has amplified the 
COi-C cycle during the growing season, stimulating photosynthesis and ecosystem respiration and shifting 
EML from a historically net sink to C02 neutrality like other sites within the tundra biome (Belshe et al., 
2012; Hicks Pries et al., 2012; Belshe et al., 2013b), and a net source of C02 on an annual basis due to 
nonsummer season emissions (Celis et al.,2017). 

Here we present eddy covariance CH4 measurements made from April 2016 to October 2017. Our objective 
with this study is to understand the magnitude, seasonality,and relative importance of C02 and CH4 fluxes 
with the addition of year-round CH4 eddy covariance measurements. We anticipate that CH4 uptake might 
dominate the growing season,and any positive net fluxes during the growing season would Iikely be greatest 
in July, when environmental drivers that typically control CH4 fluxes and promote CH4 production and 
transport like soil moisture and temperatures, cumulative precipitation, and peak biomass were most 
favorable. During the fall/early winter,we expected CH4 fluxes to constitute a net source. While EML does 
not experience widespread surface inundation, surface subsidence and thermokarst development from 
permafrost thaw are important predictors of summer season C02 fluxes at EML (Lee et al., 2011;Mauritz 
et al., 2017), and experimental permafrost thaw near EML has shown that increased ground subsidence 
significantly increased CH4 emissions (Natali et al.,2015). Changes in soil moisture with permafrost thaw have 
the potential to significantly change the C dynamics and the form of C released via respiration. 

 
2. Methods 
2.1. Site Description 

This study was conducted within the Eight Mile Lake watershed (63°52'42"N, 149°13'12"W), in the northern 
foothills of the Alaska Range near Denali National Park and Preserve. The study site is located at 700-m 
elevation on a gentle hillslope (-5%;Belshe et al.,2013b). Surface soils are relatively well drained and consist 
of 05 mof organic soils overlying mineral soil made up of glacial till and loess deposits (Osterkamp et al., 2009; 
Schuur et al., 2009;Vogel et al., 2009). The upland tundra vegetationforms an open canopy and is dominated 
by low, dwarf shrubs (e.g., Betula nana and Vaccinium uliginosum), tussock forming sedges (Eriophorum 
vaginatum), and mosses and lichen (CAVMTeam, 2003;Schuur et al.,2007). Thissite is underlain by permafrost 
and colocated with a 30-m deep borehole where permafrost temperatures have been recorded since 1985 
(Osterkamp & Romanovsky, 1999). Permafrost temperatures have increased by 0.5 °C, and thermokarst 
terrain (ground subsidence) has expanded during this interva l (Belshe et al.,2013a;Osterkamp et al., 2009). 
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2.2. Environmental Monitoring 

Meteorological data included photosynthetically active radiation (PAR;PQSl Kipp & Zonen),incident and net 
radiation (CNR4 Kipp & Zonen), relative humidity and air temperature (Vaisala HMP45C,Campbell Scientific), 
wind speed and direction (RM Young 3001, Campbell Scientific), snow depth (SR50A,Campbell Scientific), 
and soil moisture at 15-cm depth (Stevens Hydra probe II,Stevens Water Monitoring Systems). All data were 
recorded with a Sutron 9210-Xlite data logger (Sutron Corporation). A replicate set of micrometeorological 
data sensors including PAR,air temperature and relative humidity,and soil temperature were measured at 
a second tower located 100 m to the NW of the eddy covariance (EQ tower and were used to fill gaps in 
meteorological data. Soil temperatures were measured at multiple depths (5, 10, 15,20,30, 40, and 60 cm) 
using type constantan-copper thermocouples at nine sites within the tower footprint and at two sites with 
thermistors at the EC tower. Soil moisture was integrated over the top 15 cm of soil, measured with 11 water 
content reflectometers within the tower footprint and 2 at the EC tower (CS615 and CS616, Campbell 
Scientific). Temperature and moisture were measured every 5 min and averaged at half-hourly intervals, 
recorded by a data logger (CRlOOO,Campbell Scientific). Rainfall was measured using a HOBO Onset station 
during the growing season (Bourne, MA, USA). Thaw depth was measured biweekly during the growing 
season at nine locations within the tower footprint using a metal depth probe. Water table depth (WTD) 
was measured at the same frequency at nine wells as described in Vogel et al. (2009). 

 
2.3. Flux Measurements 

Landscape level carbon (C-CH4 & C-CO:i) fluxes were measured from April 2016 to October 2017 using the 
eddy covariance (EQ method. The EC system consisted of a sonic anemometer (CSAT3, Campbell 
Scientific), an open-path CH4  analyzer (Li-7700, U-COR  Biosciences), and an open-path C02  analyzer 
(Li-7500A, U-COR Biosciences) mounted on a 35-m tower. The EC tower fetch is approximately 900 m east, 
west, and north and about 400 m south.The estimated area contributing to 80% of the measured fluxes- 
footprint-was -160 m in the summer season (May to September) and about 230 m in the nonsummer 
season (October to April; Figure Sl in the supporting information;Kljun et al., 2004; Kormann & Meixner, 
2001).Vegetation within the tower footprint is relatively uniform and dominated by low shrubs (Betula nana 
and Vaccinium uglinosum) and tussock tundra (Eriophorum vaginatum). Eight Mile Lake is to the north of the 
tower and does not fall within the tower footprint. There is thermokarst at the site that was described in 
Belshe et al. (2013b), with microtopography variation of -0.2 to 0.2 m in reference to tower, and a gentle 
hillslope (-5%). Vegetation in thermokarsted area is similar to nonthermokarst. We would therefore describe 
the site as homogenous in topography and vegetation height and composition. Methane,C021 water vapor, 
orthogonal wind components (u, v, and w), and air temperature were recorded at 10 Hz using a U-7550 
Analyzer Interface Unit (LiCOR Biosciences). The CH4 analyzer and C02 analyzers were calibrated twice a year 
using a zero CH4 and C02 air source,an atmospheric CH4 standard (Ameriflux,1.9022 ± 0.0 ppm) for the CH4 

analyzer, and anatmospheric C02 standard (Ameriflux,401.71 ± 0.003 ppm) for the C02 analyzer. A dew point 
generator (Li-610, Ll-COR Biosciences) was used to calibrate for water vapor. 

We used EddyPro v6.2.0 software (Ll-COR,2017) to process and apply corrections to the high-frequency data, 
which were then aggregated to half-hourly fluxes. High-frequency data were corrected for (1) wind axis 
double ration method (Aubinet et al., 2000; Foken & Wichura, 1996); (2) time lag with covariance 
maximization; (3) statistical test following Vickers and Mahrt (1997), which includes accepted spikes at 1% 
and replaced with linear interpolation with plausible ranges of wind was 5 standard deviations (SD), H20 
and C02 were 3.5 SD, and CH4  was 8.0 SD;(4) frequency loss;(5) sensor separation; and (6) air density 
(Burba et al.,2008; Webb et al., 1980). Postprocessing screening eliminated data when (1) less than 90% of 
the high-frequency data were collected in the 30-min interval, (2) frictional speed (U*) was <0.1 m/s 
(Goulden et al., 1996), (3) raining conditions when sensor signal dropped below 70% Ll-7500A and 10% 
Ll-7700, and (4) periods of sensor calibrations. Data QNQC flagging was based on steady state and 
developed turbulence tests (Mauder & Foken, 2006), resulting in three levels of data quality (0 = high, 
1 = intermediate,and 2 = poor) and all data with level 2 flags were discarded. 

 
2.4. Gap Filling 

Data gaps were filled using the marginal distribution sampling (MDS) algorithm (Reichstein et al., 2005) in 
REddyProc (Wutzler et al., 2018) that excluded data >2 standard deviations from the overall mean of the 
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data set to exclude methane outbursts (N = 240) that could not be explained by any environmental data. The 
MDS algorithm takes into account the covariation of fluxes with environmental variables and the temporal 
autocorrelation of the fluxes based on (1) look-up table and (2) the mean diurnal course (Wutzler et al., 
2018). The environmental variables used were air and 5-20-cm depth soil temperatures, soil volumetric 
water content, wind speed, and air pressure, and details of the specific temporal window sizes and 
variable selection can be found in supporting information (Table Sl). The average postprocessing data 
coverage after filtering was applied for the  measurement period was 35.5% across all; the  seasonal 
distribution of the data coverage is shown in Figure S2. Measured versus modeled data are shown in 
Figure 1. The gap filling of C02 fluxes is as described in Celis et al., 2017. 

 
2.5. Error Estimation 

Random measurement uncertainties were estimated using the "daily differencing approach" (Hollinger & 
Richardson,2005), which uses measured fluxes under similar environmental condition at the same time of 
day in a 2-day window (Figure 53). Environmental variables used and threshold for determining similar 
environmental conditions were air temperature (3 °q, photosynthetic active radiation (PAR; 75 µmol ·m2 • s) 
and wind speed (1 mis; Table Sl). Gap-fill uncertainties by the MDS algorithm were estimated determining 
the difference between measured and gap-fill value of the artificial gap created by MDS (Wutzler et al., 2018; 
Table 1). We summed and propagated the random and gap-fill uncertainties over time. 

 

2.6. Data Analysis 

A. 2016 growing season 

_ _ J"} .   
May Jun Jul Aug Sep Oct 

6 
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Two sets of analyses were conducted: one with year-round data (1 May 2016 to 1 May 2017) and another with 
both growing seasons. This was because there were more variables that could be incorporated into the 
growing season models and only three variables that were measured year-round. For these analyses, growing 
seasons began when daily averaged soil profile temperatures from 5 to 60 cm were above 0.1 °C (spring 
thaw) and ended when daily averaged soiltemperatures dropped below -0.1 °C (fall freeze in). In 2016,this 
interval was 21 Apri l to 8 October, and in 2017 it was 5 May to 1 October. 
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Table 1 
Methane Flux Uncertainty Estimate (Standard Deviation of the Error) for Measurements and Gap-Filled Data 

Random error C-CH.i 2
 per period Gap-filled error C-CH4

 2
 per period 

 

Period N Mean SD SE  N Mean SD SE 

Summer 467 0.11 5.90 0.27  6377 254.73 289.36 3.62 
Winter 327 0.26 4.41 0.24  4470 248.96 298.38 4.46 
Overall 794 0.56 19.73 0.70  10847 889.35 1049.08 10.07 

Note.Random error inferred using daily differencing approach (Richardson et al.,2006) and gap-filled method using dif- 
ference of modeled versus measured data. 

 
 
 

The relationship between median weekly CH4 fluxes and environmental variables measured year round 
(shallow and deep soil temperatures and soil moisture) were evaluated using linear regression.We used a 
backward stepwise model selection to identify significant environmental  drivers.A five-point improvement 
of the Akaike Information Criterion (AIC) was used to justify a more complex model. There appears to be a 
lagged effect of soiltemperatures on CH4 emissions, where emissions respond to the driving variable-soil 
temperatures-differently in different seasons. In early spring, low soil temperatures are associated with 
low emissions, while late as soil temperatures decline in the summer and early fall season, emissions still 
increase.To characterize the apparent lag between weekly median CH4 fluxes and shallow and deep soil 
temperatures, hysteretic ellipses were fit using direct specific least squares method (hysteresis; Maynes 
et al.,2017). All analyses were conducted in R (RCore Team, 2017). Pulses,or CH4 pulse emissions, constituted 
43% of the measured data and were not linearly related with environmental drivers (Table S2) on an annual 
basis. As a result,these values were excluded from the linear regression analyses of the annual data. Pulses 
were defined and removed on the basis of fluxes measured greater than 2 standard deviations from an 
overall mean: if these outlier fluxes measured during a day exceeded numbered greater than or equal to 4 
(or 2 hr of outlier fluxes), it was considered an outburst emission and was excluded from linear analyses. 

Linear mixed models (nlme;Pinheiro et al., 2017) were used to analyze the relationship between weekly med- 
iangrowing season CH4 fluxes and environmental drivers (thaw depth,WTD, shallow [5-15 cm] and deep soil 
[20-60 cm] temperatures,cumulative precipitation, and soil moisture). The model included year as a random 
effect in order to account for intera nnual variability.We used a backward stepwise model selection to identify 
significant environmental drivers. A backward stepwise model selection was used as described in the linear 
regression analyses. A five-point improvement of the AIC was used to justify a more complex model. 

Emissions calculations. 
 

Methane emissions are reported in g C-CH4• In order to report total C emissions at EML,we calculated the C02 

equivalent of CH4 by multiplying CH4 by its 100-year sustained emissions global warming potential of 45 after 
accounting for the mass difference between CH4 and C02 gases (Neubauer & Megonigal, 2015). 

 
3. Results 
3.1. Environmental Conditions 

Average annual air temperature from May 2016 to April 2017 was -1.0 °C, the same as the long-term mean 
(1977-2016; -0.93 + 0.24  °C)  for  the  site  (Figure  2h). Maximum  active  layer  thickness  in 2016 was 
68.6 + 13 cm in 2016 and 66.2 + 2.0 cm in 2017 (Figure 2f). Maximum snow depth was 0.54 m in winter of 
2016-2017,and the site was snow free by 30 April 2017.The 2016 growing season was wetter than2017with 
higher cumulative rainfall by 254.4 mm and higher soil moisture by 6% (Table 2 and Figure 2b). Peak rainfall 
occurred inJuly in both years. In2016,depth to water table throughout the growing season was consistently 
6-12 cm below the soil surface (Figure 2a). In 2017,WTD fluctuated between 12 and 17 cm, except in May 
after snowmelt when average depth to water table was 4 cm (Figure 2a). Mean shallow (5-15-cm) and deep 
(20-60-cm) soil temperatures were warmer in 2016 by 0.73 and 0.54 °C respectively, and mean air 
temperatures were warmer in 2017 by 0.80 °C (Table 2 and Figures 2g and 2h). 

Maximum snow depth measurements starting in 2012 varied between 0.68 cm (winter 2012-2013) to 
033 cm (winter 2014-2015; Table 3). The date of consistent snow accumulation >20 cm ranged from the 
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Figure 2. Eddy covariance and environmental variables measured in 2016-2017 at Eight Mile Lake: (a) weekly depth to water table,(b) cumulative daily summer 
precipitation,(c) mean daily net ecosystem exchange,(cf) hourly (gray line) and daily (red circles) CH4 flux, (e) volumetric water content, (f) weekly thaw depth, 
(g) mean daily shallow (5-15-cm) and deep (20-60-Cm) soiltemperatures,and (h) mean daily air temperature. 

 
 
 

first week in October 2014 to 3 months later in the year, in January 2017 (Table 3). Zero curtain length was 
calculated as the number of days the daily average soil temperatures remained between 0.75 and 
-0.75 °C. The zero curtain was calculated from shallow (5-15-cm) and deep (20-60-cm) soil temperatures 
during the fall shoulder season (6 October 2016 to 12 January 2017). There was large interannual 
variability in the zero curtain length (Table 3) of shallow soil temperatures, while zero curtain length 
in deep soil temperatures decreased from -150 days in the shoulder seasons of 2012 and 2013 to 72 days 
in 2016. 

 
Table 2 
Environmental Variables Measured at the Site Annually and During the Growing Seasons of 2016 and 2017 

 

 
 
Variable 

 
Mean air temperature (0 

) 
( 

May-September 
2016 

May-September 
2017 

Annual 
2016/2017 

9.94 (0.06) 10.74 (0.06) -1.02 (0.10) 
Mean shallow (5-15 cm)Soiltemperature (°Q 6.10 (0.04) 5.37 (0.03) 1.04 (0.04) 
Mean shallow (20-60-cm) soiltemperature (°Q 1.98 (0.02) 1.44 (0.02) -0.11 (0.02) 
Cumulative precipitation (mm) 411.2 156.8 414.2 
Mean volumetric water content (%) 0.76 (0.001) 0.70 (0.002) 0.39 (0.003) 
Mean water table depth (cm) 8.72 (0.86) 12.14 (1.15)  
Active layer thickness (cm) 68.56 (1.28) 66.16 (2.00)  
Note.Values in parentheses are standard error.    
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Table 3 
Winter Season Snow Depths, Date of Snow Acrumulation >02 m, and Length of the Zero Curtain Based On Daily Mean 
Shallow (5-10 cm) 

 

 

Zero curtain length (days) 
 

 
Winter 

Maximum snow 
depth (m) 

Date of snow 
accumulation 

Shallow soil 
temperatures 

Deep soil 
temperatures 

2012-2013 0.68 16 October 2012 51 148 
2013-2014 0.36 30 November 2013 119 172 
2014-20 15 0.33 8 October 2014 79 114 
2015-2016 0.41 30 October 2015 65 120 
2016-2017 0.54 4 January 2017 51 72 

 
3.2. Annual CH4 Emissions 

The Eight Mile Lake EC site was a net source of CH4 emissions on an annual basis (1 May 2016 to May 2017) 
with cumulative emissions of 1.2 + 0.011 g C-CH4 m2/yr. Emissions occurred year round, with 55% of 
emissions during the growing season and 45% during the shoulder and winter season. Net methane uptake 
also occurred during sampling interva ls and comprised 9.2o/o of total net C exchange (total mg C-CH4 m2/yr; 
Table 4). The zero curtain averaged across all soildepths lasted for 81 days (29 September to 19 December 2016, 
and emissions during that period were 22% of the annual CH4 budget and 45% of winter emissions. Methane 
pulses occurred during spring thaw and also during December 2016 to January 2017.The midwinter pulses 
coincided with air warming from -29 °C to -2.7 °C in mid-December and surface soil warming from 
-45 °C to -2.2 °C on 1 January 2017 (Figures 2d,2g, 2h,3d, and 4). Starting 24 December 2016, emissions 
increased from 2.2 mg C-CH4  m2/day and culminating in 2 days where emissions were between 43.9 and 
47.4 mg C-CH4 m2/day (Figure 4). At EML,winter pulses were rapid, and transient,while spring thaw pulses 
lasted up to a week of consistently high values (Figure 4). Pulses made up 21% of the annual gap 
filled budget. 

A subset of environmental variables measured year round was used to evaluate the response of annual 
median weekly CH4 fluxes from 1 May 2016 to 1 May 2017 to changes in shallow and deep soil temperatures 
and soil moisture. All of these variables were significant drivers of annual emissions (conditional adjusted 
R2 = 053; Figure 5 and Table 5). Methane fluxes increased with increased deep soil temperatures and soil 

moisture, while fluxes decreased with increased shallow soil temperatures 
(Table 5 and  Figure 5). The annual  hysteretic cycle of CH4  fluxes in 

Table 4 response to shallow soil temperatures resulted in an ellipse with an area 
Proportion of Season and Annual CH4 Uptake and Release of 1.56, while the area of the ellipse fit to the annual hysteretic cycle of 

Number of Total 
measured exchange 

fluxes Total by mass 
Season (30 min) CH4 mg (%) 

Growing 2016 
(1 May 2016 to 30 September 2016) 
Uptake 580 -48.67 10.6 
Release 2,434 410.49 89.4 
Growing 2017 
(1 May 2017 to 30 September 2017) 
Uptake 1,174 -69.5 27.2 
Release 2,337 186.29 72.8 
Nonrowing 2016/2017 
(1 October 2017 to 30 April 2017) 
Uptake 456 -18.40 6.9 
Release 1,835 249.8 93.1 
Annual Calendar 2016/2017 
(1 May 2016 to 30 April 2017) 
Uptake 1,036 -67.06 9.2 
Release 4,269 660.29 90.8 

CH4 fluxes in response to deep soil temperatures was 0.65 (Figure 5). The 
widest hysteresis between shallow soil temperatures and resultant CH4 

fluxes occurred between spring (weeks 20-24;23 May to 19 June) and 
early fall (weeks 35-38,29 August to 25 September) in 2016 when shallow 
soil temperatures were 5.3 °C ± 13.At the same temperatures,CH4 fluxes 
were low during the spring (0.0295 ± O.Ql 3) and highest during the early 
fall (0.170 ± 0.012). The exception is during week 22, when median fluxes 
were similar to fall fluxes, probably due to spring thaw CH4 release. 

 

3.3. Drivers of Growing Season 2016 and 2017 CH4 Emissions 

Spring thaw began on 21 April 2016. Higher emissions between 5.7 and 
18.5 mg C-CH4 m2/day were observed between 5 May 2016 and 1 June 
2016 (Figures 3b and 3c). While these emissions were ephemeral, they 
constituted 99.7 mg C-CH4 m2/day or 125% of the 2016 growing season 
budget within 21% of the growing season. There was a strong diurnal 
pattern to these larger spring thaw emissions that began 15 days after 
the onset of soil column thaw. In 2017, there was no evidence for large 
thaw emissions during May and June (Figure 3a). 
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Figure 3. Year-round eddy covariance measured fluxes (a) hourly (gray line) and daily (red circles) CH4 fluxes and (b and c) 
half hourly EC CH4 fluxes during spring thaw 2016 events (from red inset box in panel (a) and during (d) winter 2016/2017 
C outburst events (from black inset box in panel (a)). 

 

Measured fluxes showed a net release of CH4 during both growing seasons, but uptake also occurred, 
accounting for  10.6% and 27.2% of total CH4  exchange (total  mg C-CH4  m

2/yr)  during 2016 and 2017, 
respectively (Table 4). Cumulative growing season (1 May to 30 September) emissions were -2 times higher 
in 2016 (653.3 +3.9 mg C-CH4) than 2017 (280.2 +3.9 mg C-CH4). Peak emissions occurred during the week of 
29 August in 2016 and during the week of 21 August in 2017 (Figure 2d). 

 
We evaluated the response of weekly median growing season CH4 fluxes to changes in thaw depth, WTD, 
shallow and deep soil temperatures, cumulative precipitation, and soil moisture using linear mixed effects 
modeling. The best fit reduced model included thaw depth and WTDs as explanatory variables for weekly 
median CH4 fluxes. Thaw depth has a strong, significant linear relationship in both 2016 and 2017 (conditional 
adjusted R2 = 0.61; Figure 6 and Table 6), while WTD is weakly related (not significant) with median CH4 fluxes. 

 

4. Discussion 
4.1. Annual CH4  Emissions 

In this study,we found that CH4 emission was greater than uptake, and therefore,EML was a net landscape 
source during both the growing and nongrowing seasons. Accounti ng for the global warming potential of 
CH4 compared to C02, annual CH4 emissions at EML were equivalent to annual C02 losses. The first year of 
cumulative CH4 emissions (1.2 + 0.011 g C-CH4 m-2) measured at EML falls within ranges measured at other 
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sites. At an upland tundra site in northern Alaska emissions during the growing season were 1.9-2.7 g 
C-CH4 m-2 (Zona et al., 2016) and across wet sedge to dry heath arctic tundra emissions ranged from 0.95 
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to 1.7 g C-CH4 m-2 (Euskirchen et al., 2016).Wet meadow tundra site emis- 
sions during the growing season were 3.15-4.4 g C-CH4  m-2 while 
autumn fluxes were 1.1 g C-CH4 m-2 (Sturtevant et al., 2012;Wille et al., 
2008). In high-latitude arctic tundra, growing season fluxes were highly 
variable (1.42-4.09 g C-CH4 m-2 over 5 years,as were nongrowing season 
fluxes (0.02-3.76 g C-CH4 m-2 Mastepanov et al., 2013). 

Analyses of drivers of CH4 emissions on an annual basis (1 May 2016 to 1 
May 2017) showed that soiltemperatures and moisture were all significant 
factors  driving CH4  emissions. Methane  emissions integ rate several 
processes that control methanogenesis, methanotrophy, and transport 
to the atmosphere.Soil temperature is known to be an important control 
on microbial metabolism and therefore the balance of methane 
production and consumption,while soil moisture controls the availability 
of anaerobic microsites for CH4 production (Christensen et al., 2003). 
Emissions may also be mediated by the presence of graminoid vegetation, 
which promotes CH4 transport to the atmosphere (King et al., 1998). 
Methane gas produced at depth can bypass oxidation in soils by rapid 
transport to the atmosphere via vascular plant stem tissues, and this 
process has been shown to be an important factor for CH4 emissions in 
drier sites (Davidson et al.,2016;McEwing et al., 2015). 

However, at EML,drivers of CH4 
 
fluxes also varied seasonally.There is also 

strong evidence that emissions were strongly influenced by preceding 
events-that the dynamics of snow depth, soil temperatures, and winter 
warming  events  affected  the  timing  and  magnitude  of  CH4   efflux 
throughout the year.This was especially important for pulse events, which 
made up a significant proportion (-22o/o) of the annual CH4 budget. 

 

4.2. Snow Depth and Zero Curtain Emissions 
 
 

Oct 2016 Jan 2017 Apr 2017 
 

Figure 4.Eddy covariance and environmental variables measured during 
December-January 2016-2017 at Eight Mile Lake: (a) mean daily shallow 
(5-15-cm) and  deep (20-6Ckm) soil temperatures,(b) mean  daily air tem- 
perature, (c) hourly (gray line) and daily (red circles) CH4 flux. 

 
Late winter snow accumulation at EML likely affected the rate of surface 
soil temperature freeze in. Over the last 5 years of measured data,earlier 
snow accumulation led to longer zero curtain periods and warmer surface 
soils (Table 3). Snowfall and accumulation usually occurred between 
October and November and remained at relatively constant depth until 
spring thaw. During the 2016-2017 winter, thin snow cover repeatedly 
melted until January when snow accumulation increased rapidly (Figure 
54).As a result,both deep and shallow soil temperatures refroze relatively 

rapidly,reaching temperatures below -1 °C by mid-October.We hypothesize that lowzero curtainCH4 emis- 
sions during the winter of 2016-2017 were characterized by a relatively late snow accumulation that resulted 
in very cold shoulder season surface soil temperatures even while maximum snow depth (O.S4 m) was within 
range of recorded depths at this site.Recent work has shown that the zero curtain period can be a significant 
source of CH4 emissions (2.4-2.1 g C-CH4 m-2 or 32o/o of the annual budget) in upland tundra at lvotuk, on the 
North slope of Alaska (Zona et al., 2016), where soil temperatures remain near 0 °C for as many days as the 
growing season length. At lvotuk,this is credited in part to relatively deep winter snow (0.4 m depth) that 
insulates soil temperatures during the shoulder season. We suggest that zero curtain emissions might be 
in similar sites to EML like lvotuk may also be affected by rate of surface soil freeze in as mediated by the 
timingtfgap of snow cover and accumulation. 

Increasing interannual and regional heterogeneity with respect to snow depth and rates of accumulation are 
likely (Zhang, 2005), and while global climate models predict increased high-latitude precipitation with 
increased Arctic warming (Zhang et al.,2013;Bintanja & Selten,2014), snow cover duration in Alaska is also 
projected to decline through 2050 (Callaghan et al.,2011).The potential sensitivity of nongrowing season 
emissions to drivers like timing of snow accumulation underscores the need for more CH4 measurements 
in tundra systems to understand these interactions over longer time scales. 
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Figure 5. Weekly mean (a) shallow (5-15-cm) and (b) deep (20-60-cm) soil temperatures plotted against median weekly CH4 fluxes. Light blue reflects zero curtain 
soil temperatures. Filled circle colors refer to different seasons and years measured, and points are labeled by the week of the year they were measured. Arrows 
represent seasonal progression  of temperatures from May 2016 to May 2017. Hysteresis ellipses were fit using direct specific least squares method. 

 
 
 

4.3. Effects of Preceding Events on CH4 Emissions 

Seasonal patterns of CH4 emissions vary among sites in the Arctic. Significant emissions during spring and 
autumn are a common feature in high-frequency time series and often coincide with snowmelt or soil freeze 
events (Sturtevant et al., 2012; Raz-Yaseef et al., 2017; Zona et al., 2016; Pirk et al., 2017). Spring thaw 
emissions may result from the release of previously produced shoulder season CH4, trapped in frozen soils. 
Release has been observed by thawing surface soils shortly after snowmelt or prior to snowmelt as a result 
of  rain on snow events  that  cause  surface  soil cracking, allowing  CH4  to  escape  (Song  et al., 2012; 
Tagesson et al., 2012; Raz-Yaseef et al.,2017;Pirk et al., 2017). 

 
The patterns of CH4 emissions at EML strongly suggest the presence of a stored reservoir of CH4 in the winter 
season. There were two pulses of CH4 released in May of 2016 during spring thaw, which we hypothesize was 
the release of stored CH4 produced during the previous shoulder season (Figure 3). There was no similar 
spring CH4 thaw release during the 2017 season (Figure 2d). The differences in these two spring thaw 
emissions could be due to the series of large CH4 pulses in December-January 2016/2017 in response to 
abrupt air and shallow soil temperature warming, depleting stored CH4  prior to spring thaw (Figure 4). 
Collection of a longer time series should allow us to evaluate the antecedent effects of winter emissions 
on the strength of the following spring season thaw emissions. 

 
 

Table 5 
Annual Weekly Mean Predictor Variables of CH Regression Model 

 

A) Response variable 

Median weekly CH4 flux 

Full model 

All variables 

Variable removed AIC 

-186.6 

R2 

0.56 

R2 Adjusted 

0.53 
(mg C-CH4 m-2 30 min-1)  vwc -181.7 0.5 0.48 

B) Response variable Final model Coefficient AIC R2 R2 Adjusted 

Median weekly CH4 flux Intercept ** 0.038±(0.012) -186.6 0.56 0.53 
(mg C-CH4 m-2 30 min- 1) DST *** 0.025±(0.006)  

 SST ** - 0.010±(0.003) 

 VWC * 0.081±(0.031) 

Note.Backward stepwise model selection was used to obtain final model. 
DST is deep soil temperatures (0Q, SST is shallow soil temperatures (0Q. 
VWC is volumetric soil moisture (%). 
Variable significance:*** 0.001, ** 0.01, and *0.05. 
Full model: CH4 = intercept + DST+ SST+ VWC. 
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Figure 6. Weekly mean (a) thaw depths and (b) water table depth measured during the growing seasons of 2016 (filled 
circles) and 2017 (open circles) plotted against median weekly CH4 fluxes. Regression lines (solid line, 2016; dashed line, 
2017) are the predicted  model (fable 6). 

 
 

Methane pulses during the winter of 2016/2017 were an order of magnitude larger when the entire soil col- 
umn was frozen relative to pulses in other seasons when shallow soil temperatures were above freezing. 
Larger winter  pulses might be related to the reduced likelihood of CH4 oxidation as it escapes frozen soil 
in winter. An additional explanation for the magnitude of CH4 released in winter could be related to the lack 
of autumnal freeze-in bursts and low-level zero curtain emissions at EML. Autumnal bursts occur in regions 
underlain by permafrost, where CH4 gas compression can occur as soilwater freezes. Freezing soils can cause 
ground cracking, allowing gases to escape and resulting in significant release (Mastepanov et al., 2013;Pirk 
et al.,2015). 

At EML,deeper soils maintained temperatures within the zero curtain throughout the shoulder season,yet 
fluxes out of the soil remained low from October until the end of December (Figure 4a). There was also no 
evidence for large autumnal bursts at the end of the 2016 growing season. This suggests that the relatively 
large emissions in December/January were a relatively large reservoir of stored CH4 that had accumulated in 

 
 

Table 6 
Growing Season Weekly Mean Predictor Variables of CH4 Flux From Linear Mixed Effects Model 

 

 Full model: 
maximum 

 

Variable 
  

R2 
 

R2 
A) Response variable likelihood removed AIC Marginal Conditional 

Median weekly CH4 flux All variables  -173.3 0.55 0.59 
(mg C-CH4 m-2 30 min-1)  vwc -175.3 0.54 0.59 

  Precip -177.0 0.55 0.59 

  SST -178.6 0.52 0.59 

  DST -180.6 0.52 0.59 

  TD -150.3 0.06 0.34 

  WTD    
 Final model:     
 restricted  maximum   R2 R2 

B) Response variable likelihood Coefficient AIC Marginal Conditional 

Median weekly CH4 flux Intercept 0.011±(0.017) -146.5 0.46 0.61 
(mg C-CH4 m-2 30 min- 1) TD *** 0.002±(0.000)    

 WTD -0.002±(0.001)    
Note.Backward stepwise model selection was used to obtain final model. 
VWC is volumetric soil moisture (%), Precip is weekly cumulative precipitation (cm), SST is shallow soil temperatures (0Q, 
DST is deep soil temperatures (°C),TD is thaw depth (cm),and WTD is depth to water table (cm).Variable significance:*** 
0.001,** O.Dl, and * 0.05. 
Full model: CH4 = intercept + VWC + Precip + SST + DST + TD + WTD; random = season. 
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deep soils during the zero curtain. We hypothesize that because of the late snow year and rapid freeze down 
of the surface soils, CH4 produced during the shoulder season remained trapped below the frozen surface 
soils untilit was released rapidly as air temperatures warmed rapidly.These pulses were ephemeral and only 
occurred during 1 week of the year, yet the magnitude (up to 105 mg ·m2 ·hr) surpassed what is defined to 
constitute maximum biogenic fluxes in arctic permafrost systems (5.0 mg ·m2 •  hr; Kohnert et al., 2017). 
Nongrowing season burst emissions in the Arctic exhibit considerable interannual variability (Raz-Yaseef 
et al., 2017;Pirk et al., 2017), and longer-term observational records will help to determine whether winter 
pulses of this magnitude are associated with late snow years or if they are a common component of CH4 

fluxes at EML 
 

4.4. Growing Season Methane Emissions 

A synthesis of plot level CH4 fluxes in permafrost regions identified soil temperature, soil moisture, and 
vegetation composition as key environmental variables that control growing season emissions (Olefeldt 
et al., 2012).Temperature and WTD are synergistic; the effects of temperature may become more important 
if WTD is at or above a certain level-acting as an "on-off" switch for emissions (Christensen et al., 2003; 
McEwing et al.,2015). Drier tundra systems like EML with deeper WTD (6-17 cm) may be more sensitive to 
changes in the position of the water table,where a 5-cm rise can increase emissions up to 45%,in contrast 
to inundated wetland tundra systems (WTD at 0 cm) that are more temperature sensitive (Olefeldt et al., 
2012). Methane uptake was more prevalent in the drier growing season of the two growing seasons 
measured (272% in 2017 versus 10.6% in 2016;Table 3), but within each growing season weekly CH4 fluxes 
did not appear to be responsive to changes in WTD position.Although WTD sometimes ranged from 10 to 
20 cm for several consecutive weeks (Figure 2a), CH4 fluxes were relatively insensitive to changes in soil 
moisture and WTD (Figure 6). 

Net growing season CH4 fluxes were positive and increased linearly during the growing seasons of 2016 and 
2017.We hypothesized that CH4 fluxes would be responsive to environmental drivers that typically control 
CH4 fluxes and promote CH4 production and transport. However, while soil moisture, soil temperatures, 
cumulative precipitation,and peak biomass were all most favorableto CH4 emissions in mid-July,peak emis- 
sions occurred in late August through early September during both growing seasons and correlated best 
with weekly thaw depths above all other measured site variables (Figure 6). 

Both shallow and, to a lesser extent, deep soil temperatures demonstrated some degree of hysteresis 
annually, where late season emissions were higher than early season emissions at the same soiltemperatures 
(Figure 5). Hysteresis has been documented on a diurnal basis in C02 efflux in permafrost soils (Fouche et al., 
2017) where there was a  lagged disconnect between air or soil temperatures and ecosystem respiration. 
However,CH4 emissions have less well understood hysteresis dynamics.Lagged emissions have been shown 
over the growing season with respect to water table depths (Moore & Roulet, 1993), gross primary 
productivity (Rinne et al., 2018), and annually with soil temperatures (Zona et al., 2016). At lvotuk, a dry, 
upland tundra site similar to EML,strong seasonal hysteresis was attributed to stronger spring CH4 oxidation, 
while later inthe season more CH4 is stored in the deeper active layer (Zona et al., 2016).The mechanism may 
be applicable at EML too,where hysteresis appears to be mediated by depthof thaw.Lower CH4 fluxes were 
measured when shallow soiltemperaturesaveraged -5 °C and thaw depthwas shallower than 25 cm.Evenas 
shallow soiltemperatures peaked at 10.9 °C during week 28, fluxes increased weekly through the growing 
season as thaw deepened. Maximum growing season CH4 fluxes from late August to September occurred 
when shallow soil temperatures returned to lower values (-5 °(), during maximum thaw depth.Therefore, 
diffusive fluxes of CH4 (as opposed to the larger pulses) appear to be responsive to changes in temperature, 
but this relationship is mediated bya larger volume of unfrozen soilthat likely produces and stores more CH4 

later in the growing season. 

Thaw depth is observed to be an important control on CH4 fluxes in more northerly Alaskan tundra sites 
during the growing season (Sturtevant et al., 2012; von Fischer et al., 2010;Zona et al., 2009, 2016).Thaw 
depth integrates important variables for CH4 emissions like soil temperature and moisture and increases 
the volume of unfrozen organic matter available for decomposition (Olefeldt et al., 2012;Zona et al.,2009). 
Increased soil heat conduction to deeper soil layers through wetter conditions further deepens soil thaw 
during the growing season (Sturtevant et al., 2012). The rate of thaw depth may also have affected 
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Figure 7.Monthly cumulative (a) thaw depths and (b) growing degree days plotted against cumulative monthly CH4 fluxes 
during the 2016 (solid line) and 2017 (dashed line) growing seasons. Colors refer to different months measured  in 2016 
(circles) and 2017 (triangle). 

 
 
 
 

cumulative growing season  emissions, which were  more than twice as high in 2016 (653.3 + 3.9  mg 
C-CH4 m-2 as in 2017 (280.2 + 3.9 mg C-CH4 m-2 . While active layer thickness was not significantly 
different between years, the rate of thaw lagged by a month in 2017 relative to 2016 (Figure 7). This 
relationship is also reflected in the number of cumulative growing degree days in each growing season 
(Figure 7) and appeared to affect the total seasonal emissions magnitude.This is similar to findings in high 
Arctic tundra sites where higher cumulative CH4 emissions tend to be related with higher total growing 
degree days (Pirk et al., 2017). This is not to rule out the additional effect of overall growing season 
moisture on cumulative CH4 emissions. The 2017 growing season was significantly drier than 2016 
(Figures 2a, 2b, and 2e and Table 2). While precipitation and soil moisture measurements were not 
predictive of CH4 emissions within a growing season, there is evidence of greater CH4 uptake in 2017,and 
perhaps this also affected production rates. 

 

4.5. Net Carbon Budget 

Eddy covariance data from May 2016 to April 2017 show that EMLwas a C02 net source (12.7 g C m2/yr) with 
cumulative emissions about 10 times greater than CH4 emissions (1.2 g + 0.011 CH4-C m2/yr) during the 
same interval. Converting CH4 to C02 equivalents and adding to the C budget results in total emissions 
strength of 32.3 g C m2/yr, where CH4 makes up 61% of annual emissions. Soils at EML were historically 
an active C sink since the early Holocene and until surface C accumulation stopped 8-18 years ago (Hicks 
Pries et al., 2012) coincident with an increase in permafrost warming (Osterkamp et al., 2009). Annual C02 
balance measured and modeled at EML is strongly dependent on winter ecosystem respiration (Celis 
et al., 2017;Trucco et al., 2012). Winter C02 flux measurements at EML have pushed the site from a net 
neutral or C sink to an annual source of C in all but 2 of the last 8 years measured, offsetting the capacity 
of tundra biomass to be a C sink during the growing season (Celis et al., 2017). Measurement of growing 
season C02 fluxes at an adjacent permafrost warming experiment (CiPEHR) indicates that the future 
intermediate stages of thaw will lead to suppression of primary production and ecosystem respiration as 
a result of increased ground subsidence and soil saturation (Mauritz et al., 2017). If we assume the historical 
baseline of growing season CH4 emissions at EML was neutral,or a net sink like CO:u observed CH4 emissions 
may be a recent change as a result of permafrost degradation. If emissions were similar to other dry or moist 
tundra sites, EML may have been neutral or a CH4sink (-022 to -0.08 g CH4-C m2/yr; Olefeldt et al., 2012; 
J0rgensen et al., 2014). Assuming annual historic range of values similar to other dry or moist tundra sites 
with  net uptake (-0.22 g CH4-C  m2/yr),  net neutral  (0.08 g CH4-C m2/yr), or  half of current emissions 
measured (0.6 g CH4-C m2/yr) when measured as C02 equivalents, EML might have been a strong C sink 
(-3.5 to -1.3 g C m2/yr) in the past, or CH4 emissions may have pushed the balance to a net source 
assuming no net C02 emissions (9.8 g C m2/yr). The addition of CH4 emissions to the net carbon budget 
suggests that the trajectory of emissions at EML will be a stronger GHG source. Preliminary measurements 
at CiPEHR also suggests that CH4 emissions increased in more deeply thawed plots, suggesting that 
anaerobic decomposition may become increasingly important to future ecosystem C storage inthis tundra 
system (Natali et al., 2015). 
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S. Conclusions 

Our results demonstrate that this upland tundra site was a net source of CH4 emissions, withemissions almost 
evenly divided between the growing season (54%) and the winter season (46%). The addition of CH4 

emissions to the C budget doubles C emissions from EML when accounting for GWP. Growing season 
emissions suggest that both thaw depth and rate of thaw may be predictive of growing season emissions. 
Sites with longer records also indicate that considerable interannual variability exists in tundra CH4 fluxes, 
especially in nongrowing seasons (Mastepanov et al.,2013). Nongrowing season fluxes require further work 
to understand the underlying mechanisms that might enable better model predictions.A longer time series 
will also help determine the extent to which shoulder season emissions, and the length of the zero curtain, 
might be mediated by interannual differences in snow cover. Like similar studies, pulses during the 
nongrowing season are significa nt and can best be captured by year round,continuous monitoring in order 
to characterize seasonal patterns in emissions. 
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