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33 Abstract

34 As the Arctic warms, thawing permafrost releases carbon dioxide (CO;) and methane (CH4) into the atmosphere,
35 creating a positive feedback to warming. However, carbon loss from permafrost soils is poorly understood due to the
36  paucity of in-situ carbon flux measurements from Arctic landscapes, complicating efforts to accurately characterize
37 models. To gain insight into the interannual variability of carbon fluxes in response to environmental conditions, as
38 well as the impact of thermokarst landscape features and microtopography on carbon fluxes, we analyzed a six-year
39 (July 2017 - September 2023) eddy covariance tower (EC) dataset from a tussock tundra site with thermoerosional
40 drainage channels near Council, Alaska. Flux chambers located in upland, lowland, and sloped plots near the EC tower
41 measured differences in carbon fluxes by landscape position and inundation status from 2017 - 2019. EC data indicated
42 Council ranged from a weak net carbon sink (-6.50 g C m™) to a moderate source (30.93 g C m?) with higher net
43 carbon emissions during warmer temperatures. Growing season CO; uptake was significantly greater from
44 thermokarst drainage channels south of the tower, but CO; emissions from these channels were significantly lower in
45 the winter compared to the northern tundra. Similarly, thermokarst, microtopography, and inundation enhanced CH,4
46 emissions. These findings, which establish a baseline for continued long-term monitoring of carbon fluxes and
47 environmental conditions at the Council tundra site, highlight the importance of including the influence of
48  microtopography and landscape features, such as thermokarst, in assessments of current and future carbon balance of
49  the Arctic.

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66



https://doi.org/10.5194/egusphere-2026-3328
Preprint. Discussion started: 3 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

67 1. Introduction
68 Arctic permafrost (ground that remains below 0 °C for at least two consecutive years) harbors about one third of the
69 global soil carbon pool (Hugelius et al., 2014, 2020; Schuur et al., 2015, 2022), and permafrost regions have
70 historically been an important global carbon sink (Abolt et al., 2020; Hugelius et al., 2014; Schuur et al., 2008, 2015).
71 Accelerated Arctic warming (Rantanen et al., 2022), record-high permafrost temperatures, and permafrost thaw
72 (Biskaborn et al., 2019; Hugelius et al., 2014; Schuur et al., 2022) stand to substantially impact topography, hydrology,
73 vegetation distribution, and infrastructure (Biskaborn et al., 2019; Christiansen et al., 2010; Romanovsky et al., 2010b,
74 a; Smith et al., 2010; Vieira et al., 2010; Zhao et al., 2010). Once thawed, organic-rich material stored in previously
75 frozen permafrost remobilizes and becomes available for microbial decomposition, leading to increased respiration
76 and loss of carbon to the atmosphere in the form of greenhouse gases such as carbon dioxide (CO2) and methane (CH4)
77 (Schuur et al., 2015, 2022), acting as a positive feedback mechanism for climate warming.
78
79 While gradual permafrost degradation due to warming leads to relatively consistent, incremental changes throughout
80  Arctic landscapes (Luo et al., 2013), ice-rich landscapes can experience abrupt thaw and thermokarst (the process of
81 ground ice degradation, ground subsidence, and often water accumulation) (Webb et al., 2025). Abrupt thaw can be
82 triggered by disturbances (such as fire or changes in vegetation cover) and climate extremes (e.g., uncharacteristically
83 warm or snowy years) (Jorgenson et al., 2022; Kanevskiy et al., 2017; Swanson, 2021; Ward Jones et al., 2019).
84  Around 20% of the northern permafrost region are vulnerable to abrupt thaw and these regions could store
85 approximately half of the region’s below-ground organic carbon (Olefeldt et al., 2016). Thermokarst often leads to
86 the formation of pits, troughs, or gullies that impound water or snow, and lead to further erosion and rapid thawing of
87 surrounding permafrost due to soil exposure and increased heat fluxes (Jorgenson et al., 2010; Kokelj and Jorgenson,
88 2013; Osterkamp et al., 2009). These landscape changes can facilitate the release of large amounts of CH4 (Walter et
89 al., 2007), a greenhouse gas with 28 times the global warming potential of CO; over a 100-year timescale (Forster et
90 al. 2021; (Mar et al., 2022). Abrupt thaw events could emit 60 - 100 GtC by 2300 in addition to the 200 GtC projected
91 from gradual permafrost thawing (Turetsky et al., 2020; Nadeem et al., 2025).This potentially substantial positive
92 permafrost and thermokarst carbon feedback is still poorly understood.
93
94 The spatial heterogeneity of Arctic landscapes, and the dynamic microtopography generated by thermokarst, create
95 highly variable spatiotemporal carbon dynamics. Both increased carbon release (Cassidy et al., 2016; Euskirchen et
96 al., 2017) and increased carbon uptake (Lee et al., 2011; Vogel et al., 2009) have been observed from thermokarst
97 features. For example, thermokarst can promote plant productivity and carbon uptake due to an influx of nutrients
98 from thawing soils (Hewitt et al., 2019; Salmon et al., 2016) or increased soil moisture from ground subsidence
99 (Euskirchen et al., 2017; Lee et al., 2011), but can also enhance soil respiration due to deeper thaw and higher soil
100 temperatures (Vogel et al., 2009; Webb et al., 2016). High erosion rates can also redistribute or laterally export carbon
101 out of the system, inhibiting respiration and reducing local carbon emissions (Abbott et al., 2015; Abbott and Jones,

102 2015). Yet, extensive erosion from thermokarst (Jorgenson and Osterkamp, 2005) and associated ground subsidence
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103 may conversely lead to landscape drying or flooding (Euskirchen et al., 2017), which could disrupt plant growth and
104 diminish carbon uptake as a result of water stress or drowning vegetation.

105

106 Thermokarst can also promote higher respiration throughout the cold seasons (fall, winter, and spring) by mediating
107 soil temperature (Vogel et al., 2009; Webb et al., 2016). Thermo-erosional gullies that trap snow can result in deeper
108 snowpacks, which insulate the soils and maintain warmer soil temperatures, thereby benefitting microbial activity and
109 enhancing cold season soil respiration (Lyu and Zhuang, 2018). Studies have shown microbial activity can continue
110 for months after light and temperature limit photosynthetic activity (Jansson and Tas, 2014), and microbial activity
111 and measurable respiration has been recorded down to —39 °C (Panikov et al., 2006), suggesting that microbes can
112 remain active well into the cold season. Data also indicate shoulder season (fall and spring) and winter emissions are
113 significant for both CO (Arndt et al., 2020; Natali et al., 2019; Oechel et al., 2014; Raz-Yaseef et al., 2017) and CH4
114 (Arndt et al., 2019, 2020; Zona et al., 2016), and that cold season carbon emissions can be comparable to, or even
115 exceed, growing season carbon uptake (Oechel et al., 2014; Natali et al., 2019). The complexity of thermokarst
116 dynamics pose considerable challenges in incorporating such processes into Earth System Models (Natali et al., 2021;
117 Olefeldt et al., 2016), contributing to the high uncertainty in carbon fluxes and their controls (McGuire et al., 2009;
118  Natali et al., 2021, 2022).

119

120 To contribute to a better understanding of interannual patterns in carbon fluxes and budgets from a heterogeneous
121 tundra landscape and how thermokarst may impact carbon fluxes, we analyzed a six-year (2017 — 2022), eddy
122 covariance (EC) record from a tussock tundra site on the Seward Peninsula near Council, Alaska. We investigated
123 patterns in CO> and CH4 fluxes and meteorological variables, and compared interannual and seasonal carbon budgets.
124 We also examined how various landscape features may impact carbon fluxes using both EC data and chamber-based
125 measurements. Council was identified as an important site for improving representativeness of measurements for up-
126 scaling efforts and extrapolating point-measurements to larger landscapes with similar environmental features
127 (Hoffman et al., 2013). The Seward Peninsula is predicted to be representative of what conditions on the North Slope
128 may be by the end of the century (Hoffman et al., 2013). Environmental processes at Council can offer valuable insight
129 into the ecosystem shifts that are likely to occur in northern Alaska due to climate warming, and such data can inform

130 models predicting future trajectories of Arctic tundra carbon dynamics.

131 2. Methods
132 2.1 Site Description

133 The EC tower and soil chamber measurements (Fig. 1) were located in the Seward Peninsula near Council, Alaska
134 (64.8618, -163.7008; Ameriflux site ID: US-NGC). The site is tussock tundra with discontinuous permafrost, further
135 characterized as a wet meadow tundra adjacent to the tundra-forest ecotone (Yang et al. 2021). Low-lying areas with
136 thaw ponds and thaw-pond channels support wet-sedge meadow communities, whereas the surrounding level plain is

137 comprised of tussock tundra vegetation (Eriophorum vaginatum) with low shrubs (Betula nana, Empetrum nigrum,
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138 Arctostaphylos spp., Rubus chamaemorus, Salix arctica, Salix glauca, Vaccinium spp.), bordered by white spruce
139 (Picea glauca) woodlands (Llyod et al. 2003). Additional common species surveyed within the vicinity of the tower
140 in 2025 included Carex spp., Cladonia lichen, Andromeda pulchra, Rhododendron tomentosum, and Sphagnum and
141 Polytrichum moss (Kent et al., 2026).

142

143 Mean annual air temperatures from the data collection time period ranged from -4.16 to -0.17 <C (Table 1) with a mean
144 of -1.9 <C from 2017 — 2022. Multi-year (January 2009 - October 2025) mean monthly rainfall identifies July and
145 August to be the months with the most precipitation (~89 mm and ~112 mm) and April and May to be the months
146 with least precipitation (40.64 mm and 38 mm). Mean monthly snowfall was greatest in February (46.2 cm) and
147 December (38.2 cm) (World Weather Online: https://www.worldweatheronline.com/council-weather-

148 averages/alaska/us.aspx).

149 2.2 Eddy Covariance Tower Instrumentation

150 Carbon flux and meteorological data were collected from July 2017 through September 1%, 2023 (Dengel et al., 2020;
151 Dengel and Torn, 2020). The EC tower (2.65 m measurement height; Figs. S1, S2, S3) included an IRGASON
152 integrated CO> and H>O Open-Path Gas Analyzer (with 3-D sonic anemometer) (Campbell Scientific, Logan, UT,
153 USA), and an LI-7700 open-path CH4 analyzer (LI-COR, Lincoln, NE, USA). Meteorological data were collected
154  with a CNR4 four component radiometer for net radiation (shortwave in and out) (Kipp & Zonen, Delft - The
155 Netherlands), LI-190 quantum sensors for photosynthetically active radiation (LI-COR, Lincoln, NE, USA), an HMP-
156 60 for air temperature and relative humidity (Vaisala Inc., Vantaa, Finland), and HFP-01 ground heat flux plates for
157 ground heat flux (Hukseflux, Delft, The Netherlands). Raw data from the IRGASON, sonic anemometer, and LI-7700
158 were recorded at 10 Hz on a CR6 datalogger (Campbell Scientific, Logan, UT, USA). Soil moisture content and soil
159 temperature were measured with CS650 30 cm soil water content reflectometers (Campbell Scientific, Logan UT,
160 USA) in four locations near the tower: beneath a tussock, at the edge of a thermokarst pond, at the foot of the EC
161 tower, and in a tundra patch dominated by blueberries and lichens. The CS650 probes were installed at an angle, and

162 measurements were integrated from 0 - 15 cm.

163 2.3 Chamber Flux Measurements

164  Measurements were taken from 35 chamber locations placed in various landscape positions near the EC tower (Fig.
165 1), comprising upland moist acidic tussock tundra (“upland”), thermo-erosional slopes (“slope”), and lowland water
166 channels (“lowland”). All landscape positions, especially lowland positions, were periodically inundated throughout
167 the study period. Data from chamber measurements included CH4 and CO; fluxes, soil temperature, soil moisture, and
168  thaw depth measurements from August 3™ - September 14%, 2016, June 19 - September 10%, 2017, June 21% - August
169 31%, 2018, and June 20™ - 26™, 2019 (see Chafe et al. (2023)). Flux chambers consisted of opaque or transparent
170 closed-loop chambers (25 cm diameter, 15-20 cm height) — tall enough to enclose vegetation — seated on PVC bases
171 extending ~15 cm below the soil surface. To mitigate disturbance, chamber bases were installed at the beginning of

172 the sampling season and left in place throughout the remainder of the season. Chambers were seated in a 3 cm-deep
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173 inundated trench in the base’s top rim to ensure an airtight seal and vented according to Xu et al. (2006). Air within
174 the chamber was circulated through the gas analyzer, recording CO, and CH4 concentrations over 4 - 8§ minutes.
175 Transparent and opaque chambers were swapped out to record light and dark carbon flux measurements from the same
176  base, allowing for the calculation of net ecosystem exchange (NEE), gross primary productivity (GPP), and ecosystem
177 respiration (Reco) from CO; fluxes. The CO, flux measurements from transparent (light) chambers represented NEE,
178 measurements from opaque (dark) chambers represented Reco, and GPP was calculated as the difference between light
179 and dark CO; flux measurements. Chamber flux measurements were measured with either a Los Gatos Research, Inc.
180 (LGR) Ultraportable Greenhouse Gas Analyzer or a Picarro G4301 Mobile Gas Concentration Analyzer. Both
181 instruments use Cavity Ring-Down Spectroscopy to analyze CO, and CH4 concentrations, and measurements from
182 both gas chambers were compared for July 18, 2018 to confirm instrument agreement (Chafe et al., 2023).

183

184 Soil volumetric water content was calculated using the internal calibration of a MiniTrase TDR (Soilmoisture
185 Equipment Corp., Goleta, CA, USA) and integrated over the top 20 cm of the soil profile. Soil temperature was
186 measured with a thermocouple probe at 10 and 20 cm below the ground surface. As vegetation and inundation varied
187 among plots, the depths of moisture and temperature measurements were taken from the top of the moss layer or bare
188 soil. Thaw depth was determined by manually inserting an 80-cm long metal tile probe into the soil and measuring
189 the depth of insertion from the top of the moss layer to the top of the permafrost table. Periodic measurements were
190 taken from August 2016 through June 2019 (Chafe et al., 2023). Out of 216 measurements, 30 were deeper than the
191 length of the thaw probe.

192
Council, Alaska Site
Amerifiux Site US-NGC with NGEE-Arctic Flux Chambers.
193
194 Figure 1. Location of the eddy covariance (EC) tower site (yellow triangle; Ameriflux: US-NGC) with the locations of the
195 soil chambers. Yellow points represent upland plots, purple points represent slope plots, and blue points represent lowland

196 plots; square shapes indicate plots that were periodically inundated during the study period. (Imagery © 2026 Airbus, Map
197 data © 2025 Google Earth; Inset map: Imagery © Landsat / Copernicus and IBCAO, Data © SIO, NOAA, U.S. Navy, NGA,
198 GEBOO, LDEO-Columbia, NSF)
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199 2.4 Eddy Covariance Data Processing

200 The high-frequency (10 Hz) flux data were processed with EddyPro® (Version 6.2.1; LI-COR®) to provide half-
201 hourly fluxes detailed in Dengel et al. (in review). Standard corrections, including frequency corrections (Massman,
202 2000), were applied with the Webb-Pearman-Leuning correction (Webb et al., 1980), and spectroscopic corrections
203 were applied to the LI-7700 CHy4 analyzer (McDermitt et al., 2011). Data were not gap-filled, and were quality
204 controlled by removing outliers beyond feasible limits, rain events (Burba, 2013), and by following Foken at al.
205 (2004). For additional cleaning, we fit an autoregressive integrated moving average (ARIMA) model to time-series
206 data to calculate a one week rolling median average deviation. For energy and CO; fluxes, all measurements three
207 median average deviations away from the ARIMA model were removed while eight median average deviations were
208 used for CH4 given the greater stochasticity of CH4 emissions. Meteorological data were collected at lower frequencies

209 and recorded as half-hourly averages.

210 2.5 Calculating Carbon Budgets

211 To calculate total carbon budgets, flux data were gap-filled using a random forest model (randomForest v4.7-1.2;
212 Liaw and Wiener 2022) trained with the following meteorological variables: soil temperature, soil moisture, global
213 radiation, relative humidity, wind speed, wind direction, vapor pressure deficit, latent heat flux, and sensible heat flux.
214 To ensure complete, comprehensive datasets for model training, these meteorological data were taken from the global
215 climate reanalysis dataset ERAS (C3S, 2018). To better fit site conditions, the ERAS dataset was modified based on
216 site measurements via a linear regression (Fig. S4). Due to the poor agreement between ERAS soil moisture variables
217 and measured soil moisture at the site, a random forest model was also used to gap-fill missing soil moisture
218 measurements for model training (Figs. S4 & S5). The optimum number of trees used in the random forest models
219  was determined with model out-of-bag (OOB) error. Iterations of the models were run using ntree = 50 to ntree =
220 1000, increasing trees by 100 for each iteration. The optimum model was recognized as the model with the lowest
221 number of trees where subsequent iterations did not markedly improve. Then, separate models were run for gap-filling
222 COs (ntree = 850) and CHj fluxes (ntree = 950) using the half-hourly measured fluxes across all years (July 16, 2017
223 - August 31, 2023). Fluxes were partitioned with the “ReddyProc” package in R (Wutzler et al., 2018); gross primary
224 productivity (GPP) and ecosystem respiration (Reco) were estimated following a nighttime partitioning method

225 (Reichstein et al., 2005). Calculated CO, and CH4budgets represent carbon-equivalent budgets.

226 2.6 Seasonal Delineations and Budgets

227 Each year was divided into three seasons: winter, growing season, and fall senescence. Seasons were based on air
228 temperature and whether NEE (net CO, flux) was positive (CO; release) or negative (CO, uptake). As site-modified
229 ERAS air and soil temperatures agreed well (Figs. S4 & S6) with measured air (slope = 0.94, R? = 0.96) and soil
230 temperature (slope = 0.80, R?>= 0.87), site-modified ERAS5 values were used to gap-fill missing air and soil temperature
231 measurements to allow more representative seasonal delineations and seasonal and annual means.

232
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233 The growing season start was identified as the first of four consecutive days of negative mean daily NEE (indicating
234 uptake and a net CO» sink) and ended on the first of four consecutive days of positive mean daily NEE (indicating net
235 COs release). The start of winter was defined as the first of four consecutive days of gap-filled air temperature at or
236 below 0C. To allow for continuous winter seasons, the winter of each year spanned into the following year, ending
237 the day before the start of the next growing season (i.e., winter of 2022 spanned late 2022 to early 2023; calendar year
238 fluxes can be found in Table S1). The interim between the end of growing season and start of winter, where mean
239 daily NEE was net positive before air temperatures reached freezing, was classified as the fall senescence period.
240 Growing season and fall carbon budgets were calculated for each year as the sum of daily mean carbon fluxes for that
241 season. Annual carbon budgets were calculated as the sum of seasonal budgets, including the continuous winter.
242 Annual means and standard error of meteorological variables were calculated based on calendar year (Table 1);
243 additional calendar year carbon budget calculations and meteorological variable means can be found in the
244 supplemental material (Table S1). The EC tower record ended on September 1%, 2023. Since 2023 was therefore
245 incomplete and seasonal delineations beyond the end of the 2022 - 2023 winter season could not be identified, 2023

246 was excluded from interannual variability assessments, budgets, and seasonal comparisons.

247 2.6.1 Winter Carbon Budget Calculations

248 Most years had little to no winter CO, or CH,4 flux measurements (data coverage ranging from 1.3 to ~31% for CO,
249 and 0 to ~39% for CHy; Fig. 2 & Table S2), resulting in insufficient winter data to adequately train a random forest
250 model for gap-filling. While models evaluating temperature-flux relationships performed well, these models did not
251 perform well when soil temperatures were below 0C nor did a linear or exponential temperature model derived from
252 2018 - 2019 winter measurements (the winter with the best data coverage) (Fig. S7). Therefore, as the winter of 2018
253 - 2019 had the best winter CO, and CHs measurement coverage (31.1% and 38.8%, respectively), we used that winter
254 year to determine a proportional winter CO, and CH4 budget adjustment to apply to the other years. We calculated the
255  proportion of daily mean winter CH, fluxes to daily mean growing season CH4 fluxes based on measurements from
256 2018, and found that daily mean winter CH4 fluxes amounted to ~44% of the daily mean growing season flux. For
257 each year, the daily mean winter CH4 flux was calculated as ~44% of that year’s daily mean growing season CH4 flux.
258 The mean daily winter flux was then multiplied by the number of days within each year’s respective winter season to
259 obtain a seasonal winter budget. Likewise, we found that the daily mean winter CO; flux amounted to ~45% of the

260 daily mean growing season flux, and winter CO; budgets were calculated for other years using the same method.

261 2.7 Statistical Analyses

262 Daily means of carbon fluxes used in statistical analyses were calculated from half-hourly measurements using a 50%
263 data-availability threshold to ensure good representation. To capture short nighttime periods and because nighttime
264 conditions and fluxes are more stable, the threshold for daily mean nighttime CO, flux calculations was lowered to
265 10%. Nighttime CO, fluxes were identified as fluxes measured when incoming shortwave radiation was less than or
266 equal to 20 W m™. As the dominant landscape type within the EC footprint (Fig. 1; Figs. S2, S3) was tussock tundra,

267 we used the tussock probe for statistical analysis that included soil temperature and soil moisture. Additionally, soil
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268 moisture measurements were constrained to time periods when soil temperature was above 2 °C to avoid potential
269 probe freeze-thaw interference as described by Salmabadi et al. (2025). All statistical analyses were performed in R

270 v4.4.2 (R Core Team, 2024).

271 2.7.1 Eddy Covariance Tower Measurements

272 Time Series Analyses

273 Patterns in seasonal and annual means of NEE, CH4 flux, and total carbon budgets (the sum of NEE and CH4 budgets),
274 gap-filled soil and air temperature, vapor pressure deficit, soil moisture from unfrozen ground, relative humidity,
275 sensible heat, latent heat, and ground heat flux across years were assessed with Mann-Kendall trend tests (package:
276 “Kendall”, McLeod 2022).

277

278 Variable Importance for NEE and CH4

279  Variable importance for CO; and CH,4 flux was determined using a random forest algorithm (randomForest v4.7-1.2
280  package in R; Liaw and Wiener, 2022) and the percent increase in mean squared error (%IncMSE), which determines
281 the %IncMSE (i.e., decrease in model accuracy) when a variable is removed from the model. Separate models were
282 run for NEE (ntree = 850) and CH4 flux (ntree = 950) using the half-hourly measured carbon flux and meteorological
283 data from all years (2017 - 2023). Model variables included were wind direction, soil moisture, soil temperature, air
284 temperature, shortwave-in, relative humidity, wind speed, latent heat flux, sensible heat flux, ground heat flux, vapor
285 pressure deficit, and a soil temperature-soil moisture interaction term. To address collinear predictors, we used a
286  stepwise approach of reduced models to isolate the most influential variables (Figs. S8 & S9). Variables were removed
287 based on model variable inflation factor (VIF) values and %IncMSE. Starting with the full model, first the soil
288 moisture - soil temperature interaction term was removed, and then the variable with the highest VIF value was
289 removed in subsequent models until all VIF values were below a value of 2. For both CO, and CHa, measured soil
290 moisture (all measurements), wind direction, sensible heat flux, wind speed, ground heat flux, and relative humidity
291 were included in the final models.

292

293 Carbon and Meteorological Variable Regressions

294 Daily means of measured half-hourly CO, and CH4 fluxes were regressed against daily means of meteorological
295 variables using generalized least squares (GLS) models with first-order autoregressive (AR(1)) correlation structures
296  to resolve autocorrelation. Meteorological variables consisted of gap-filled soil and air temperature, vapor pressure
297 deficit, soil moisture, relative humidity, sensible heat flux, latent heat flux, and ground heat flux. Daily mean
298 regressions were restricted to the growing season to avoid potential skews resulting from a paucity of cold season
299 data. Seasonal and annual carbon budgets (CO, budget, CH4 budget, total carbon budget) for each year were also
300  regressed against annual and seasonal means of meteorological variables using Kendall’s tau rank correlation tests to
301 account for the small sample size (n = 6) (package: “Kendall”, McLeod 2025).

302
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303 To assess temperature sensitivity, daily means of half-hourly measured nighttime CO; fluxes and measured soil
304 temperature relationships were evaluated by generalized nonlinear least squares (GNLS) models with (AR(1))
305 correlation structures. The nighttime CO; - temperature relationship was tested on data from all seasons. Soil
306 temperatures below 0 °C exhibited a spike in CH4, generating a quadratic U-shaped trendline likely not due to
307 biological conditions (Fig. S10); the CHs4 - temperature relationship therefore excluded the winter. Additionally, using
308 gap-filled air temperature, growing degree days (GDD) and number of GDDs were calculated for each year for time
309 series analyses. Annual GDDs as well as growing season GDD were regressed against CO,, CHa, and total carbon
310 budgets with Kendall’s tau tests (package: “cor.test” with method = “kendall”). GDDs were calculated with a base
311 temperature of 0 °C (Elmendorf and Hollister, 2023; Tieszen, 1978).

312

313 Landscape Feature Partitioning by Wind Direction

314 We evaluated daily mean carbon fluxes by wind direction to evaluate differences based on the tower footprint. The
315 Council tower site features tundra bordering riparian areas and ponds to the north (N, NE, NW), wet lowlands to the
316 west (W, SW), open tundra to the east (E), and thermokarst / drainage channels to the south (S, SE) (Fig. 1 & Fig. S3).
317 To align wind direction with daily means of carbon fluxes, we assigned a prevailing wind direction to each day based
318  on wind direction frequency counts from the half-hourly measurements taken that day. Prevailing wind directions
319  were binned by landscape features (as described above) to explore whether these landscape features impacted carbon
320 fluxes. Differences in seasonal CO; and CHy4 fluxes by wind direction and landscape features were assessed with
321 Kruskal-Wallis tests and post-hoc Dunn tests with Benjamini-Hochberg corrections. Only wind directions and

322 landscape features with at least five daily means (n = 5) were used in statistical analyses.

323 2.7.2 Flux Chambers

324 Differences in environmental characteristics (air temperature, soil temperature, thaw depth, soil moisture) and carbon
325 fluxes from the various landscape positions (upland, lowland, slope) were evaluated with Kruskal-Wallis tests. Post-
326  hoc Dunn tests with Benjamini-Hochberg corrections were used to identify statistically significant groupings among
327 landscape positions. Differences in carbon fluxes from inundated or not inundated landscape positions were assessed
328 with Wilcoxon rank sum tests. Due to a low number of observations (n = 2), inundated slope plot measurements were
329 excluded from analyses. An additional measurement (from plot BG 15 on June 20™, 2019) where the reported CHs

330 flux was more than double the next highest data-point was removed as an outlier to mitigate skew in calculating means.

331 3. Results
332 3.1 Meteorological Patterns

333 Mean air and soil temperature, and soil moisture, varied by year, with warmer and wetter conditions recorded in 2018-
334 2019 and 2019-2020 followed by relatively cooler and drier conditions in following years (Table 1). Yet, there were
335 no detected annual or seasonal trends in gap-filled air and soil temperature, soil moisture (unfrozen), sensible heat

336 flux, latent heat flux, ground heat flux, GDD, and number of GDD across the six years of measurements. However,

10
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337 there was a significant (p = 0.01) decrease in mean annual relatively humidity (tau = -1.0, sens slope = -6.32) and a
338 significant (p = 0.02) increase in mean annual vapor pressure deficit (tau = 0.87, sens slope = 0.89) across years (Fig.
339 S13). Likewise, seasonal Mann-Kendall time series analyses found a significant trend in decreasing relative humidity
340 (p = 0.01) each season, with a significant trend in increasing vapor pressure deficit (VPD) (p = 0.02) during the
341 growing season and fall senescence (Figs. S14 & S15; Table S3).

342 3.2 Carbon Budgets
343 3.2.1 Annual Carbon Budgets

344 Annual CO, budgets were typically a net source of 7.15 + 5.22 g CO»-C m?y"! ranging from a sink of -8.43 g CO,-C
345  m?to a source of 27.17 g CO>-C m2 (Table 1; Fig. 3). Annual CH4 budgets were always a net source ranging from
346 1.44 to 3.75 g CH4-C m%. Overall, the Council site was a net carbon source during the study period, with a mean
347  annual budget of 7.15 £ 5.22 g CO,-C m?y! and 2.41 £ 0.31 g CHs-C m y'!, amounting t0 9.57 £ 5.42 ¢ Cm?2y in
348 mean net annual carbon emissions (Table 1; Fig. 3). Only 2017 - 2018 was a net annual carbon sink (-6.50 g C m?)
349  with the remaining years ranging from 1.61 to 30.93 g C m™. Cumulatively, Council produced 42.93 g CO»-C m™ in
350  CO; emissions and 14.48 g CH4-C m in CH,4 emissions, leading to total net carbon emissions of 57.40 g C m*? from
351 the site over the course of the six-year study period (Table 1; Fig. 3). Mann-Kendall time series tests found no

352 significant trends in mean annual CO,, CHa, or total net carbon budgets across years.
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355 Figure 2. Trends of measured daily mean net ecosystem exchange (NEE), gap-filled daily mean NEE (NEE_GF), site air
356 temperature , ERAS air temperature, site soil temperature, and ERAS soil temperature (7 — 20 cm) for the Council, Alaska
357 site (AMF ID: US-NGC) from January 2017 to September 2023.

358

359 3.2.2 Seasonal Carbon Budgets

360  Following typical seasonal patterns of Arctic tundra, the Council site was a net carbon sink during the growing season

361 and a net carbon source during fall senescence and winter seasons (Table 1; Fig. 3). Seasonal carbon budgets suggested
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362 weakening growing season CO; sinks (less CO» uptake) over the course of the study (Fig. 3; Fig. S16). Fall and winter
363 season CO, emissions increased in the first three years of the study then declined to lower emissions levels in the latter
364  three years (Table 1; Fig. 3; Fig. S16). Similarly, CH4 emissions peaked in 2019 and declined in following years across
365 all seasons. Net carbon budgets mirrored patterns in CO» budgets, where earlier years were slightly stronger total

366 carbon sinks compared to the latter three years (Fig. 3).

367

368 Table 1. Mean (+ SE) daily net ecosystem exchange (NEE) and methane (CH4) flux by season, seasonal and winter-year
369 annual net COz, CHy, and total carbon budgets (g C/m?), and mean seasonal and annual gap-filled air and soil temperature,
370 soil moisture, and number of days within season across years. Calendar-year annual means for air and soil temperature
371 also reported. The “ * ” notation by winter fluxes and budgets reflect winter CO2 and CH4 emissions that were calculated
372 as a proportion of the daily average growing season flux — as determined by the measurements from 2018 — multiplied by
373 the number of days within each year’s respective winter season. (Percent gap-filled can be found in Table S2; calendar-

374 year fluxes, carbon budgets, and meteorological means can be found in Table S1.)

Adjusted Daily NEE  Adjusted Dally CHy Flux ~-Justed Net - Adjusted Net  TotalNet ¢ ERAS.Gapfilled Al ERAS-Gapfi Season
Year Season ) 2 4, CO; Budget  CH, Budget Budget Temperature Soil Temperature SWC (%) Length
(umol CO2 m™s™) (nmol CHsm*s™) (aC m,z) (g m,z) (aC m”) °C) °C) (days)
2017 Growing Season -0.88 1 0.06 7.83:025 -116.17 103 -115.14 10.29+0.36 6331282 59.79 £ 017 127
Fall Senescence 044004 282023 145 0.08 1458 385:0.38 230000 80.11+0.08 32
Winter of 2017 - 2018 0.40£0.03~ 347£0.11° 93.24 0.1 94.05 -6.66 £ 0.50 1432058 - 226
Annual Mean - - - - - -1.58 £ 0.63 107 £4.53 - 365
2017 - 2018 Carbon Budget - - 843 193 .50 - - - -
2018 Growing Season -1.02£0.07 9.77£0.37 1211 107 -111.04 1132028 756244 5566+ 0.95 108
Fall Senescence 060+004 961048 26,63 043 27.26 546052 366243 66.01+0.31 43
Winter of 2018 - 2019* 0.460.03* 4332016 * 99.70 094 100.63 7.06 £ 0.57 0322046 - 208
Annual Mean - - - - - -0.62£058 183432 - 365
2018 - 2019 Carbon Budget - - 14.42 2.44 16.85 - - - -
2019 Growing Season 1.12:0.09 15.22+ 0.65 -114.88 1.56 -113.29 1264035 977329 56.98 + 1.10 99
Fall Senescence 068+006 15.98.+0.64 29.01 068 29.69 6.67+0.66 5241335 67.33+0.51 1
Winter of 2019 - 2020 * 0.50 % 0.08 674029 * 113.02 151 114.53 11.04 £ 0.68 265+152 - 216
Annual Mean - - - - - -0.17:0.59 2641532 - 365
2019 - 2020 Carbon Budget - - 2717 375 30.93 - - - -
2020 Growing Seasen -0.86 1 0.06 9.33£0.27 -101.88 1.1 -100.76 10.90£0.26 770£239 58.72+0.12 14
Fall Senescence 0.35:0.04 7.60+0.46 18.48 0.41 18.67 350048 245253 60.10 +0.52 51
Winter of 2020 - 2021 * 039+003* 413£012 * 8382 0.8 84.71 1092 4 0.62 1472083 - 208
Annual Mean - - - - - 243068 151£4.84 - 365
2020 - 2021 Carbon Budget - - 0.42 240 2.82 - - - -
2021 Growirg Seasen 0.77 007 10.53 £ 0.37 -89.89 123 -88.66 9.93+0.36 738259 53.50+ 1.40 13
Fall Senescence 0.28+003 679043 791 019 8.1 1.87 0861 141+238 60.67 +0.48 27
Winter of 2021 - 2022 * 0.35+003 * 466017+ 81.08 109 82.17 <1113+ 0.67 1822203 - 226
Annual Mean - - - - - -4.16 £ 0.67 116£4.73 - 365
2021 - 2022 Carbon Budget - - .90 251 1.61 - - - -
2022 Growing Season -0.82+0.06 5.52+0.27 -9143 061 -90.82 10.65 +0.32 814+238 4742112 107
Fall Senescence 0.27:£0.06 674053 8581 022 9.02 572046 437234 59.71+0.45 31
Winter of 2022 - 2023 * 037+003 * 2444012+ 9288 0561 93.49 9531058 1811081 - 241
Annual Mean - - - - - 2222063 191+4.68 - 365
2022 - 2023 Carbon Budget - - 10.26 1.44 11,69 - - - -

375
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377 Figure 3. Net seasonal and annual carbon dioxide (CO2) and methane (CH4) budgets for 2017 — 2022 from the eddy
378 covariance tower.
379

380 3.3 Meteorological Drivers of Carbon Fluxes

381 The random forest regression analysis showed the most important meteorological variables for NEE were sensible

382 heat flux (380 %IncMSE), soil moisture (179 %IncMSE), and relative humidity (124 %IncMSE) (Fig. S17), whereas
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383 the most important variables for CHs4 were soil moisture (184 %IncMSE), wind direction (181 %IncMSE), and
384 sensible heat flux (137 %IncMSE).

385

386 Seasonal and annual means of gap-filled air and soil temperature, soil moisture, vapor pressure deficit, relative
387 humidity, sensible heat flux, latent heat flux, and ground heat flux were regressed against seasonal mean NEE and
388 CHjs fluxes, as well as seasonal and annual CO,, CH4, and total carbon budgets. Per Kendall’s tau tests, no significant
389 correlations were found among annual or seasonal means of most meteorological variables and carbon fluxes (CO»,
390 CHa, total C), except for a marginally significant and positive relationship between growing season relative humidity
391 and CO; and total carbon (tau =-0.73; p = 0.056 for both) (Fig. S18). While annual CO,, CH4, and total carbon budgets
392 were not significantly related to annual GDD, there was a significant correlation between greater growing season CO»
393 and total C uptake budgets and GDD (tau = -0.87, p = 0.02 for both; Fig. S19).

394

395 Growing season daily mean half-hourly CO, and CH,4 fluxes regressed against daily means of meteorological variables
396 yielded significant, but weak correlations. Weak, slightly negative correlations existed between CO, fluxes and gap-
397 filled air temperature (R? = 0.06, slope = -0.04, p = 0.02), gap-filled soil temperature (R? = 0.09, slope = -0.09, p
398 <0.001), latent heat flux (R? = 0.29, slope = -0.03, p<0.001), sensible heat flux (R? = 0.19, slope = -0.02, p<0.001),
399 and soil heat flux (R? = 0.06, slope = -0.01, p<0.001). Weak, slightly positive correlations were found between CH,4
400 and soil moisture (R = 0.14, slope = 0.12, p = 0.01), relative humidity (R>= 0.11, slope = 0.1, p<0.001), and sensible
401 heat (R? = 0.01, slope = 0.02, p = 0.02), and there were weak, slightly negative correlations with VPD (R? = 0.04,
402 slope = -0.24, p = 0.02) and soil heat flux (R? = 0.05, slope = -0.05, p = 0.002) (Figs. S20 and S21).

403

404 Daily means of half-hourly nighttime CO; fluxes exhibited a significant exponential relationship with measured (not
405 gap-filled) soil temperature (R?=0.35, p <0.001; Fig. 4). The relationship between soil temperature and daily averages
406 of half-hourly CH4 fluxes, however, resembled a U-shape, indicating a non-monotonic relationship (Fig. S10). The
407 relationship was weak (R? = 0.16) but significant (p<0.001). When soil temperatures from the winter season were
408 removed, there was a weak but significant exponential relationship (R? = 0.077, p = 0.024) (Fig. 4).

409

410
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412 Figure 4. Daily averages of half-hourly nighttime CO: fluxes (top) and CHs fluxes excluding winter (bottom) plotted against
413 measured soil temperature integrated over 0 - 15 cm. Different colors represent different days of the year (DOY), and
414 different shapes represent different years (2017 — 2023).

415

416 3.3 Impact of Landscape Features on Carbon Fluxes

417 Notable differences in mean seasonal CO; and CH4 fluxes by wind direction were observed. There were significant
418 differences in growing season mean CO, and CH4 fluxes by wind direction (p = 0.006 and p < 0.001, respectively;
419 Figs. S23 & S24) as well as significant differences in winter CO; fluxes (p <0.001) (Fig. S24). Wind directions binned
420 by landscape features (Fig. 5) identified significantly lower growing season (p<0.001) CO; uptake when winds came
421 from the tundra bordering the forested riparian areas to the north (-1.08 £ 0.05 umol CO, m?s™') compared to when
422 wind came from the thermokarst drainage channels to the south (-1.41 = 0.09 umol CO, m?s™). Similarly, winter CO,
423 emissions were significantly greater (p = 0.01) when wind came from the tundra bordering the forested riparian area
424 to the north (0.55 £ 0.02 umol CO, m?s™') compared to thermokarst drainage channels in the south (0.33 = 0.10 pmol

425 CO, m?s™"). Conversely, mean growing season CH, fluxes were significantly greater when winds came from the
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southern thermokarst drainage channels (0.01 = 0.0007 pmol CH4 m?s™") compared to fluxes when wind came from

the northern tundra bordering the forested riparian area (0.008 + 0.0003 umol CH4-C m?s™'; p < 0.001) and tundra,

wet lowland areas to the west and south-west (0.01 + 0.001 pmol CHs m?s™"; p = 0.02).
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Figure 5. Daily mean CO: flux and daily mean CHy flux by winds from various landscape features during growing season,
fall senescence, and winter. Reduced opacity indicates landscape features with less than five wind direction observations,
therefore excluded from statistical analyses. Letters represent wind directions within each season with statistically
significant differences in carbon fluxes at p < 0.05.

3.5 Flux Chamber Carbon Fluxes

3.5.1 Variation in Environmental Factors among Landscape Positions and Inundation

Overall, lowland landscape positions exhibited the highest mean soil temperatures (7.4 + 0.5 °C), highest mean air

temperatures (16.18 £ 0.80 °C), deepest mean thaw depth (54 + 4 cm), and highest mean soil moisture (50.9 £ 3.1 %)

among landscape positions during the study period (Table 2; Fig. S25). Mean soil and air temperature were similar

among landscape positions (Table 2), but upland positions had significantly (p <0.001) lower mean thaw depth (39 +

2 cm) compared to lowland positions (54 £+ 4 cm). Mean soil moisture was also significantly lower (p <0.001) in both

upland (33.3 £ 2.5 %) and slope (30.1 £ 5.5 %) positions compared to lowland plots (Table 2; Fig. S25).
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444

445 Differences among landscape positions, however, were largely impacted by inundation status. There were no

446 significant differences among inundated landscape positions. Yet, data suggest inundated lowland plots may have

447 higher mean soil and air temperatures as well as deeper mean thaw depth compared to inundated upland plots, whereas

448 inundated upland plots recorded higher mean soil moisture compared to inundated lowland plots (Table 2; Fig. S25).

449 When not inundated, there were no significant differences in mean soil and air temperature among landscape positions,

450  but the lowland position featured significantly (p = 0.01) deeper mean thaw depth (50 + 4 cm) compared to upland

451 positions (37 + 2 cm) and significantly higher mean soil moisture (45.3 + 3.0 %) compared to both slope (30.1 £ 5.5

452 %; p = 0.01) and upland (30.7 + 2.3 %; p < 0.002) positions. Additionally, there were also significant differences

453 between inundated and non-inundated landscape positions. Inundated lowland positions had significantly higher soil

454  temperature (p=0.017), thaw depth (p = 0.047), and soil moisture (p = 0.002) compared to non-inundated lowland

455 plots. Similarly, upland landscape positions that were inundated had significantly deeper thaw depth (p = 0.004) and

456 higher soil moisture (p = 0.004) compared to non-inundated upland positions (Table 2; Fig. S25).

457

458 Table 2. Average (+ SE) of flux chamber measurements of NEE, GPP, RECO (umol C m s'), and CHy fluxes (nmol C m

459 2 s, as well as environmental variables of interest, by landscape position and inundation. Only means with n > 5

460 observations reported. Measurements were taken from the 35 soil chambers intermittently during the months of June, July,

461 August, and September of 2016 through 2019.

Flux Chamber Measurement Means by Landscape Position
Landscape Position Inundated NEE 2 1, cpe 2 1, RECGO 2 .1, CH, Fl“x_ y Thaw depth swe T:r:;:‘r:l‘::e TempAeilratulE n
(#mol €O, m?s™)  (pmolCO;m?s™)  (pmolcO;m?s™) (nmolCH, m?>s™) {em) (%) °c) )
lowland 0.4120.17 184+0.23 1.43+0.13 326:7.72 S4x4 509231 7405  16.18+0.80 46
slope -0.100.24 1.83%0.25 1.53%0.2 22651273 43=4 30.1%5.5 6.920.8 14.47+1.26 21
upland -0.66+0.21 2.16+0.22 1.50+0.11 17.88+6.5 392 33.3+2.5 6.9+0.4 15.70+0.60 85
Flux Chamber Measurement Means by Landscape Position and Inundation Status

lowland N -0.39+0.21 1.8+0.28 1.42%0.15 12.47£3.42 504 45.3x3.0 B8.7£0.5 15.95+0.97 33
lowland Y -0.47+0.24 1.93+0.41 1.47+0.25 83.68+20.24 665 65.2+6.4 9.4+0.9 16.78 £ 1.46 13
slope N -0.10+0.24 1.63+0.25 1.53+0.2 22,65+12.73 43+4 30.1+55 6.9+0.8 14.47+1.26 21
upland N -0.66=0.23 2.15=0.24 1.49=0.11 6.78=4.57 37=2 30.7=23 6.9+0.4 15.82=0.61 79
upland Y -0.72+0.49 2.34+0.26 1.62 + 0.25 164.15 = 34.39 638 67.8+10.8 7.3+1.0 14.12+2.94 6

462

463 3.5.2 Variation in Chamber Carbon Fluxes among Landscape Positions and Inundation

464 There were no significant differences in mean GPP, Reco, or NEE among landscape positions or inundation status,

465 though data suggest there may be a pattern. Generally, NEE, GPP, and Rgco fluxes were greater on upland landscape

466  positions compared to lowland landscape positions, and fluxes were also greater if the landscape position was

467 inundated compared to non-inundated, with the greatest mean NEE, GPP, and Reco measured from inundated upland

468 plots (Table 2; Fig. 6). All landscape positions (upland, slope, lowland), both inundated and non-inundated, indicated

469  mean net carbon uptake (negative NEE values) during the study period.

470

471 There were, however, significant differences in CH4 fluxes among landscape positions, where mean CH4 emissions

472 were significantly higher in lowland landscape positions (32.6 + 7.72 nmol CH4 m s™') compared to slope (22.65 +

473 12.73 nmol CHy m? s7!; p = 0.002) and upland (17.88 + 6.5 nmol CHy m? s°'; p < 0.001) positions (Table 2; Fig. 6).
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474 When partitioned by inundation status, mean non-inundated lowland emissions (12.47 £ 3.42 nmol CHs m? s7') were
475 significantly higher (p = 0.002) than non-inundated upland emissions (6.78 + 4.57 nmol CHs m? s') but also
476 significantly lower (p = 0.03) than mean fluxes from slope positions (22.65 + 12.73 nmol CHs m? s7') (Table 2; Fig.
477 7). When inundated, mean CH4 emissions were roughly twice as high from the inundated upland position (164.15 +
478 34.39 nmol CH4 m?s™") compared to the inundated lowland position (83.68 + 20.24 nmol CHs m?2s™"), though due to
479 the high variability, the difference in means was not significant (p = 0.6). In both upland and lowland positions, CH4
480 fluxes were significantly greater when inundated compared to when not inundated (p<0.001 and p<0.001,

481 respectively) (Fig. 7).
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485 Figure 6. Mean gross primary production (GPP), net ecosystem exchange (NEE), ecosystem respiration (Reco), and
486 methane (CHs) measured by flux chambers placed in various landscape positions (lowland, slope, upland) around the study
487 site at Council, AK. The bold line represents the median; the diamond represents the mean over the study period. The
488 different letters in the CHs figure panel represent statistically significant differences in fluxes among landscape positions at
489 p <0.05.

490
491
492
493
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495 Figure 7. Methane fluxes measured by flux chambers placed in various landscape positions (lowland, slope, upland) that
496 were either inundated (turquoise) or not inundated (red). The bold line represents the median; the black diamond
497 represents the cumulative average. Different letters signify statistically different fluxes among landscape positions at

498 p<0.05; a «“ * ” denotes significantly higher fluxes when landscape positions were inundated compared to when they were
499 not inundated at p<0.05.

500 4. Discussion

501 Overall, we found that the Council site was a net carbon source during the study period, with 2017 - 2018 being the
502 only net carbon sink year. Higher net carbon emissions aligned with warmer temperatures and wetter conditions during
503 the first three years of the study; the net carbon source was lower with cooler and drier conditions in subsequent years.
504 While temperature and soil moisture were important factors for carbon fluxes, thermokarst landscape features and
505 microtopography were also important drivers of carbon fluxes. There were significant differences in CO» and CHy4
506 fluxes when winds came from thermokarst drainage channels to the south of the EC tower, and significant differences

507 in CH4 chamber fluxes based on landscape position and inundation.

508 4.1 Interannual Variability of EC Tower Carbon and Meteorological Measurements

509 Based on 2018 - 2019 seasonal measurements, mean daily CH4 winter fluxes could be ~ 44% of the daily average

510 growing season fluxes and mean daily CO, winter fluxes could be up to ~ 45% of the daily average growing season

19



https://doi.org/10.5194/egusphere-2026-3328
Preprint. Discussion started: 3 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

511 fluxes. These percentages are comparable to Reco offset of summer CO» uptake and winter CHs4 emissions measured
512 at other Arctic tundra sites (Arndt et al., 2020; Raz-Yaseef et al., 2017; Zona et al., 2016). Due to the length of the
513 winter period, winter CO> and CH4 emissions alone were nearly as high or higher than growing period CO; uptake
514 and summer CH4 emissions, consistent with other studies that concluded winter carbon emissions can make up a
515 substantial portion of annual carbon budgets (Arndt et al., 2020; Natali et al., 2019; Raz-Yaseef et al., 2017; Zona et
516 al., 2016). These proportionate budgets were more conservative than random forest gap-filled budgets, which
517 produced roughly 9% to 46% greater total annual winter carbon emissions compared to the winter-proportion approach
518 (Table S4). Still, these adjusted winter budgets should be taken with consideration of the limitations and interannual
519 variability, and should be viewed as a potential benchmark to reassess in future studies when more winter CO» and
520 CH,4 data may be available.

521

522 The largest carbon source years also had relatively high mean growing season and fall air temperature, soil
523 temperature, and soil moisture, as well as higher relative humidity with lower mean vapor pressure deficit compared
524 to latter years. These years also had comparatively short growing seasons and winters, but long fall periods that
525 resulted in the highest fall carbon emissions among years (Table 1). The longest fall season (2020), however, did not
526 yield the highest fall carbon emissions; it was notably cooler compared to fall in 2018 and 2019. Winters were also
527 notably warmer in 2017/2018 and 2018/2019, likely contributing to the high net carbon emissions of 2019/2020. This
528 suggests that interannual variability in seasonal temperatures and soil moisture may be more influential over carbon
529  budgets than season length. After the 2019-2020 winter ended, mean annual carbon budgets decreased over tenfold,
530 concomitant with a pattern of lower seasonal mean soil moisture and lower seasonal mean air and soil temperatures,
531 which can limit respiration and stymie CH4 emissions (Lu et al., 2022). Soil moisture impacts nutrient distribution and
532 availability as well, thereby controlling microbial and plant uptake and productivity (Lépez-Blanco et al., 2020; Rustad
533 et al., 2001; Shaver and Chapin, 1980). The drier ambient air conditions in the latter years of the study period could
534 also indicate greater evapotranspiration, further facilitating moisture loss. These findings underscore the need for
535 longer-term in situ measurements that can capture carbon flux response to interannual variability due to shorter-term

536  weather trends — such as uncharacteristically warm, cool, wet or dry years — as well as longer-term climate trajectories.

537 4.2 Variable Importance for EC Carbon Fluxes

538 Arctic studies show that temperature and moisture are key regulating factors for seasonal CO, and CH, emissions (Lu
539 et al., 2022; Rustad et al., 2001; Voigt et al., 2017). Warmer seasons stimulate plant growth and respiration, and
540 enhance microbial respiration, yielding greater CO, uptake but also greater carbon emissions. Additionally, saturated
541 soils correlate with greater CH4 emissions due to anaerobic conditions that promote methanogenesis (Liblik et al.,
542 1997; Voigt et al., 2017). Yet, we did not find significant correlations between seasonal means of predictor variables
543 and carbon budgets across years, and the significant correlations between daily means of growing season CO; fluxes
544 and temperature variables, as well as between daily means of growing season CH4 fluxes and temperature and moisture
545  variables, were very weak.

546
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547 The weak relationships may stem from various years having large data gaps and high variability among years, stressing
548 the need for longer-term data to validate and better characterize these relationships. Results may have been further
549 impacted by the placement of the soil temperature and soil moisture sensors, which could have led to a decoupling
550 between growing season soil temperature / moisture and carbon flux response. The exponential relationship between
551 nighttime CO, fluxes (Fig. 8) and Rgco (Fig. S22) with soil temperature followed expectations that as temperatures
552 increase, so does respiration (Rustad et al., 2001). However, when winter was included, daily mean CH4 fluxes
553 exhibited a weak, but significant U-shaped parabolic relationship with measured soil temperature (Fig. S10),
554 representing high winter CH4 emissions when measured soil temperatures were roughly between -9 °C and -3 °C. This
555 pattern was predominantly driven by daily mean measurements from the fall in 2019 (November 13 - 25, 2019). The
556  highest CH4 emissions during this period occurred when soil temperatures were coldest, possibly signaling a CHs4
557 burst from frozen soil cracking and releasing trapped gasses rather than a biological source.

558

559 Other studies have also found that temperature and moisture conditions do not always directly translate to predictable
560 variability in carbon fluxes. For example, while satellite imagery indicates widespread increases in plant productivity
561 in northern latitudes due to warming (Berner et al., 2020; Guay et al., 2014), some studies found this hasn’t yielded
562 parallel increases in summer carbon uptake. Atmospheric CO» measurements have shown a weakening summer CO»
563 sink in past decades (Piao et al., 2014; Wang et al., 2018). An EC study by Zona et al. (2023) found decreased GPP
564 in response to higher temperatures during peak summer (July) at various circumpolar sites due to soil moisture
565 limitations on plant productivity. Carbon flux measurements from another EC site near Council, Alaska found
566 evidence that temperature sensitivity for Rgco was higher than for GPP for most of the growing season, and data
567 pointed toward non-linear relationships between GPP, Rgco, and temperature (Lee et al., 2024). Similar studies
568 concluded that differences in growing season CH4 fluxes were not explained by changes in typical driving factors such
569 as soil temperature and soil moisture, rather, CHy4 fluxes were related to the date of snowmelt (Mastepanov et al.,
570 2013) or linked to gas production from the prior fall season (Raz-Yaseef et al., 2017). These findings point toward a
571 complex dynamic between temperature, moisture, biogeochemical processes, and carbon fluxes, and support the

572 assertion that drivers of Arctic carbon fluxes can be spatiotemporally variable on local to landscape scales.

573

574 4.3 Impact of Landscape Features on EC Carbon Fluxes

575 Nearby landscape features — distinguished within the EC footprint by different prevailing wind directions — had
576 significant impacts on both CO and CH4 fluxes and may have an outsized influence on carbon flux variability at the
577 Council site. Thermokarst features, such as the thermoerosional drainage channels / gullies south of the EC tower,
578 tend to be the result of abrupt thaw events that collapse ground ice in the permafrost (Jorgenson et al., 2006). This
579 causes the ground to subside and increases heat flux into the ground via water impoundment or transportation, snow
580 accumulation, and changes in vegetation cover (Jorgenson and Osterkamp, 2005; Kokelj and Jorgenson, 2013;
581 Osterkamp et al., 2009). These processes can restructure landscape geomorphology, altering soil properties, organic

582 matter composition, nutrient distribution, hydrology, topography, and microbial communities, modifying carbon
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583 dynamics. Our findings highlighted significantly greater CO, uptake and higher CH4 emissions from the southern
584 thermokarst drainage channels during the growing season (Fig. 5). Alternatively, during the winter, there were
585 significantly greater CO, emissions detected from the northern tundra bordering the riparian areas compared to the
586 southern thermokarst drainage channels. This suggests that the thermokarst drainage channels are a greater CO» sink
587 and CH4 source during the growing season and a weaker CO; source during the winter compared to the surrounding
588 tundra landscape. These opposing seasonal patterns may be explained by the various impacts thermokarst can have
589 on landscape processes, mediated by environmental conditions during different seasons.

590

591 During warm periods such as the growing season, thermal erosion exposes deeper, carbon-rich soils to microbial
592 decomposition (Estop-Aragonés et al., 2020), making carbon and other nutrients available for uptake, transport, or
593 emission. A study by Wang et al. (2024) observed that warming-induced CO; release was ~5.5 times higher in dry,
594 upland thermokarst features compared to non-thermokarst landforms due to differences in soil organic matter and
595 microbial communities. Thermokarst could therefore trigger a positive feedback to warming. Furthermore, warmer
596 soil temperatures in thermokarst features (Schuur et al., 2007) and anoxic, saturated soils promote methanogenesis
597 (Lai, 2009), enhancing methane production in subsided thermokarst formations. Thermokarst features that impound
598 water have been observed to act as CHj4 hotspots and thaw ponds are often recorded as being high emitters of both
599 CO; and CH4 (Kuhn et al., 2018). Such hotspots are capable of offsetting carbon sink capabilities by ~ 39%, though
600 this is highly dependent on the extent of thermokarst, inundation, and vegetation (Kuhn et al., 2018). For example,
601 hydrophytic and wetland vegetation growing in saturated, anoxic soils use aerenchymatous tissues to transport oxygen
602 from the roots to the shoots, a pathway that can also transport CH4 from the soils to the atmosphere. Plant-mediated
603 CHy4 transport can significantly increase ecosystem CHs emissions (Andresen et al., 2017; Noyce et al., 2014).
604 Conversely, remobilization of nutrients and elevated soil moisture in thermokarst gullies can promote plant growth
605 uninhibited by water stress, increasing CO» uptake during the growing season (Rodenhizer et al., 2022), thereby
606 partially offsetting carbon losses. At Council, measurements show greater mean growing season CH4 emissions
607 associated with the thermokarst drainage channels, but the concomitant elevated mean CO; uptake was orders of
608 magnitude greater; the thermokarst drainage channels were a net carbon sink during the study period.

609

610 During cold periods, thermokarst formations may enhance respiration but also stymie outgassing due to the insulating
611 effects of snowpack. At Council, the thermokarst channels exhibited lower carbon emissions during the winter
612 compared to the tundra bordering the riparian area to the north of the tower. Deeper snowpack has been shown to
613 insulate the soil, maintain higher winter temperatures, and promote microbial activity and carbon loss (Pedron et al.,
614 2023). Snowpack in the thermo-erosional gullies at Council, however, may be sheltered and become compacted
615 enough to trap and store carbon emissions during the winter, thus appearing to have reduced winter emissions. These
616 findings reflect the spatiotemporally diverse impacts thermokarst features can have on carbon dynamics. The
617 identifiable influence of surrounding landscape features on measured EC carbon fluxes can help researchers better
618 parameterize the complex, ecologically mediated biogeochemical processes that drive carbon cycling in the Arctic.

619 This, in turn, can inform model extrapolations across heterogeneous Arctic landscapes.
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620 4.4 Impact of Microtopography and Inundation on Flux Chamber Measurements

621 As with thermokarst topography, landscape microtopography generates great spatial heterogeneity in abiotic
622 conditions, thereby also creating spatial variation in ecosystem processes (Bockheim et al., 1999; Walker et al., 2008;
623 Zona et al., 2011). Soil features, moisture, temperature, and nutrients can vary greatly among different
624  microtopographical features (Bockheim et al., 1999; Walker et al., 2008), driving spatial heterogeneity in carbon
625 fluxes on local scales. Over the study period, chamber flux measurements showed significantly higher mean soil
626 moisture and significantly deeper mean thaw depth in lowland landscape positions compared to upland landscape
627 positions, especially when inundated (Table 2). Inundated landscape positions featured significantly higher mean soil
628 moisture and significantly deeper mean thaw depth (Fig. S25) compared to non-inundated landscape positions, which
629 could indicate higher nutrient availability due to permafrost thaw and hydrologic transport of nutrients. Inundated
630 lowland landscape positions also had significantly warmer mean soil temperature compared to non-inundated lowland
631 positions.

632

633 However, we detected no significant differences in mean chamber flux measurements of Reco, GPP, and NEE among
634 landscape positions during the study period, though there were observable patterns. Regardless of inundation, upland
635 landscape positions had marginally greater respiration, were more productive, and behaved as stronger carbon sinks
636 compared to lowland positions (Table 2; Fig. 6), coinciding with significantly drier soils and significantly shallower
637 mean thaw depth (Table 2; Fig. S25). Inundation also tended to increase GPP and Rgco in both lowland and upland
638 positions, thereby increasing the NEE sink, exemplifying how soil moisture can enhance both productivity and
639  respiration (Table 2). The impact of inundation was particularly pronounced in chamber flux measurements of CH,.
640

641 We found significant differences in CH4 fluxes among landscape positions and inundation status, supporting findings
642 of elevated CH4 emissions from low, wet areas (such as seen from the thermokarst drainage channels). Regardless of
643 inundation, lowland landscape positions had higher overall mean CH4 emissions compared to slope and upland
644  positions (Fig. 6). When not inundated, CH4 emissions were significantly higher in lowland landscape positions
645 compared to upland and slope positions (Fig. 7; Table 2), aligning with significantly higher soil moisture and
646 significantly deeper mean thaw depths. As the mean air and soil temperatures were similar, this difference in emissions
647 is likely influenced more by soil moisture and thaw depth than by temperature. This was further exemplified by finding
648 significantly greater mean CH4 emissions from both lowland and upland positions when the plots were inundated
649 compared to non-inundated, whereas there were no significant differences between upland and lowland landscape
650  positions when they were both inundated (Fig. 7). The inundated upland landscape position had highest mean CH4
651 emissions among all landscape types, roughly 1.5 times the emissions from the inundated lowland position, despite
652 the lowland landscape position featuring deeper mean thaw depth and higher mean soil and air temperatures. The non-
653 inundated upland landscape position had one of the lowest mean soil moisture levels among landscape positions,
654  possibly indicating water stress that was alleviated by periodic inundation. Additionally, when upland tundra soils
655 become temporarily anoxic due to saturation, methanogenesis (Liblik et al., 1997; Voigt et al., 2017) and plant-

656  mediated transport may facilitate higher CH4 emissions (Andresen et al., 2017; Noyce et al., 2014).
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657

658 These findings have important implications for characterizing differences in ecological conditions that drive
659 spatiotemporal variability in carbon fluxes. The flux chambers support results from the EC tower measurements
660 indicating heightened CH4 emissions from wet, low areas with deeper thaw depths, conditions also present in
661 thermoerosional gullies and thermokarst drainage channels. However, these data also highlight that periodically
662 inundated upland tundra areas can emit CH4 at rates than can potentially exceed wet, lowland features typically
663 considered CH4 emission hotspots (Elder et al., 2021; Kuhn et al., 2018; Laurion et al., 2010). More research is needed
664 to explore the influence ephemerally inundated upland tundra sites may exert on carbon fluxes. Identifying these
665 parallels and divergences can allow researchers to draw inferences from smaller-scale studies for parameterizing

666 carbon fluxes on larger scales based on landscape features and microtopography.

667 5. Conclusion

668 Long-term monitoring of changing environmental conditions and the response in carbon fluxes in Council, AK can
669 offer valuable insight into how future northern Arctic ecosystems may behave, and how carbon sink and source
670 capabilities may evolve with a warming Arctic. This analysis of a six-year EC record provides a baseline for longer-
671 term monitoring and future comparisons of carbon flux responses to changing environmental conditions. Interannual
672 variability in annual and seasonal temperatures and soil moisture aligned with carbon source and sink strength. Steep
673 increases in net carbon emissions mirrored warmer temperatures and wetter conditions, followed by steep decreases
674 in net carbon emissions during years with cooler temperatures and drier conditions. While temperature and soil
675 moisture were identified as important variables for carbon fluxes, landscape features — such as thermokarst and
676  microtopography — also significantly impact carbon emissions at Council. Conditions created by thermokarst and
677 landscape microtopography can promote both carbon emission and carbon uptake through processes that are mediated
678 by varying seasonal environmental conditions. Such processes may also be heavily impacted by inundation, even if
679 only ephemerally inundated. These nuances in carbon dynamics based not only on meteorological conditions, but also

680  microtopography and landscape features, need to be considered when modeling Arctic carbon dynamics.

681 Data Availability

682 Eddy covariance tower data is publicly available on the Ameriflux database (https://ameriflux.lbl.gov/) under site ID
683  “US-NGC” (doi: 10.17190/AMF/1634883) (Torn and Dengel, 2020).

684

685 Meteorological and ancillary data can be accessed through the NGEE Arctic data portal (https://ngee-arctic.ornl.gov)
686 at https://doi.org/10.5440/1526749 (Dengel and Torn, 2020).

687

688 Flux chamber data is publicly available on the ESS-DIVE website (https://ess-dive.lbl.gov) and can be accessed at:
689  doi:10.5440/1765733.
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