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Key points: 18 

1. Hotspots accounted for 72% of growing season methane emissions in a wet year 19 

in patches where sedges dominated the plant community. 20 

 21 

2. Thawed soil volume was a strong driver of increased methane emissions, even in 22 

the absence of high surface moisture. 23 
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 24 

3. Increased methane emissions with deep thaw reduced net growing season carbon 25 

uptake by 18% in wet areas, and 4% in drier areas. 26 

 27 

Abstract  28 

Rapid Arctic warming is causing permafrost to thaw and exposing large quantities of soil 29 

organic carbon (C) to potential decomposition. In dry upland tundra systems, subsidence 30 

from thawing permafrost can increase surface soil moisture resulting in higher methane 31 

(CH4) emissions from newly waterlogged soils. The proportion of C released as carbon 32 

dioxide (CO2) and CH4 remains uncertain as previously dry landscapes transition to a 33 

thawed state, resulting in both wetter and drier microsites.  34 

To address how thaw and moisture interact to affect total C emissions, we 35 

measured CH4 and CO2 emissions from paired chambers across thaw and moisture 36 

gradients created by nine years of experimental soil warming in interior Alaska. 37 

Cumulative growing season (May – September) CH4 emissions were elevated at both 38 

wetter (216.1 – 1099.4 mg CH4-C m
-2

) and drier (129.7 – 392.3 mg CH4-C m
-2

) deeply 39 

thawed microsites relative to shallow thaw (55.6 – 215.7 mg CH4-C m
-2

) and increased 40 

with higher deep soil temperatures and permafrost thaw depth. Interannual variability in 41 

CH4 emissions was driven by wet conditions in graminoid dominated plots that generated 42 

>70% of emissions in a wet year. Shoulder season emissions were equivalent to growing 43 

season CH4 emissions rates in the deeply thawed, warmed soils, highlighting the 44 

importance of non–growing season CH4 emissions. Net C sink potential was reduced in 45 

deeply thawed wet plots by 4 – 42%, and by 3.5 – 8% in deeply thawed drier plots due to 46 
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anaerobic respiration, suggesting that some dry upland tundra landscapes may transition 47 

into stronger CH4 sources in a warming Arctic.  48 

Plain Language Summary 49 

The Arctic is warming twice as fast as the global average. This is causing permafrost to 50 

thaw and subside. Soil carbon decomposition under these conditions can be released as 51 

carbon dioxide in dry soils, or as methane in newly waterlogged soils, which has a 52 

stronger global warming potential. We artificially warmed permafrost soils to measure 53 

how thaw and moisture affects total carbon emissions in a dry, upland tundra ecosystem. 54 

Methane emissions were higher with deeper thaw and wetter soils, especially in plots 55 

with sedge tussocks. Permafrost thaw increased soil moisture and we expect that this will 56 

lead to increased methane emissions from even dry landscapes in future. 57 

1. Introduction 58 

With rising atmospheric temperatures in the Arctic, a significant proportion of the 59 

estimated 1440 – 1600 Pg soil organic carbon (C) stored in permafrost regions is exposed 60 

to potential decomposition as permafrost thaws (Hugelius et al., 2014; Overland et al., 61 

2018; Schuur et al., 2018; Tarnocai et al., 2009). Decomposition of permafrost soil 62 

organic C may increase greenhouse gas (GHG) emissions to the atmosphere, accelerating 63 

global warming (Hugelius et al., 2014; Koven et al., 2011; Schaefer et al., 2011; Schuur 64 

et al., 2015).  Some proportion of GHG emissions may be offset by increased plant 65 

growth, but C models and in situ studies indicate that on an annual basis, northern 66 

latitude systems will transition from a C sink to a source by 2100 (Belshe et al., 2013a; 67 

Koven et al., 2015; Lawrence et al., 2015; McGuire et al., 2018; Schuur et al., 2015). 68 



 4 

Estimating the strength of the permafrost C–climate feedback is challenging, in 69 

part, because the form of GHG, carbon dioxide (CO2) or methane (CH4), that will be 70 

released as permafrost thaws is unclear. Determining the relative proportion of GHG 71 

emissions released as either CO2 or CH4 is crucial because CH4 emissions have 45 times 72 

the sustained emissions global warming potential of CO2 over a 100–year timescale, and 73 

may therefore have a significant effect on the GHG warming potential from high latitude 74 

terrestrial ecosystems (Neubauer and Megonigal, 2019). 75 

A key environmental driver of the magnitude and form of C emissions is soil 76 

moisture (Humphrey et al., 2021). Permafrost acts as a barrier to vertical water flow, 77 

resulting in a perched water table and saturated conditions in the lower layers of the 78 

seasonally–thawed active layer (Walvoord and Kurylyk, 2016). As permafrost thaw 79 

deepens, soil moisture can change as a result of land subsidence (thermokarst) caused by 80 

loss of ground ice (Olefeldt et al., 2016), or soil drainage as ground water flow pathways 81 

increase (Lawrence et al., 2015). At the same time, climate change can alter the amount 82 

and seasonality of precipitation that also affects water flow and storage in permafrost 83 

ecosystems (Lique et al., 2016; Wrona et al., 2016).  84 

The loss of ground ice in thawing permafrost is lacking in process–based Earth 85 

system models (Schädel et al., 2018). Though some manipulation studies have measured 86 

the effects of snow cover changes (Blanc–Betes et al., 2016) or water table changes 87 

(Vaughn et al., 2016) on GHG production and emissions, there are few direct 88 

observations of the effects of subsidence on C dynamics in tundra systems (Natali et al., 89 

2015; Voigt et al., 2017). Even relatively dry, upland sites can become significant CH4 90 
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sources with increasing thermokarst features across the landscape (Belshe et al., 2013b; 91 

Natali et al., 2015; Nauta et al., 2015; Taylor et al., 2018). 92 

Terrestrial CH4 emissions are spatially and temporally heterogeneous and 93 

mediated by changes in soil moisture and vegetation composition. These factors make 94 

emissions difficult to estimate across the Arctic (Lawrence et al., 2015; Nauta et al., 95 

2015; Olefeldt et al., 2013; Olefeldt et al., 2016). Methane emissions are controlled by 96 

rates of production and oxidation within the soil column (Chowdhury et al., 2015; Dean 97 

et al., 2018). Production rates may be limited by absence of anaerobic microbial 98 

communities, substrate limitation, and anaerobic microsites in drier soils. In drier soils, 99 

diffusion of CH4 through oxic soils above the water table can oxidize the majority of CH4 100 

produced before it reaches the soil surface (Preuss et al., 2013; Whalen, 2005). However, 101 

in tussock tundra, CH4 can bypass oxic surface soils via rapid transport through the roots 102 

and stems of vascular plants (Andresen et al., 2017; Davidson et al., 2016; King et al., 103 

1998; McEwing et al., 2015).  104 

The Carbon in Permafrost Experimental Heating Research (CiPEHR) is a 105 

permafrost warming experiment initialized in 2008 (Natali et al., 2011). Within the 106 

footprint of CiPEHR, a water table manipulation experiment (DryPEHR) was established 107 

in 2011 to investigate the combined effects of thaw and water table change (Natali et al., 108 

2015). In the first 3 years of warming, initial trends reflected the amplification of the C 109 

cycle, where a significant increase in CO2 release was offset by C gains in enhanced plant 110 

productivity (Natali et al., 2011; Natali et al., 2014). However, there was significant 111 

variation in the C cycling response that was driven by heterogeneity in soil moisture. As 112 

thaw progressed, saturated sites had lower rates of gross primary productivity (GPP) and 113 
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ecosystem respiration (Reco), while well–drained, drier microsites had higher rates of Reco 114 

and GPP (Mauritz et al., 2017; Natali et al., 2015). Previous measurements at the end of 115 

the growing season demonstrated this dry upland site had net CH4 emissions from both 116 

warmed and ambient plots, and that CH4 emissions were positively related to soil 117 

moisture (Natali et al., 2015). However, these CH4 measurements were only collected 118 

once at the end of the growing season and did not represent CH4 throughout the growing 119 

season and its contribution to the net ecosystem C balance. Moreover, site-level water 120 

content has increased significantly relatively to 2011, and thermokarst features have 121 

become more prevalent on the landscape (Pegoraro et al., 2020). 122 

Our objectives in this study were to collect paired chamber CH4 and CO2 123 

exchange measurements throughout several growing seasons to directly quantify the 124 

growing season C budget in response to accelerated soil warming, thaw, and subsidence. 125 

We hypothesized that: 1) Soil moisture would be the most important driver of CH4 126 

emissions in this upland tundra ecosystem; and 2) Cumulative C emissions at the 127 

ecosystem scale would be greatest in well–drained and deeply thawed plots due to higher 128 

rates of aerobic respiration leading to larger CO2 emissions. 129 

 130 

2. Methods 131 

Site Description 132 

The Carbon in Permafrost Experimental Heating Research (CiPEHR) experiment is 133 

located within the Eight Mile Lake watershed (63˚52’42”N, 149˚13’12”W), in the 134 

northern foothills of the Alaska Range near Denali National Park and Preserve. The study 135 

site is located at 700 m elevation on a gentle hill slope (~5%) (Belshe et al., 2013b). 136 
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Surface soils are relatively well–drained and consist of 0.25 – 0.35 m deep organic soils 137 

overlying mineral soil made up of glacial till and loess deposits (Osterkamp et al., 2009; 138 

Schuur et al., 2009; Vogel et al., 2009). The upland tundra vegetation forms an open 139 

canopy and is dominated by low, dwarf shrubs (e.g.: Betula nana, Vaccinium 140 

uliginosum), tussock forming sedges (Eriophorum vaginatum), and mosses and lichen 141 

(Natali et al., 2012; Salmon et al., 2016; Schuur et al., 2007; Walker et al., 2005). While 142 

it falls within the discontinuous permafrost zone, this site entirely underlain with 143 

permafrost (Osterkamp et al., 2009), and the site is co–located with a 30 m deep borehole 144 

where permafrost warming has been recorded since 1985 (Osterkamp and Romanovsky, 145 

1999). Soils have an average of 54.8% moisture by mass, and ice loss drives 85-91% of 146 

subsidence at this site (Rodenhizer et al., 2020). 147 

Experimental design 148 

The CiPEHR experiment was established in 2008 when maximum active layer thickness 149 

(ALT) was at 50 cm depth (Natali et al., 2011). Permafrost warming was achieved using 150 

snow fences (1.5 m x 8 m) that trap excess snow, insulating permafrost and increasing 151 

soil temperatures by 2 – 3 ˚C during winter months (Mauritz et al., 2017; Natali et al., 152 

2011). In spring of each year, immediately prior to snowmelt, the excess snow pack was 153 

removed to ambient levels to prevent excess moisture and to ensure similar melt–out 154 

dates between treatments. There are six replicate fences within 3 experimental blocks that 155 

are located in close proximity (100 m) of each other. Within each block are 8 plots (0.6 m 156 

x 0.6 m). Air warming treatments were applied to two plots on each side of the fence (soil 157 

warming on one side, control on the other) using 0.36 m
2
 x 0.5 m tall open top chambers 158 

during the growing season (May – September). 159 
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A water table drawdown experiment (DryPEHR) was initiated in the footprint of 160 

the snow fences in June 2011 to examine the effects of thaw and soil moisture changes 161 

(Natali et al., 2015). However, permafrost thaw and changing microtopography that 162 

underlay the water table manipulations have also altered the hydrology and helped to 163 

produce the final set of plot conditions (Figure S1). As a result, we have reclassified wet 164 

and dry microsites within the thawing experiment as described below. 165 

Plot groupings based on water table depth and thaw depth 166 

Heterogeneous thaw conditions across CiPEHR and DryPEHR plots have led to 167 

increasingly variable thaw and soil moisture conditions across treatments ranging from 168 

standing water (wet) to deep (dry) WTDs. Therefore, we classified plots into 3 groups 169 

based on active layer thickness and mean WTD in 2017 following Mauritz et al. (2019): 170 

Shallow–Dry (average WTD –17.6 cm; average maximum thaw depth 76.3 cm; n = 22), 171 

Deep–Dry (average WTD –14.4 cm; average maximum thaw depth 112.5 cm; n = 8) and 172 

Deep–Wet (average WTD –1.0 cm; average maximum thaw depth 115.7 cm; n = 12) 173 

(Figure S1). Deeply thawed plots were part of the soil warming treatment. The Shallow-174 

Dry group were not warmed and are closest to ambient tundra thaw and soil moisture. 175 

These groups were not used for statistical analyses, which were conducted on continuous 176 

plot variables. Groups were used to visualize the averaged plot conditions that capture 177 

potential future tundra trajectories.  178 

Environmental variables 179 

Meteorological conditions were monitored half–hourly using a HOBO Onset station 180 

(Bourne, MA, USA) located between the three experimental blocks. The station 181 

measured air temperature, rainfall, photosynthetically active radiation (PAR), wind speed 182 
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and direction, and relative humidity. Soil temperatures were measured half–hourly at 5, 183 

10, 20, and 40 cm depth in every flux plot using type T copper–constantan 184 

thermocouples. Volumetric water content (VWC) was measured in every flux plot from 185 

the soil surface to 20 cm depth using site–calibrated water content reflectometer probes 186 

(Campbell CS 615 and CS616). All plot level measurements were recorded to a data 187 

logger (CR1000, Logan, UT). Water table depth (WTD) was measured three times per 188 

week in wells adjacent to plots and thaw depth was measured once per week at two 189 

locations surrounding each plot during the snow–free period. Water table depth is 190 

reported relative to the ground surface: negative values reflect water below the soil 191 

surface and positive numbers reflect water above the soil surface. 192 

Aboveground biomass measurement 193 

We quantified plant species composition and biomass at CO2 flux plots in late July, 2017, 194 

at the peak of the growing season, using a non–destructive point intercept method 195 

(Schuur et al., 2007). A 60 x 60 cm frame with 49 grid points was suspended over the 196 

CO2 flux plots. A rod was lowered into the vegetation at each grid point and the species 197 

at each point of contact was recorded. Based upon species–specific allometries from the 198 

site, the average number of contact points per species was converted to dry weight 199 

biomass (g/m
2
) (Salmon et al., 2016). The same technique was used to estimate biomass 200 

at the CH4 flux plots, but these plots were smaller so only grid points that fell within the 201 

collars were used (between 9–13 points per collar). 202 

Methane flux measurements 203 

Methane flux measurements were made at collars adjacent to CO2 flux plots (n = 21) 204 

within the same plot footprint. Collars are made of 25 cm PVC that were permanently 205 
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installed 8 cm into the soil layer. Surface flux measurements were made with a Los Gatos 206 

Research (LGR), Ultra–Portable Methane Analyzer (UMA), (Model number 915–0001, 207 

Los Gatos, Research, Palo Alto, CA, USA). The LGR was checked against a CH4 208 

standard and atmospheric concentrations to ensure good agreement during each 209 

measurement date. We covered the collars with an opaque 10 L chamber that fits tightly 210 

over the collar and makes an air tight seal and recirculated air between the UMA and 211 

chamber via inlet and outlet tubing for 15 minutes. Between separate plots, the chamber 212 

was removed until CH4 values returned to background atmospheric levels. Methane 213 

fluxes were calculated using a linear slope fitting technique of 5 minutes of the measured 214 

data. Non–zero fluxes with r
2
 < 75% were discarded (3.5% of all measurements); fluxes 215 

that were not significantly different from zero were retained irrespective of r
2
 values. 216 

In 2016, measurements were made 12 times in late summer and into the shoulder 217 

season (August 8th – November 14th). In 2017 and 2018 measurements were made 218 

throughout the growing season from May 4 – September 4 in 2017 (9 times) and May 219 

25th – August 29
th

 in 2018 (8 times). Measurements began later in the 2018 growing 220 

season due to late snowmelt across the site.  221 

Carbon dioxide flux measurements 222 

Net ecosystem exchange (NEE) was measured using an automated CO2 flux chamber 223 

system from May 1 until the end of September, from 2016 to 2018. Measurements were 224 

made every 1.5 h where air was circulated between the chambers and an infrared gas 225 

analyzer (IRGA; LI–820, LICOR Corp., Lincoln, Nebraska) for 1.5 min, and CO2 226 

concentrations were measured at 2 s intervals. Plot level air temperatures were measured 227 

every 1.5 hours using shaded thermistors from inside the autochambers during CO2 flux 228 
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measurements when chambers were closed and fans circulated air inside the chamber. 229 

Fluxes were calculated using linear regression, and converted from volume to mass using 230 

plot-specific chamber volumes and air temperatures. Ecosystem respiration was modeled 231 

with soil temperatures at 10 cm using an exponential Arrhenius-type equation (Mauritz et 232 

al., 2017; Natali et al., 2014; Natali et al., 2011). This temperature relationship was used 233 

to estimate Reco when photosynthetically active radiation (PAR) < 5 µmol m
2
 s

-1
. When 234 

PAR > 5 µmol m
2
 s

-1
, NEE was gap filled using a hyperbolic light response curve. Gross 235 

primary productivity was estimated when PAR ≥ µmol m
2
 s

-1
 where GPP = NEE + Reco. 236 

More details on the flux system and calculations can be found in Mauritz et al., (2017), 237 

Natali et al., (2011), Natali et al., (2014), and Vogel et al., (2009).  238 

Fall flux measurements were made from October – November 2016, after summer 239 

auto–chambers were removed. Fluxes were measured following Webb et al., (2016), by 240 

circulating air through a plexi-glass chamber (108 L average volume) and an infrared gas 241 

analyzer. Light and dark flux measurements were made using a dark chamber cover in 242 

order to estimate NEE and Reco, respectively.  243 

Cumulative greenhouse gas emissions 244 

Cumulative seasonal CH4 emissions for the 2017 – 2018 growing seasons (May – 245 

September) and 2016 end of summer/shoulder season (August – November) were 246 

calculated by linearly interpolating between measurement periods and summing fluxes at 247 

each plot. Cumulative CO2 fluxes were calculated from half–hourly flux rates and 248 

reported in g CO2-C m
–2

 following Mauritz et al., (2017). We use the convention that 249 

positive NEE values represent a net CO2 sink, and negative NEE values represent a net 250 

CO2 source. Cumulative fall season fluxes were interpolated and summed using the 251 
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following shoulder–season exponential equation (r
2
 = 0.27; Q10 = 1.89) based upon the 252 

relationship between Reco, soil temperature (5 cm), and day of year (DOY) (Webb et al., 253 

2016): 254 

NEE = a * e 
^
 (b * T5cm + c * DOY) 255 

Where a = 1938.6; b = 0.06, and c = -0.03. During the shoulder season, NEE is equivalent 256 

to Reco. 257 

Methane emissions are reported in mg CH4-C. In order to compare the relative 258 

radiative impacts of CO2 and CH4, we calculated the CO2 equivalent of CH4. We chose to 259 

use the sustained global warming potential (SGWP) metric because these fluxes are 260 

radiative forcing due to sustained emissions as opposed to pulse emissions (Neubauer 261 

 & Megonigal, 2019). Here we are using the 100-year SGWP of 45 that was reported on a 262 

mass of gas basis, while accounting for the different molar gas masses of CH4 (16 g mol
-263 

1
) and CO2 (44 g mol

-1
). This gives 16.4 as a multiplier to present CH4 and CO2 data on 264 

an equivalent basis (Neubauer & Megonigal, 2019): 265 

CO2-equivalent = F x SGWP  266 

Where F = cumulative CH4 flux (mg CH4-C); SGWP is 16.4 (=(16 g mol
-1

/44 g mol
-267 

1
)*45), the mass-adjusted 100 year sustained global warming potential. For example, the 268 

release of -215.7 mg CH4-C is equivalent in radiative forcing to the release of -3.5 g CO2-269 

C based on the 100 year sustained global warming potential ((-215.7 mg) * (0.001 mg
-1

g) 270 

* (16.4) = -3.5 g CO2-C-equivalent greenhouse gas emission. 271 

  We use an ecosystem-based sign convention here, where cumulative CH4 272 

emissions will be denoted as positive when it is a net sink and negative when a net source 273 
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of CH4. When cumulative NEE is positive, that shows net CO2-C sink, when it is 274 

negative that means net CO2-C source.  275 

Statistical analyses 276 

To determine drivers of CH4 emissions at each plot during the growing seasons in 2017 277 

and 2018 we used mixed effects models (lme4, Pinheiro et al., 2017) in R (R Core Team, 278 

2018).  The 2016 growing season was not modeled because measurements did not begin 279 

until late July. Mean weekly thaw depth, WTD, deep (20 – 40 cm) soil temperatures, and 280 

shallow (5 – 10) soil temperatures were included as fixed effects and all interactions were 281 

allowed. Plot was included as a random effect to account for repeated measures. We 282 

included plant biomass as a random effect to account for variability among plots, but it 283 

did not improve model fit and so it was removed. Methane was log transformed to 284 

achieve normality before analyses. Correlation among environmental variables was tested 285 

using a variable inflation factor (VIF) test and variables were standardized to compare 286 

effect sizes. The significance of the fixed effects was assessed by calculating 95% 287 

confidence intervals for model coefficients using bootstrapping techniques. The best 288 

models were selected using stepwise backward selection where individual variables were 289 

removed and compared to the full model using Akaike Information Criterion (AIC). The 290 

best fitting, simplest model was selected using a 5–point AIC improvement (Pinheiro and 291 

Bates, 2000; Zuur et al., 2009). Shallow soil temperatures did not improve model fit and 292 

were removed from the model. To test for significant effects between the plot groupings 293 

based on mean WTD and maximum thaw depth and years, we used one–way ANOVA 294 

(package emmeans, Lenth, 2019) and a t–test. 295 

 296 
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3. Results 297 

Environmental variables 298 

Growing season mean annual air temperatures were similar across all years of 299 

measurement, ranging from 9.7 – 10.4˚C (Table 1). Insulation from the snowpack 300 

warmed surface soils by an average of 0.4 ˚C and deep soils by 1.0˚C relative to control 301 

during the 2016 – 2018 growing seasons. The site was snow free before May 1
st
 in 2016 302 

and 2017, while in 2018 the onset of the growing season was delayed as snow remained 303 

until after May 10
th

. Active layer thickness in warmed permafrost soils was 39 cm deeper 304 

than control plots across 2016 – 2018 on average.  305 

Soils began to thaw 2 weeks earlier in 2017 relative to 2016 and 2018. There was 306 

evidence that a talik ((i.e., an area of unfrozen ground surrounded by permafrost and 307 

frozen surface soil in the winter) was present in soil warmed plots in 2016 and 2018. 308 

When the talik depth was reached, thaw depth in soil–warmed plots diverged rapidly 309 

from control (Figure 1C, D). In contrast, in 2017, the entire column refroze, and thaw 310 

progressed linearly through the whole season (Figure 1C, D). Refreezing in 2017 is likely 311 

related to the very late snowfall onset in winter 2016/2017, which allowed cold air 312 

temperature to fully refreeze the soil column (Figure S2).  313 

Growing season precipitation was above long–term average in 2016, and rainfall 314 

in July exceeded the 10-year average for that month at this site. Precipitation in 2017 was 315 

just below average and fell primarily in July and August (Figure 1A). In 2018, 316 

precipitation was above average and was concentrated (60%) towards the end of the 317 

growing season, after August 20th (Figure 1A; Table 1). As a result of increased 318 

subsidence (Plaza et al., 2019; Rodenhizer et al., 2020), soil–warmed plots were wetter 319 
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on average than control plots (WTD ~ 10 cm shallower/closer to the surface) from 2016 – 320 

2018 (Table 1). Water table depth correlated strongly with precipitation at the site, and 321 

the timing of rainfall was reflected in seasonal WTD patterns (Figure 1A, B, C).  322 

Plant species composition and biomass 323 

Average total plant biomass measured in each CH4 collar in summer 2017 was similar 324 

among groups (Shallow Dry: 440.9 ± 46.7 g m
–2

; Deep Dry: 406.6 ± 107.3 g m
–2

; Deep 325 

wet: 347.5 ± 55.8 g m
–2

). Because graminoid vegetation have aerenchyma that can aid in 326 

CH4 transport from soils to the atmosphere, we wanted to quantify the plot-level varation 327 

in E. vaginatum and C. bigelowii. We calculated graminoid species composition as a 328 

percentage of total biomass in each CH4 collar and averaged them by groups. Percent 329 

graminoid species (E. vaginatum and C. bigelowii) was not significantly different 330 

between groups. Nine of the plots (n = 42) measured had > 30 % graminoid cover. Five 331 

of them were among the Shallow Dry group, 3 in the Deep Wet, and 1 in Deep Dry. Plant 332 

functional type composition summarized by groups can be found in Table S1.  333 

Seasonal CH4 emissions in response to environmental drivers 334 

Methane emissions increased during the growing season, reaching a peak in late August 335 

in 2017, and in late July, 2018 (Figure 2A, B, C). Deep Wet mean daily flux rates reached 336 

-378 and -71 mg CH4-C m
-2

 d
-1

 in August 2017 and 2018, respectively. Deep Dry fluxes 337 

reached -49 and -19 mg CH4-C m
-2

 d
-1

 in August 2017 and 2018, respectively and 338 

Shallow Dry were -47 and -14 mg CH4-C m
-2

 d
-1

 in August 2017 and 2018, respectively. 339 

In 2016, measurements spanned August – November, and Deep Wet, Deep Dry, and 340 

Shallow Dry all reached high mean daily flux rates of -655, -220, and -81 mg CH4-C m
-2

 341 
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d
-1

 in August. A small subset of plots consistently emitted more CH4 in 2016 and 2017, 342 

but this was not seen in 2018 measurements (Figure 2A, B, C).  343 

We analyzed weekly cumulative CH4 emissions across all plots in 2017 and 2018 344 

in response to changes in weekly mean thaw depth, water table depth, and deep soil 345 

temperatures (20 – 40 cm). In 2017, CH4 emissions increased with thaw depth and 346 

shallower water table (wetter conditions) (Table 2). In 2018, CH4 emissions increased 347 

with thaw depth and deep soil temperatures with a significant interaction between these 348 

two terms (Table 2). In deeply thawed plots, where we see the talik, thaw depths 349 

increased rapidly from < 20 to more than 70 cm within a week after May 27
th

 (Figure 1C, 350 

D). In those plots the relationship between thaw depth and CH4 emissions was decoupled 351 

as a result of the non–linear increase in thaw (Figure 3B) in contrast with Shallow Dry 352 

plots in 2018. In deeply thawed plots, higher CH4 emissions are instead coupled with 353 

increasing deep soil temperatures (Figure 3D). 354 

 Cumulative CO2 and CH4 emissions 355 

Cumulative CH4 emissions were elevated in both Deep thaw groups relative to Shallow 356 

Dry, with large inter–annual variation in the magnitude of CH4 emissions between 2017 357 

where Deep Wet and Deep Dry plots emitted -934 and -390 mg CH4-C m
-2

 d
-1 

versus 358 

2018 where they emitted less than half of that, -216 and -130 mg CH4-C m
-2

 d
-1

 359 

respectively (Table 3; Figure 2). In 2016 where only August – November was measured, 360 

Deep Wet and Deep Dry plots had the highest cumulative emissions (-1099 and -392 mg 361 

CH4-C m
-2

 d
-1

), which suggests that the 2016 growing season likely saw high CH4 362 

emissions rates during the growing season relative to 2017 and 2018.
 
In all years, Deep 363 

Wet plots experienced highest CH4 emissions, followed by Deep Dry and then Shallow 364 
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Dry plots. In 2017, emissions from the Deep Wet plots were 12 times higher and Deep 365 

Dry plots were 2.5 times higher relative to Shallow Dry (Table 3). The same patterns held 366 

in 2018, but the overall magnitude of CH4 emissions was much lower, especially for 367 

Deep Wet plots. In 2018, cumulative Deep Wet plot CH4 emissions were 4 times higher 368 

than Shallow Dry, and 2 times higher than Deep Dry plots (Table 3).  369 

 Net ecosystem exchange (g CO2-C m
–2

) was positive, and therefore a net sink for 370 

all groups during this growing season time period. However, the sink strength was 371 

reduced in deeply thawed plots relation to shallow thaw. In 2016 measurements (August 372 

– September), NEE in Shallow Dry plots was similarly high, but in Deep Dry and Deep 373 

Wet plots, NEE was reduced by ~50% (Table 3) compared to 2017. In 2018, NEE was 374 

reduced in Shallow Dry and Deep Dry plots relative to previous years, while in Deep Wet 375 

plots, NEE was similar to 2017 (Table 3). Taking into account the SGWP of CH4 for each 376 

group (CO2-equivalence for the growing season), CH4 emissions reduced net growing 377 

season C uptake by 18.2% in Deep Wet plots, by 4.3% in Deep Dry plots and 1.0% in 378 

Shallow Dry plots in 2017 (Table 3). In summer 2018, CH4 emissions reduced net C 379 

uptake similarly between Deep Wet (4.4%) and Deep Dry plots (3.5%) (Table 3). There 380 

was less reduction of C uptake in Shallow Dry plots (0.9%) (Table 3).  381 

Shoulder season NEE and CH4 emissions were measured in 2016 in October and 382 

November. Shoulder season NEE was near net–neutral, and similar among Shallow Dry 383 

(–0.37 ± 0.003 g CO2-C m
–2

), Deep Dry (–0.39 ± 0.004 g CO2-C m
–2

), and Deep Wet (–384 

0.39 ± 0.006 g CO2-C m
–2

) plots. In contrast, CH4 emissions were remained high through 385 

October and began to taper off in November. Deep Wet emissions were highest (-58.73 ± 386 
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37.72 mg CH4-C m
–2

), and Deep Dry (-38.63 ± 11.97 mg CH4-C m
–2

) and Shallow Dry 387 

were similar (-35.20 ± 17.73 mg CH4-C m
–2

).  388 

On an annual basis in total C, Shallow Dry plots range between a net C source 389 

(negative) or sink (positive) (–78 to 35 g C m
–2 

y
–1

). Deeply thawed plots trended towards 390 

a net C source, where Deep Dry plots ranged between a stronger net C source or net 391 

neutral values (–102 to 1 g C m
–2 

y
–1

), and Deep Wet plots are the strongest C source (–392 

124 to –20 g C m
–2 

y
–1

). 393 

4. Discussion 394 

Permafrost thaw can trigger significant changes in soil moisture that can create a high 395 

degree of landscape heterogeneity, affecting C dynamics. Under experimental soil 396 

warming of 1–2°C at this upland site, a 5x increase in subsidence was measured with 397 

commensurate changes to hydrology (Rodenhizer et al., 2020). Such changes in 398 

landscape moisture may make it more difficult to project short– and long–term changes 399 

in ecosystem C storage, due to the shifting balance of CO2 versus CH4 released from 400 

soils, the seasonality of fluxes, and the magnitude of plant C uptake. At CiPEHR, rapid 401 

thaw has led to development of both wetter and drier microsites due to heterogeneous 402 

patterns of subsidence. Loss of soil ice structures has caused soil surface slumping and 403 

brought the water table closer to or above the soil surface, especially when growing 404 

season precipitation is high (Mauritz et al., 2017; Plaza et al., 2019; Rodenhizer et al., 405 

2020). In the short term, moisture affects plant productivity and the system’s ability to 406 

offset C losses as permafrost thaws (Mauritz et al., 2017). Ecosystem C storage in deeply 407 

thawed upland tundra is significantly affected by thermokarst formation and higher soil 408 

moisture (Schuur and Mack, 2018). At CiPEHR, we have observed a faster decline in 409 
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GPP relative to Reco in subsided sites (Mauritz et al., 2017). In addition to affecting plant 410 

uptake of C during the growing season, we show that increased soil moisture further 411 

impacts net C uptake by releasing significantly more CH4, even in this upland system. 412 

Environmental drivers of CH4 emissions 413 

During both full growing seasons measured, thaw depth emerged as an important variable 414 

driving increased CH4 emission at CiPEHR. This strong relationship between seasonal 415 

fluxes and thaw depth may actually represent different dominant controls on CH4 416 

emissions where soil temperatures are important earlier in the season, while the volume 417 

of unfrozen soil is a more important factor late in the growing season as soil temperatures 418 

cool.  The importance of thaw depth has been demonstrated at other Alaskan tundra 419 

studies that similarly found landscape level CH4 emissions increased with increasing 420 

thaw depth (Sturtevant et al., 2012; Taylor et al., 2018; von Fischer et al., 2010; Zona et 421 

al., 2009; Zona et al., 2016). Thaw depth progresses with seasonally increasing soil 422 

temperature and represents the total volume of unfrozen soil and therefore the amount of 423 

organic matter available for methanogenesis (Sturtevant et al., 2012; Olefeldt et al., 2013; 424 

von Fisher et al., 2010; Zona et al., 2009; Voigt et al., 2019). Thaw depth integrates a 425 

combination of factors that directly or indirectly control CH4 production and oxidation. 426 

While microbial metabolism should depend directly on temperature, the relationship 427 

between soil temperatures and CH4 emissions is hysteretic in this upland tundra site 428 

(Taylor et al., 2018), which suggests that temperature alone cannot account for the 429 

complexity of environmental factors controlling CH4 emissions.  430 

The importance of thawed soil volume is demonstrated by the Shallow Dry and 431 

Deep Dry plots. In the absence of strong surface moisture changes, Deep Dry plots 432 
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exhibited higher CH4 emissions than Shallow Dry plots, where warmer growing season 433 

soil temperature and/or a more deeply thawed soil profile were sufficient to increase CH4 434 

emissions (Figure 3). However, the presence of taliks in warmed soils may ultimately 435 

result in decoupling of thaw depth from soil temperature and moisture. In 2018, taliks 436 

formed early in the growing season when soils were still quite cold, and so seasonal CH4 437 

emissions were more strongly tied to increasing soil temperature rather than thaw depth 438 

(Table 2). The presence of taliks would likely increase non–growing season CH4 439 

emissions as well because of the persistence of unfrozen soil. While we were not able to 440 

measure this directly at CiPEHR, landscape scale data covering a mosaic of permafrost 441 

thaw from the nearby eddy covariance tower at Eight Mile Lake suggests ongoing CH4 442 

production in deeper, unfrozen soils that released suddenly during warming events in 443 

early spring and mid–winter (Taylor et al., 2018).  Methane outbursts from mid–winter 444 

warming events at Eight Mile Lake accounted for 1/3 of the annual CH4 emissions in 445 

2016/2017 (Taylor et al., 2018).   446 

While thaw, soil temperature, and soil moisture explained most of the linear 447 

seasonal trends in CH4 emissions, the overall magnitude of emissions in a given year was 448 

driven by a subset of plots that could be described as hot spots (Figure 4). Ambient 449 

conditions at CiPEHR are relatively dry, and so we expected that oxidation would be a 450 

significant process, but we also suspect that plant-mediated transport could facilitate 451 

disproportionately high CH4 fluxes in wetter years.  These hot spots were, with one 452 

exception, dominated by graminoid vegetation, primarily E. vaginatum (Figure 4). 453 

Methane emissions reflect the balance between two counteracting processes: production, 454 

where microbial methanogenesis occurs in anaerobic soils, and oxidation where CH4 is 455 
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consumed by methanotrophs as it diffuses through aerated soils to the soil surface. 456 

Graminoid species are known to be important in soil CH4 transport and increased surface 457 

expression of CH4 fluxes (King et al., 1998), and CH4 emissions from plots dominated by 458 

graminoid biomass did appear to be influenced by vegetation (Figure 4). Vascular plants 459 

can help to bypass oxidation within soils by facilitating rapid transport of belowground 460 

CH4 through root and stem tissues to the soil surface (Davidson et al., 2016; King et al., 461 

1998; McEwing et al., 2015). Since the tussock–forming sedge, E. vaginatum, dominates 462 

the plant community, plant mediated CH4 transport could also be important. In 2016, 463 

plots with more than 75% graminoid vegetation accounted for 72% of CH4 emissions 464 

from CiPEHR measured that year. In 2017, fewer of these plots were hot spots, and in 465 

2018 none of them were, possibly because of increasing dryness at the site relative to the 466 

2016 growing season. This underscores the importance of accounting for small–scale 467 

thaw processes that, depending upon their extent across drier tundra systems, could lead 468 

to underestimation of CH4 emissions. In recent years thermokarst water tracks have 469 

become a feature at CiPEHR – in the soil warmed plots but also increasingly across the 470 

un–manipulated tundra, and lowland thermokarst is known to be a source of potentially 471 

high CH4 emissions (Olefeldt et al., 2013). 472 

Changes in tundra growing season carbon exchange with soil warming 473 

Models and up–scaling suggest that warmer temperatures and deeper thaw may also 474 

stimulate plant growth, potentially offsetting C losses (McGuire et al., 2018), although 475 

this vegetation response is likely to be varied across the Arctic and directionality of these 476 

trends is far from certain (Abbott et al., 2016; Virkkala et al., 2021). However, more field 477 

measurements that represent different landscapes and account for small–scale surface 478 
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heterogeneity are needed to validate and constrain these, and there are very few full–479 

season CH4 datasets in warming experiments (Schädel et al., 2018). To estimate the 480 

effects of thaw and moisture on the growing season C fluxes at CiPEHR, we calculated 481 

the net growing season C budget. Across all thaw depth and moisture groups, CiPEHR 482 

was a net C sink during the growing season (Table 3). The effects of soil warming on the 483 

C balance depended on a combination of reduced C uptake through GPP and increased 484 

CH4 emission, mediated by moisture. (Table 3).  485 

Over the years measured there were relatively high and low precipitation years, 486 

which resulted in commensurate soil moisture conditions (Table 1), and a range of soil C 487 

effects. Precipitation in 2016 was relatively high, resulting in shallow WTD and 488 

inundated soils in some deeply thawed plots. NEE in Deep Wet plots was reduced 489 

relative to Shallow Dry plots, and C storage was further offset by CH4 emissions in 490 

warmed plots by up to 42% from August – September (Figure 5; Table 3). In a drier year 491 

like 2017, CH4 emissions were similar to 2016 (although in 2017 these reflect a full 492 

growing season, so overall emissions from May – September likely decreased relative to 493 

2016), while NEE increased in Deep Dry and Deep Wet plots (Figure 5; Table 3). In 494 

2018, with a later start to the growing season due to lingering snow, NEE was slightly 495 

suppressed, but due to dry conditions, CH4 emissions were also reduced by 60–80% of 496 

the year before (Figure 5; Table 3). 497 

Permafrost C losses through respiration are predicted to be highest under dry, 498 

aerobic conditions that enhance decomposition (Kwon et al., 2019; Lawrence et al., 2015; 499 

Natali et al., 2015), and at CiPEHR the proportion of old soil C respired increased 30x 500 

relative to wet years (Pegoraro et al., 2020). Under saturated, anaerobic conditions, 501 
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decomposition processes are slower, and total C losses can be lower than in dry 502 

conditions, even accounting for the CO2–equivalence of CH4 (Schädel et al., 2016). 503 

Nonetheless, our understanding of long term CH4 production from thawed permafrost is 504 

still evolving (Knoblauch et al., 2018). In this study, when accounting for the CO2–505 

equivalence of CH4 respired, NEE in Deep Wet plots was consistently most reduced 506 

relative to Shallow Dry plots, especially in wetter years. Deep Dry plots exhibited 507 

interannual variability in NEE, stemming less from CH4 respired, and more from the 508 

effects of very different growing season lengths and precipitation conditions on plant 509 

biomass relative to Shallow Dry plots (Table 1; Table 3). 510 

Shoulder and winter season CH4 emissions 511 

Upland tundra ecosystems have been shown to emit significant amounts of CH4 during 512 

the shoulder season relative to annual emissions due to incomplete soil freezing (Arndt et 513 

al., 2019; Mastepanov et al., 2013; Taylor et al., 2018; Treat et al., 2018; Zona et al., 514 

2016). The zero curtain effect is the observed delay in refreezing of the active layer as a 515 

result of the latent heat of unfrozen soil water that maintains soil temperatures near 0˚C 516 

(Outcalt et al., 1990; Romanovsky and Osterkamp, 2000). Measurements made at 517 

CiPEHR in October–November 2016, show that CH4 emissions occurred well into the 518 

shoulder season even as shallow soil temperatures dropped below 0˚C (Figure 2A; Figure 519 

S2). In contrast to the growing season, CH4 emissions were substantial in drier plots, with 520 

emission rates as high 2017 and 2018 growing season, even as soil temperatures declined 521 

rapidly. Inundated plots were covered with ice as air temperatures dropped, inhibiting gas 522 

diffusion out of soils and limiting fall season emissions.  523 
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 Winter can be a period of substantial C loss, often offsetting total summer 524 

accumulation, and when averaged across treatments, CiPEHR is an annual net source of 525 

CO2 (Webb et al., 2016; Celis et al., 2017; Mauritz et al., 2017; Natali et al., 2019). 526 

Methane emissions during winter season may be an additionally significant piece of the 527 

annual C budget (Zona et al., 2016). At CiPHER, warmed permafrost soils that are less 528 

likely to freeze until late in the shoulder season, and increased snow fall and air warming 529 

during the shoulder season may result in taliks, lengthening the zero curtain period and 530 

potentially increasing CH4 and CO2 respiration (Figure 1C, D; Figure S2).  531 

Upland tundra CH4 emissions measured during winter comprised at least half of annual 532 

CH4 emissions at a nearby (1.3 km) eddy covariance tower (Taylor et al., 2018) in 533 

2016/2017, although there is evidence for winter uptake as well. Estimates of annual 534 

greenhouse gas emissions that include winter season are consistently a net C source. 535 

Using 2015/2016 winter respiration calculations, estimated annual (October 2015 – 536 

September 2016) total C budgets are -102.2 g CO2-C  m
-2

 and -5.2 g CO2-C–equ from 537 

CH4. Using 2016/2017 winter respiration calculations, estimated annual (October 2016 – 538 

September 2017) total C budgets are -96.8 g CO2-C  m
-2

 and -7.6 g CO2-C–equ from 539 

CH4. Using 2017/2018 winter respiration calculations, estimated annual (October 2017 – 540 

September 2018) total C budgets are -133.7 g CO2-C  m
-2

 and 7.0 g CO2-C–equ from 541 

CH4. This represents a range of 7 to –5.5% of total winter emissions.  542 

Longer–term effects on C balance in tundra systems 543 

Arctic tundra is projected to receive increased annual precipitation both as winter 544 

snowfall and annual rainfall (Bring et al., 2016), which is linked with warmer soil 545 

temperatures (Iijima et al., 2010), and increased CH4 emissions (Blanc–Betes et al., 2016; 546 
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Neumann et al., 2019; Raz–Yaseef et al. 2017). At CiPEHR, high rainfall years with near 547 

surface water table had the highest sustained CH4 emissions, and in the presence of E. 548 

vaginatum generated hot spots driving >70% emissions in a very wet year. Therefore, the 549 

combination of plant mediated transport and decreased soil gas oxidation may lead to 550 

increased emissions under the wettest conditions. In inundated plots, E. vaginatum are in 551 

decline, and so these CH4 emissions hot spots may be temporary as the ecosystem 552 

transitions, or they may expand depending on the hydrologic trajectory. Over longer time 553 

scales, we expect vegetation to shift dependent on the hydrologic changes, possibly to 554 

thermokarst wetland, or to a shrub/forest regime (Karlsson et al., 2011). Even in Deep 555 

Dry plots we measured increased CH4 respiration with deeper thaw relative to Shallow 556 

Dry, and in the near term these data show dry tundra systems becoming an increasing 557 

source of CH4 in a warming Arctic. 558 

Models suggest that thawed soils could lead to more C uptake because of plant 559 

response to warming and CO2 fertilization (McGuire et al., 2018; Parazoo et al., 2018). 560 

Yet field measurements indicate that with transition to wet conditions, C uptake and plant 561 

C storage potential in thawing permafrost at CiPEHR is less than models currently 562 

estimate (Schädel et al., 2018). It is difficult to determine how the effects of subsidence 563 

and rainfall on soil moisture at CiPEHR can be extrapolated to estimate the proportion of 564 

dry upland tundra landscape that could transition from a net C sink (D'Imperio et al., 565 

2016; Jørgensen et al., 2014) or low–level source (Euskirchen et al., 2016; Whalen et al., 566 

1991), to a more significant C source because of increasing CH4 emissions. Long term 567 

trends in soil wetting are strongly landscape dependent, where steeper slopes will likely 568 

experience more drainage and drying in the long term, and lowland areas and plateaus are 569 
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likely remain wetter following permafrost thaw (Bring et al., 2016). Large scale changes 570 

in soil moisture with thaw are projected to profoundly affect the trajectory and amplitude 571 

of future GHG emissions, where wetter soils can lead to a strongly positive GWP by the 572 

end of the 21
st
 century due to higher CH4 emissions in the Arctic (Lawrence et al., 2015).  573 
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Figure 1. Environmental variables measured during the growing seasons in 2016, 2017, 850 

and 2018. Mean air temperature (circles) and cumulative weekly precipitation (bars) are 851 

plotted in A) with standard error bars. Mean weekly depth to water table (closed circles) 852 

and thaw depth (open circles) are plotted by B) Shallow Dry, C) Deep Dry, and D) Deep 853 

Wet groupings. Dashed line at 0 cm marks the soil surface. For details about number of 854 

measurements made please see Table 1. 855 

 856 

Figure 2. Mean daily CH4 fluxes (circles) during A) the 2016 end of summer and 857 

shoulder season fluxes and B) 2017 and C) 2018 growing season fluxes for each plot 858 

sampled. Note different y-axis scales for Deep Wet plots. 859 

 860 

Figure 3. Responses of daily CH4 fluxes plotted on a log scale to mean weekly thaw 861 

depths (panels A and B) and mean deep soil temperatures (panels C and D) plotted by 862 

data groupings in 2017 and 2018.  863 

 864 

Figure 4. Daily CH4 fluxes during 2016 – 2018 growing seasons plotted against mean 865 

weekly WTD. Top panels are plots with >75% graminoid biomass, and bottom panels are 866 

plots with <75% graminoid biomass. Note the different y-axis scales. 867 

 868 

Figure 5. Mean cumulative C emissions are plotted for A) Shallow Dry (N = 22) and B) 869 

Deep Dry (n = 8), and C) Deep Wet (n = 12) growing seasons. In 2016, NEE spans May 870 

1 - November 31st, while CH4 measurements span August - November 31st. NEE and 871 

CH4 measurements span the growing season, May 1st – September 30th, in 2017 and 872 
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2018. S.E. is standard error. Total net ecosystem exchange of g CO2-C (top panels) and 873 

CO2–equivalent calculated from CH4 fluxes expressed in g CO2-C m
–2

 (bottom panels) 874 

are averaged from all plots measured between groups and plotted with standard error 875 

bars. Positive values reflect a net C sink and negative values are a net source. 876 



Figure 1.



A.

B.
0

25

50

75

100

C
um

ul
at

iv
e 

w
ee

kl
y 

pr
ec

ip
ita

tio
n 

(m
m

)

0

5

10

15

M
ea

n 
ai

r t
em

pe
ra

tu
re

 (˚
C

)

C.

M
ea

n 
th

aw
 d

ep
th

 (c
m

)

Shallow dry
Deep dry
Deep wet

Shallow dry
Deep dry
Deep wet

-30

-20

-10

0

10

M
ea

n 
w

at
er

 ta
bl

e 
de

pt
h 

(c
m

)

Talik

-90

-60

-30

0

Talik

May 15 June 19 July 24 Aug 28 Oct 2May 16 June 20 July 25 Aug 29 Oct 3 May 14 June 18 July 23 Aug 27 Oct 1

2016 2017 2018



Figure 2.



0

5

10

15

20

0

5

10

15

20

0.0

2.5

5.0

7.5

10.0

0

5

10

15

20

M
ea

n 
C

H
4 (

m
g 

C
 m

−2
da

y
−1

)

0

5

10

15

20

0.0

2.5

5.0

7.5

10.0

0

25

50

75

100

Au
g 2

2

Se
p 1

2

Oc
t 0

3

Oc
t 2

4

0

25

50

75

100

M
ay

 15
Ju

n 0
5

Ju
n 2

6
Ju

l 1
7

Au
g 0

7
Au

g 2
8

Se
p 1

8

0.0

2.5

5.0

7.5

10.0

Ju
n 0

4

Ju
n 2

5

Ju
l 1

6

Au
g 0

6

Au
g 2

7

Shallow dry

Deep dry

Deep wet

2016 2017 2018A. B. C.



Figure 3.



A. 2017 B. 2018

0 25 50 75 100 125 0 25 50 75 100 125
10−3

10−2

10−1

10 0

10 1

10 2

Thaw depth (cm)

D
ai

ly
 C

H
4 f

lu
x 

(m
g 

C
 m

−2
da

y
−1

)

0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0
10−3

10−2

10−1

10 0

10 1

10 2

Deep soil temperature (˚C)

Shallow dry
Deep dry
Deep wet



Figure 4.



0

50

100

150

Mean weekly water table depth (cm)

D
ai

ly
 C

H
4 f

lu
x 

(m
g 

C 
m−2

da
y−1

)

−40 −20 0 20 −40 −20 0 20 −40 −20 0 20

0

50

100

150

200

200
Graminoid 
vegetation 
> 75%

Graminoid 
vegetation 
< 75%

2016 2017 2018A. B. C. Shallow dry
Deep dry
Deep wet



Figure 5.



CO2-equ

NEE

2016 2017 2018 2016 2017 2018 2016 2017 2018

0

50

100

150

0

50

100

150

R
ad

ia
tiv

e 
ba

la
nc

e 
(g

 C
O

2 m
−2

)

Shallow dry
Deep dry
Deep wet



Table 1.
Environmental variables measured at the site during the growing season (May 1 - September 30th)
Standard error is reported as s.e.

Variable Season
Air temperature 

˚C
growing 
season

s.e.
N

Sum precipitation
Sum growing 

season
(mm) s.e.

N

Shallow dry Deep dry Deep wet
Shallow 

dry
Deep 
dry Deep wet

Shallow soils ˚C
Mean 

growing 5.7 5.8 6.5 5.3 5.3 5.5
(5 - 10 cm) s.e. 0.1 0.1 0.1 0.1 0.1 0.1

N 3366 1224 1836 3366 1224 1836

Deep soils ˚C
growing 
season 2.0 3.0 3.4 1.4 1.8 2.0

(20 - 40 cm) s.e. 0.0 0.1 0.1 0.0 0.1 0.0
N 3366 1224 1836 3366 1224 1836

WTD (cm)
growing 
season 13.7 10.6 -3.2 18.7 13.3 0.1

s.e. 0.2 0.4 0.3 0.3 0.5 0.3
N 2024 736 1104 1438 522 782

ALT (cm)
Max growing 

season 78.9 108.5 120.2 68.4 99.8 102.9
s.e. 3.3 4.7 4.2 1.4 5.4 3.3
N 8 12 22 8 12 22

10.3
0.3

392.4
0.4

10.4
0.4

187.2
0.3
153153

153 153

2016 2017



Shallow dry Deep dry Deep wet

4.9 5.0 5.6
0.1 0.1 0.1

3366 1224 1836

1.7 2.4 2.4
0.0 0.1 0.1

3366 1224 1836

19.0 14.7 0.2
0.3 0.5 0.3

1892 688 1032

84.9 113.9 113.0
3.3 4.1 3.1
8 12 22

275.4
0.4
153

153

2018

9.7
0.4



Table 2.
A) Growing season (May - September) 2017 CH4 flux linear mixed effects model
Backward stepwise model selection was used to obtain final model. 

Full model: WTD, thaw depth, DST, random effect (plot)
Response 
variable Final model Coefficient 2.5 % CI 97.5% CI R2 marginal R2conditional

Cumulative 
weekly CH4 

emission Intercept 1.94 1.70 2.19 0.13 0.64
(mg C-CH4 

m-2 week-1) Thaw depth 0.77 0.53 1.02
WTD 0.36 0.12 0.61

B) Growing season (May - August) 2018 CH4 flux linear mixed effects model
Backward stepwise model selection was used to obtain final model.
Full model: WTD, thaw depth, DST, random effect (plot)
Response 
variable Final model Coefficient 2.5 % CI 97.5% CI R2 marginal R2conditional

Cumulative 
weekly 
CH4emission Intercept 1.61 1.27 1.97 0.42 0.79
(mg C-CH4 

m-2 week-1) DST 1.86 1.64 2.10
Thaw depth -0.52 -0.93 -0.09
DST x Thaw 

depth -1.23 -1.72 -0.74
WTD is mean weekly water tale depth (cm), thaw depth is mean weekly thaw depth (cm), DST is
mean weekly deep soil temperature (20 - 40 cm) ˚C.



Table 3. Cumulative net ecosystem exchange (NEE), CH4 emissions, and CO2-equivalent CH4 measur
In 2016, NEE spans May 1 - November 31st, while CH4 measurements span August - November 31st.
NEE and CH4 measurements span the growing season, May 1st - September 30th, in 2017 and 2018. S

Group Year NEE (g CO2-C m-2) N S.E. CH4 (mg CH4-C m-2) N
Shallow dry 2016 120.2 9630 35.8 -215.7 187

Deep dry 2016 77.0 7442 39.0 -392.3 90
Deep wet 2016 43.0 7498 36.2 -1099.4 103

Shallow dry 2017 127.5 9347 27.1 -78.6 234
Deep dry 2017 148.1 7344 28.9 -390.5 85
Deep wet 2017 84.1 7344 23.6 -934.3 130

Shallow dry 2018 101.1 9347 24.0 -55.6 50
Deep dry 2018 60.3 7344 21.7 -129.8 35
Deep wet 2018 81.0 7344 41.8 -216.1 35

Group Year
CO2-equivalent (g CO2 - 

C m-2) N S.E. NEE % decrease 
Shallow dry 2016 -3.5 187 2.0 2.9

Deep dry 2016 -6.4 90 1.3 8.3
Deep wet 2016 -18.0 103 9.5 41.8

Shallow dry 2017 -1.3 234 0.3 1.0
Deep dry 2017 -6.4 85 3.3 4.3
Deep wet 2017 -15.3 130 7.1 18.2

Shallow dry 2018 -0.9 50 0.3 0.9
Deep dry 2018 -2.1 35 0.6 3.5
Deep wet 2018 -3.5 35 1.4 4.4



red across 2016 - 2018. 

S.E. is standard error.
S.E.

120.1
78.5

578.2
17.3

198.6
433.6
20.7
39.3
82.4
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