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Abstract

Permafrost thaw causes the seasonally thawed active layer to deepen, causing the Arctic to
shift towards carbon release as soil organic matter becomes susceptible to decomposition. Ground
subsidence initiated by ice loss can cause these soils to collapse abruptly, rapidly shifting soil moisture
as microtopography changes and also accelerating carbon and nutrient mobilization. The uncertainty
of soil moisture trajectories during thaw makes it difficult to predict the role of abrupt thaw in
suppressing or exacerbating carbon losses. In this study, we investigated the role of shifting soil
moisture conditions on carbon dioxide fluxes during a 13 year permafrost warming experiment that
exhibited abrupt thaw. Warming deepened the active layer differentially across treatments, leading to
variable rates of subsidence and formation of thermokarst depressions. In turn, differential
subsidence caused a gradient of moisture conditions, with some plots becoming consistently
inundated with water within thermokarst depressions and others exhibiting generally dry, but more
variable soil moisture conditions outside of thermokarst depressions. Experimentally induced
permafrost thaw initially drove increasing rates of growing season GPP, Reco, and NEE (higher carbon
uptake), but the formation of thermokarst depressions began to reverse this trend with a high level of
spatial heterogeneity. Plots that subsided at the slowest rate stayed relatively dry and supported

higher CO; fluxes throughout the 13-year experiment, while plots that subsided very rapidly into the
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center of a thermokarst feature became consistently wet and experienced a rapid decline in growing
season GPP, Reco, and NEE (lower carbon uptake or carbon release). These findings indicate that Earth
system models, which do not simulate subsidence and often predict drier active layer conditions,
likely overestimate net growing season carbon uptake in abruptly thawing landscapes.

1.  Introduction

Globally, permafrost-region soils contain at least 1,440-1,600 Pg carbon (Hugelius et al., 2014;
Mishra et al., 2021; Schuur et al., 2018, 2022), about half of the global soil carbon stock found in other
biomes (Hugelius et al., 2014; Kdchy et al., 2015), and about twice as much carbon as is in the
atmosphere (Houghton, 2007). Permafrost soils accumulated carbon over thousands of years due to
frozen and waterlogged conditions that inhibit decomposition (Ping et al., 2015; Schuur et al., 2008).
However, Arctic temperatures are rising 4 times faster than the global average (Rantanen et al.,
2022), warming permafrost, causing the active layer (seasonally thawed surface soil) to deepen
(Biskaborn et al., 2019; Jorgenson et al., 2006; Luo et al., 2016; Nyland et al., 2021; Romanovsky et al.,
2010), and introducing previously frozen carbon to the contemporary carbon cycle (Meredith et al.,
2019). In an escalating response known as the permafrost carbon feedback, newly thawed permafrost
carbon is decomposed and released to the atmosphere as CO, and CHg, leading to further warming
(Schuur et al., 2008, 2022; Schuur & Mack, 2018).

Permafrost thaw can occur gradually as rising temperatures induce top-down thawing of
permafrost or abruptly (hours to years) as geomorphological processes are triggered by melting
ground ice (Kokelj & Jorgenson, 2013; Schuur & Abbott, 2011; Schuur & Mack, 2018). Abrupt thaw
occurs when permafrost degrades in areas with high amounts of excess ice (ice beyond that which fits
into the pore space of the soil) causing differential subsidence and the formation of thermokarst

depressions (Harris et al., 1988; Lee et al., 2014). While abrupt thaw has been a cyclical part of
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permafrost ecosystems, the rate and extent appear to be increasing due to climate change
(Farguharson et al., 2019; Jorgenson et al., 2006, 2020; Kanevskiy et al., 2017; Lantz & Kokelj, 2008;
Lara et al., 2016; Swanson, 2021; Veremeeva et al., 2021; Ward Jones et al., 2019).

Abrupt thaw can cause increasingly patchy soil moisture due to the redistribution of soil
water. In permafrost ecosystems, a surface water table is perched on top of permafrost, which is
relatively impermeable and confines lateral flow to the active layer (Walvoord & Kurylyk, 2016). As
the active layer deepens in upland permafrost sites, the water table should follow the receding
permafrost, eventually resulting in drier surface soil conditions. However, when differential
subsidence causes thermokarst depressions to form, the ground surface drops closer to the perched
water table. Therefore, areas with limited subsidence can get drier as the water table drops, while
areas with greater subsidence can get wetter as water pools (Evans et al., 2020; Jorgenson et al.,
2001; Jorgenson & Osterkamp, 2005; Vogel et al., 2009). These divergent conditions can develop
within meters of each other, resulting in highly variable soil moisture. With continued thaw,
thermokarst depressions can eventually expand and merge, increasing hydraulic connectivity (Connon
et al., 2018) and leading to uniformly drier conditions than prior to thaw. Due to spatial and temporal
variability in these processes, soil moisture can vary widely as a consequence of abrupt thaw.

Although abrupt thaw is expected to occur in only about 20% of the permafrost region, these
areas have exceptionally carbon-rich soils and may account for up to 50% of total circumpolar
permafrost carbon (Olefeldt et al., 2016). Abrupt thaw could therefore rapidly mobilize large stocks of
permafrost carbon, potentially doubling the permafrost carbon feedback (Miner et al., 2022; Turetsky
et al., 2020). However, it is difficult to predict the carbon cycle response to abrupt thaw across sites
due to the differential response of plant and microbial communities to shifts in environmental

conditions (Abbott & Jones, 2015; Cassidy et al., 2016; Euskirchen et al., 2017; Jensen et al., 2014;
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Jorgenson & Osterkamp, 2005; Kokelj & Jorgenson, 2013; Lawrence et al., 2015; Lee et al., 2011;
Miner et al., 2022; Natali et al., 2021; Varner et al., 2022; Vogel et al., 2009). The overall impact of
abrupt thaw on net ecosystem exchange (NEE; the net exchange of CO, between an ecosystem and
the atmosphere) largely depends on the balance between gross primary productivity (GPP; CO; fixed
through photosynthesis) and ecosystem respiration (Reco; CO2 respired by autotrophs and
heterotrophs): NEE = GPP - Reco. GPP can be suppressed or promoted by abrupt thaw via increasing
nutrient availability, increasing/decreasing soil moisture, higher soil temperature and a longer
unfrozen period, physical disturbance to soils, and/or delayed snowmelt (Collins et al., 2021;
Euskirchen et al., 2017; Hewitt et al., 2018; Jorgenson & Osterkamp, 2005; Kelsey et al., 2021; Mauritz
et al., 2017; Rodenhizer et al., 2020). At the same time, Reco can also be suppressed or promoted via
many of the same mechanisms, but not necessarily by the same magnitude (Abbott & Jones, 2015;
Emmerton et al., 2016; Mauritz et al., 2017; Rodenhizer et al., 2022; Subin et al., 2013).

Divergent shifts in soil moisture play a particularly important role in driving carbon fluxes as
permafrost thaws through the effect on oxygen conditions, nutrient and carbon availability, and soil
temperatures (Kokelj & Jorgenson, 2013). Relatively drier conditions can result in higher rates of Reco
and GPP due to oxygen availability within the active layer, whereas waterlogged conditions can
suppress Reco and GPP due to anoxic conditions within the active layer (Kotani et al., 2019; Mauritz et
al., 2017; Natali et al., 2015; Schadel et al., 2016). On the other hand, higher ground heat fluxes due to
inundation can cause soils to warm, deepening the active layer, increasing the stock of thawed carbon
and nutrients available to microbes, and even causing the formation of a talik (layers within the soil
profile which remain unfrozen year-round) (Harris et al., 1988; Subin et al., 2013). These mechanisms
could potentially offset lower CO, production as a result of low-oxygen conditions. Additionally, plant

and microbial communities may respond to environmental changes at different rates or to different
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degrees, making changes to carbon cycling highly variable and difficult to predict (Cassidy et al., 2016;
Euskirchen et al., 2017; Rodenhizer et al., 2022; Vogel et al., 2009).

In this study, we investigated the impact of soil warming, associated abrupt thaw, and
increasingly patchy soil moisture conditions on growing season CO; fluxes at the Carbon in Permafrost
Experimental Heating Research (CiPEHR) site in Healy, Alaska. The 13-year time series of this
experiment provides a unique opportunity to analyze the response of CO; fluxes to the trajectory of
initial thaw through ground subsidence and the formation of thermokarst depressions. In the initial
phase of the warming manipulation, GPP increased in response to a deeper active layer and increased
Eriophorum vaginatum biomass, which was likely responding to higher nutrient availability (Mauritz et
al., 2017; Natali et al., 2011; Salmon et al., 2016). However, as continued warming and permafrost
thaw caused ground subsidence and wetter soil conditions began to develop, this initial increasing
trend in GPP began to level off (Mauritz et al., 2017). Similarly, Reco increased with thaw depth
initially, although not as strongly as GPP, and also began to level off as soil conditions became wetter
(Mauritz et al., 2017; Natali et al., 2011). Building on these previous observations at this site, we
explicitly focused on the response of CO; fluxes to the variable moisture conditions caused by abrupt
thaw that continued to develop over the later phase of the experiment. With continued permafrost
thaw and subsidence, we hypothesized that CO; fluxes in deeply subsided, wet plots would decrease,

while drier neighboring plots that did not subside as deeply would maintain higher CO; fluxes.

2.  Methods
2.1.  Site and Experimental Design
The Carbon in Permafrost Experimental Heating Research (CiPEHR) is located in moist acidic

tussock tundra at ~700 m in the foothills of the Alaska Range near Healy, AK. The site is underlain by
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permafrost due to cool temperatures at this elevation. Soils are classified as Gelisols with a ~0.45-0.65
m thick organic layer (Schuur et al., 2009). Mean annual temperature during the study was -1.71°C
(2009-2021), with a growing season (May 1-Sept 30) average of 9.70°C and a non-growing season
(Oct.-Apr.) average of -9.89°C (Figure S1; Table S1). Mean annual temperatures ranged from -4.08°C in
2013 (z-score =-1.50) to 1.04°C in 2019 (z-score = 1.74). Mean annual rainfall was 278 mm, with all
rainfall occurring during the growing season in seven of the thirteen years. In the remaining years,
21% of annual rainfall occurred during the non-growing season in one year and less than 10% of
rainfall occurred during the non-growing season in the other five. Spring snow depth ranged between
0.00 m in 2015 (z-score =-1.51) and 0.86 m in 2021 (z-score = 1.63) and the date of complete
snowmelt ranged between April 17 in 2016 (z-score =-1.17) and May 27 in 2013 (z-score = 2.36).

CiPEHR was established in 2008 to simulate future warming caused by climate change by
passively warming soil and air temperatures (Natali et al., 2011). Soil warming was achieved with
snow fences, which increase snow depth, insulating the soil from cold winter air. Excess snow in
warming treatments was shoveled off each spring to ensure similar water inputs and snowmelt dates
in control and soil warming treatments (Table S1). The experiment consisted of three replicate blocks
with two snow fences each. Each snow fence consisted of eight plots, four on the control side of the
fence, and four on the soil warming side of the fence, for a total of 48 plots. Air warming was
achieved within half of the plots on each side of the snow fences using 0.36 m? x 0.5 m tall clear open-
top chambers (OTCs) which were deployed during the snow free period.

This experiment was designed with four discrete treatments: control, air warming, soil
warming, and air + soil warming. Over the course of the experiment however, differential ground
subsidence related to heterogeneous ground ice distribution and experimental warming resulted in a

wide range of environmental responses (Rodenhizer et al., 2020). Environmental conditions did not
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respond uniformly within treatments; rather a gradient of responses developed both across and
within treatments. To make full use of this gradient of environmental responses in explaining CO>
fluxes, we used either a classification of plots based on thermokarst status or continuous
environmental explanatory variables throughout most analyses rather than considering the original

treatments as categorical effects.

2.2 Environmental Monitoring

Meteorological variables were monitored using a HOBO Onset station (Bourne, MA, USA) that
reported half-hourly mean values. Air temperature was measured year-round at 2 m,
photosynthetically active radiation (PAR) was measured year-round, and rainfall was measured during
the growing season. Missing data were gap-filled using an eddy covariance tower and meteorological
tower located 1 km away (Schuur et al., 2021) or nearby NOAA climate stations when necessary.
Growing degree days were calculated as the cumulative sum of temperatures above 0°C, and freezing
degree days were calculated as the cumulative sum of temperatures below 0°C on an annual basis.
Cumulative end-of-season snow depth was measured along transects located at each fence (control
and soil warming) in April immediately prior to snow shoveling. Chamber air temperatures were
measured during CO: flux measurements at 15 cm height within each OTC using shaded thermistors
and were gap-filled using plot-level linear models with the HOBO air temperature (r2: min = 0.90,
mean = 0.92, max = 0.93).

Permafrost thaw was monitored with measurements of soil temperature, thaw depth, and
subsidence. Soil temperature was measured at 5 and 10 cm depths in all plots and at 20 and 40 cm
depths in half of the plots of each treatment using type T copper-constantan thermocouples. Thaw

depth was measured once or twice weekly throughout the snow-free season using a metal probe and
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active layer thickness (ALT) was calculated as the deepest annual thaw depth measurement. Elevation
was measured at point locations in a 2x2 m grid across each of the experimental blocks using a
Trimble (Westminster, CO, USA) high-precision differential GPS in late July or early August of 2009,
2011, and 2015-2020 (Rodenhizer et al., 2020). A continuous elevation surface was created for each
year using ordinary kriging and subsidence was calculated as the difference in elevation relative to
2009 (Hiemstra et al., 2009). Plot-level subsidence was gap-filled in years without measurements
using linear interpolation. Thaw penetration was calculated as the sum of subsidence and ALT.

Soil moisture conditions were monitored with measurements of soil moisture at two depths
and water table depth. Surface moisture was estimated in the top 5 cm of the moss/soil layer in each
plot using site-calibrated DC half-bridge resistance measurements (Vogel et al., 2009). The sensors
used for surface moisture did not produce exact values, but the relative values between
measurements can be compared. Soil moisture was measured in the top 15 cm in half of the plots of
each treatment using Campbell Scientific CS616 water content reflectometer probes calibrated to the
site. Water table depth relative to the moss/soil surface was measured manually three times weekly
throughout the snow-free season (May 1- Sept 30 except when frozen) in wells that were installed at
each fence throughout the experiment (minimum 4 wells per snow fence initially). Because water
table depth was measured in wells which were not located within plots, water table depth values
were assigned to plots by a combination of proximity and representative microtopography.

Aboveground plant biomass (AG Biomass) was estimated at the plot level using a non-
destructive point-intercept method during July in 2009-2013, 2017, and 2021 (Salmon et al., 2016;
Schuur et al., 2007). Point-intercept counts were completed for each species of vascular plant and for
all mosses combined. Vascular biomass was dominated by the tussock forming sedge Eriophorum

vaginatum, and other common plant species included Vaccinium uliginosum, Betula nana, Carex
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bigelowii, Rubus chamaemorus, Empetrum nigrum, Rhododendron subarcticum, Vaccinium vitis-idaea,
Andromeda polifolia, and Oxycoccus microcarpus. We did not distinguish between moss species for
this study, but the dominant species at the site included Sphagnum fuscum, Pleurozium schreberi, and

Dicranum spp. (Deane-Coe et al., 2015).

2.3.  Carbon Flux Measurements and Processing

Automated systems were used to measure growing season NEE in each experimental block
(Mauritz et al., 2017; Natali et al., 2011). Each system consisted of eight flux chambers, which were
rotated between 22 plots with permanently installed collars (16 within CiPEHR and 6 within a co-
located experiment not considered in this study) every couple of days, such that each plot had a
measurement chamber approximately one third of the time. To measure fluxes, air was circulated
between the chamber and an infrared gas analyzer (LI-820, LICOR corp., Lincoln, NE, USA) for 1.5
minutes and CO; concentration was measured every 2 seconds. Flux rates were calculated using linear
regression and converted from volumetric units (ppm CO2 m2 s1) to mass units (umol CO> m?2 s1)
using chamber specific volume and temperature. Measurements were logged on a Campbell Scientific
CR1000 data logger. The system cycled continuously through all chambers, such that each chamber
was measured every 1.6 hours. In 2019, a smaller subset of plots (n = 12) were measured in order to
reduce field work effort. To maximize the range of environmental conditions and fluxes represented
by the subset of plots that were measured in 2019, we selected plots across the entire range of mean
annual water table depth and ALT (water table depth range: -30 cm to 13 cm; ALT range: 67 cm - 133
cm). This resulted in a bias in the treatment-level flux estimates in 2019 as compared to years when
we measured all plots. We reduced this bias by gap-filling missing plot-level fluxes to determine

annual averages for 2019 using relationships with environmental conditions (see 3.6.2).
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All processing of carbon flux data was performed in R (R Core Team, 2021) using the data.table
(Dowle & Srinivasan, 2021) and tidyverse packages (Wickham et al., 2019). Flux modeling for gap-
filling and flux partitioning was completed using the minpack.Im package (Elzhov et al., 2016). CO; flux
was calculated as the slope of CO2 concentration throughout the measurement period (ppm CO2 s!)
and converted to NEE (umol m2 s-2) using the chamber volume and air pressure. Raw flux
measurements were filtered to remove erroneous measurements. All measurements with unrealistic
CO; concentrations (<300 ppm or >550 ppm), low chamber air flow rate (<500 mL min), or during
periods of high wind speeds (>7 m s!) were removed. Additionally, all flow rates, CO, concentrations,
and CO; fluxes were visually inspected in ~10 day periods to remove outliers.

In order to estimate continuous half-hourly flux in each plot, we gap-filled NEE using a light

response curve with PAR,

aXPARXGPmax

Eq. 1. NEE = (axPAR)+GPmax

where a is photosynthetic efficiency, or the photosynthetic rate at half of GPmax, GPmax is the
maximum potential photosynthetic rate, and R is the basal rate of respiration. In order to allow for
differences between plots (caused by treatment or natural variability) and throughout the growing
season, NEE was modeled monthly in each plot throughout the growing season (May-Sept.). Only
measurements taken during the day were included in this modeling step. For the purposes of
modeling, day was defined as PAR > 5 umol m? s and night as PAR < 5 umol m2 s2, With this
threshold, 0.06% of nighttime NEE measurements showed carbon uptake. The resulting parameters
were used to gap-fill missing measurements.

Reco Was modeled at the plot-level using a temperature sensitivity (Q10) model with soil

temperature at 10 cm depth,
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Eq. 2. Ry, = AB*Tsoil
where A is the basal respiration rate and B is the Q10 temperature response. NEE measurements
taken at night were assumed to be Reco Without any contribution from photosynthesis and were used
for this modeling step. The resulting parameters were used to both gap-fill missing nighttime
respiration measurements and estimate daytime respiration.

GPP was estimated as

Eq.3. GPP = NEE — R,
during the day (PAR>5) and was set to 0 during the nighttime. This method resulted in some negative
values for GPP. Though not biologically meaningful, these negative values reflect uncertainty
associated with the measurements and models and were left in the dataset in order to avoid
overestimating flux sums.

We estimated plot-level non-growing season (Oct.-Apr.) respiration using a soil temperature
response curve determined at an eddy covariance tower at the site (Schuur et al., 2021). Half-hourly
winter respiration measured at the eddy covariance tower was modeled using the ecosystem
respiration Q10 model (Eq. 2.) with 5 cm soil temperature. These parameters were used to estimate
half-hourly fluxes for each plot using plot-level 5 cm soil temperature measurements. Although we did
not account for shoulder season photosynthesis in our modeling approach, this is unlikely to change
the sign of the annual carbon balance, as April and October GPP combined tended to be less than 15 g
C m2 at the site (Schuur et al., 2021; Webb et al., 2016), an order of magnitude less than modeled
annual CO; emissions.

2.4. Data Merging and Derived Variables
All environmental and flux data were aggregated to monthly and annual values. We defined a

year as Oct. 15t to Sept. 30%" so that the environmental conditions of the prior winter could be
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considered when modeling fluxes. Fluxes and precipitation were summed, and for all other
environmental data, the mean and standard deviation were calculated. The standard deviation was
included as a metric of intraseasonal variability within individual plots. Additionally, we calculated
time-lagged mean surface moisture, mean soil moisture, and growing degree days for the current and
prior months to infer the effect of antecedent conditions on fluxes.
2.5.  Thermokarst Classification

Plots were classified according to their thermokarst status in 2017-2019 and 2021 following
the methods in Rodenhizer et al. (2022), in order to condense environmental conditions such as the
degree of thaw and moisture conditions into a categorical variable that reflected real-world
environmental conditions better than the original treatments, reducing within-class variability. The
classification used 1 m airborne LiDAR data from the National Ecological Observatory Network (NEON)
to classify each plot as non-thermokarst (Non-TK), thermokarst-margin (TK-margin), or thermokarst-
center (TK-center), where TK-centers were cells where the elevation fell below the local median
elevation and TK-margins were any cells within 1 m of a thermokarst depression outline (NEON
(National Ecological Observatory Network), 2022). To determine thermokarst classifications in 2020,
when LiDAR data were not available, we gap-filled on a plot by plot basis using linear interpolation of
the classes coded as integer values.

2.6.  Flux Analysis

We used gradient boosted regression tree models (hereafter regression trees) to investigate
environmental drivers of CO; fluxes directly, as these environmental drivers were the result of
unpredictable abrupt thaw processes on top of the plot treatments. This approach allowed a
mechanistic understanding of the role of permafrost thaw in driving CO; fluxes as well as solving the

issue of increasing variance through time seen in the various categorical approaches to analyzing this


https://www.zotero.org/google-docs/?ijqvrD
https://www.zotero.org/google-docs/?ijqvrD

300

305

310

315

320

Abrupt Thaw Drives Spatial Heterogeneity

dataset. This machine learning method was chosen because it allows for non-linear relationships and
was completed using the gbm package in R (Greenwell et al., 2020). Data from 2009 were not
included in the flux analysis, because CO; fluxes were lower than expected, likely due to disturbance
from experimental set-up activities (Celis et al., 2017; Mauritz et al., 2017). We modeled GPP, NEE,
and Reco sSeparately using cumulative monthly (n = 6912) and cumulative growing season (n = 576)
fluxes from each plot. The variables included in the monthly models were the mean and standard
deviation of surface moisture, soil moisture, water table depth, and soil temperature (10 cm), as well
as thaw depth, annual subsidence, thaw penetration to date (thaw depth + annual subsidence),
monthly precipitation sum, monthly growing degree days, monthly freezing degree days, annual AG
Biomass, mean air temperature, 2 month surface moisture, 2 month soil moisture, and 2 month
growing degree days. The explanatory variables included in the cumulative growing season models
were thaw penetration, subsidence, ALT, total precipitation, previous winter snow depth, previous
winter minimum soil temperature (10 cm), AG Biomass, and the mean and standard deviation of
surface moisture, soil moisture, water table depth, air temperature and soil temperature (10 cm). The
standard deviation of certain environmental variables were included as explanatory variables to
account for temporal variability, as we hypothesized that landscape position would impact the
consistency of environmental conditions. For example, soil moisture, water table depth, and soil
temperature might be more consistent in TK-centers, where water pools, than in other landscape
positions that could experience drastically different conditions immediately following rain or after a
few days of dry, sunny weather.

We determined the optimal number of trees, interaction depth, shrinkage, and minimum
observations per node from a range of values using the caret package (Kuhn, 2021). 80% of the data

were randomly sampled for model training and the remaining data were reserved to evaluate model
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performance. Model performance was evaluated using a linear regression of the predicted vs.
measured values; slope of lines were determined by geometric mean regression, which splits the
variance equally between both axes. Relative influence (RI; reduction in the sum of squared error
attributable to each variable and normalized to sum to 100) was used to evaluate the importance of
model predictors. Partial dependence plots were used to evaluate the effect of the top predictors on
CO: fluxes, and Shapley additive explanations were used to investigate differences in model behavior
in the driest and wettest deeply thawed plots.

To evaluate the trajectory of CO; fluxes according to the degree of abrupt thaw, we visualized
growing season CO; flux time series in each thermokarst class. The plots were binned according to
their thermokarst class in the final year, allowing the plots to be grouped by the rate at which they are
thawing. Additionally, we gap-filled monthly NEE, Reco, and GPP in 36 plots which were not measured
in 2019 using the monthly regression trees and observed environmental conditions. We plotted

splines (Generalized Additive Models) to observe trends through time.

3.  Results
3.1.  Flux Response to 13 Years of Warming
Growing season CO; fluxes responded non-linearly to warming over time. Early on, warming

plots showed higher net carbon uptake than control plots, but this pattern weakened or reversed
later in the experiment, particularly in the soil warming treatment (Figure 1). Soil warming plots had
the largest increase in NEE, GPP, and Rec initially while air warming had the smallest increase, with an
intermediate response in air + soil warming plots. The treatment effect peaked in the 5th year for all
treatments and fluxes and declined thereafter. Between years 6 and 13, GPP remained somewhat

elevated in the air + soil warming treatment, Reco Was reduced in the air warming treatment, and NEE
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was consistently reduced in soil warming plots (lower growing season carbon uptake) relative to
control. All treatments experienced increasing variability through time, indicating that feedbacks
associated with warming had divergent impacts on individual plots. No statistics are included here
due to this heteroscedasticity.
3.2.  Environmental Changes Associated with Experimental Warming

ALT increased over time, particularly in the soil warming plots, and this caused ground surface
subsidence and increasingly wet soil conditions (Figure 2; Figure S2; Table S2). However, there was
considerable variability among plots in the trajectory of thaw, subsidence and water table based on
pre-existing differences in ground ice content. At the beginning of the experiment, ALT was very
consistent between plots, with a mean of 55 + 4 cm (mean + standard deviation). By year 13, mean
ALT was 140 + 40 cm (change: 85 + 40 cm, p-value = 2.2x10%), with considerable overlap between
control and soil warming plots and much higher variability than initially. Air warming did not have a
significant effect on ALT by year 13. On average, the site became wetter, as water table depth shifted
from 26.5 + 6.0 cm below the soil surface to 12.5 + 10.0 cm below the soil surface by the end of the
experiment (change: 14.0 + 11.5 cm, p-value = 6.6x1013), but this average response was again
composed of divergent responses across plots. All but two plots became wetter, with a few of the
plots becoming fully inundated with standing water. The remaining dry locations tended to
experience high temporal variability in water table depth, while wet locations had consistently
shallow water table depth (Figure S2, Figure S3).

Rising regional air temperatures caused thermokarst in the control plots and outside of the
experimental footprint (Schuur et al., 2021), and experimental warming accelerated the formation of
thermokarst in the soil and soil + air warming plots (Figure 3). Photos taken during experimental set-

up indicate that there were no thermokarst depressions within the experimental footprint (Figure
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S4). By year 9, about half of the plots (all of the soil and soil + air warming, plus one control plot) were
located along a TK-margin or within aTK-center. By year 13, over 75% of the plots were located along
a TK-margin or within a TK-center, including over half of control and air warming plots.

Moving beyond treatment effects to analyze the environmental conditions of thermokarst
classes, we saw that plots showed increasing thaw and wetter conditions in and near thermokarst
depressions within the experimental footprint, although differences were not always statistically
significant due to increasing variability (Figure 4A, B, D, E, and H). The increasing between-plot
variance in environmental conditions indicated that these classes, although better than treatment
bins, were still insufficient to describe the wide variety of observed environmental changes. ALT was
shallowest in initial conditions (60.5 + 3.0 cm; mean * standard deviation). During years 9 -13, ALT
deepened by 17 cm in Non-TK (78.0 + 13.5 cm), nearly doubled in TK-margins (110.0 + 31.0 cm), and
more than doubled in TK-centers (132.0 + 33.0 cm). Similarly, subsidence increased from Non-TK (10 +
9 cm), to TK-margins (33 + 20 cm), and TK-centers (52 + 18.5 cm), with increasing between-plot
variance through the classes. Metrics of soil moisture (surface moisture, soil moisture, water table
depth) showed that TK-centers were wetter than other classes, whereas differences between other
classes were not statistically different. Water table depth was 20 + 4 cm below the surface initially.
Within TK-centers, mean water table depth was 4 £ 8 cm below the surface and some plots were
flooded.

Intraseasonal variability in metrics of soil moisture showed inconsistent patterns across classes
(Figure 4C, F, and 1). All classes had similar intraseasonal variability in surface moisture and soil
moisture except TK-centers, where it was higher and more variable across plots. Intraseasonal
variability in water table depth was lowest in TK-centers and highest in Non-TK, with the other classes

falling in between (Initial: 5+ 1 cm; Non-TK: 7 + 2; TK-margins: 6 + 3 cm; TK-centers: 6 + 2 cm).
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We also observed increasing variability in AG Biomass as subsidence progressed, although
there were no statistically significant differences in the mean values between groups (Figure 4G). AG
Biomass was slightly lower in initial conditions (451 + 86 g m) compared to Non-TK (514 + 130 g m™),
TK-margins (531 + 134 g m™2), and TK-centers (531 + 197 g m™2). The spread in AG Biomass between
plots increased dramatically in TK-centers, with some plots losing all biomass, and others showing
some of the highest AG Biomass of the experiment. The loss of biomass in some plots was related to
increasing soil moisture and inundation (Figure S5).

3.3.  COz Fluxes
3.3.1. CO; Flux Response to Thermokarst

Investigating growing season cumulative CO; fluxes in relation to thermokarst classes revealed
a non-linear response to soil warming and permafrost thaw over time. Across all thermokarst classes,
cumulative growing season CO; fluxes increased in the first four years of the experiment, but showed
divergent responses thereafter (Figure 5). In Non-TK, both GPP and Reco continued to increase
throughout the experiment, although the rate of increase declined slightly near the end, particularly
for GPP (Table S3). Growing season NEE in Non-TK plots increased through year 10, plateauing around
growing season net CO; uptake of 86 gC m. In TK-margins, both GPP and Reco increased at the
beginning of the experiment followed by decline, although the rate of both the increase and decrease
were lower for Reco than for GPP. Overall, growing season NEE in TK-margins increased more strongly
than Non-TK through year 7, reaching a peak of 117 gC m, but then declined to 90 gC m by year 13,
slightly higher than the beginning of the experiment. In TK-centers as well, GPP increased more
rapidly than Reco initially and then declined more rapidly than Reco. Overall, growing season NEE in
TK-centers increased through year 5, peaking at 124 gC m™2, then decreased through year 13, falling to

about 55 gC m?, similar to initial values. Additionally, a few plots located in TK-centers showed
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consistent, strong net carbon release (negative NEE) throughout the growing season in the last
several years of the experiment.
3.3.2.  Environmental Drivers of CO; Fluxes

Both treatments and thermokarst classes showed highly variable plot-level trajectories in
environmental variables, likely due to stochastic factors such as differences in ground ice distribution
at the beginning of the experiment and proximity to thermokarst initiation sites. By analyzing all plots
individually using continuous environmental variables, the effect of these drivers on carbon fluxes
could be considered explicitly. The regression tree models showed good fit, and highlighted the
importance of biomass, moisture and temperature variables in driving growing season CO; fluxes
(Figure 6). At the monthly timescale where seasonality plays a strong role, the validation regression r?
values were 0.83, 0.73, and 0.81 for GPP, NEE, and Reco, respectively, while at the cumulative growing
season timescale, the values were 0.50, 0.43, and 0.52, respectively. All of the models had a tendency
to slightly overestimate low fluxes and underestimate high fluxes (deviation from the 1:1 line); this
bias was larger in the cumulative growing season models.

At the monthly timescale, the top predictor of all CO; fluxes was either air or soil temperature
(Figure 6; GPP, NEE: air temperature; Reco: soil temperature). With relative importance (RI) values
above 30, temperature had much greater influence than the next predictor in all models, AG Biomass,
which had Rl values around 10. Higher temperatures and AG Biomass drove higher fluxes in all cases
(Figure S6). Two variables related to water availability showed up in the top 4 predictors of monthly
CO; fluxes; NEE dropped as soil moisture increased above 70% (Rl = 5) and Reco dropped as subsidence
increased (Rl = 6). Additionally, the 5th predictors of GPP and Reco Were related to water availability

(GPP: standard deviation of surface moisture, Rl = 4; Reco: Water table depth, RI = 5).
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At the cumulative growing season timescale, where annual and plot differences, rather than
seasonality, prevail, the top predictor of all CO; fluxes was biomass, with Rl values between 15 and 30
(Figure 6). For NEE, the remaining top predictors were related to water availability and variation, with
Rl values between 6 and 9 (soil moisture, standard deviation of surface moisture standard deviation
of soil moisture). GPP and Reco responded similarly, and non-linearly, to metrics of permafrost thaw
and water availability, with Rl values between 6 and 13 (GPP: ALT, water table depth, spring snow
depth; Reco: ALT, water table depth, subsidence; Figure S7). For mean soil moisture and water table
depth, the responses were characterized by linear increases at moderate values and a rapid decline in
extremely wet conditions. The response to moisture variability differed by depth; NEE was lowest at
moderate values of variability in surface moisture and higher at both extremes, while the opposite
was true for variability in soil moisture. Finally, both GPP and Reco increased with ALT up to about 125

cm, beyond which the relationship plateaued.

4. Discussion

Experimentally-induced permafrost thaw resulted in a patchwork of thermokarst depressions
and variable soil moisture (Figure 7: ‘early thaw’) as a result of experimental warming effects
combined with pre-existing plot-level differences in attributes such as ground ice content. This
created a continuum from relatively shallow thaw and drier, but highly variable, soil moisture
conditions to deeper thaw and wet conditions. The deepest thaw depths increased ALT by >300%
over the course of the experiment, primarily in response to soil warming and climate change; the air
warming treatment did not have a detectable impact. Even in the face of rising mean water table
depths, the response of water table depth ranged from dropping below initial values (20 cm depth) in

two plots all the way to rising above the soil surface in others. The environmental trajectories of
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individual plots had a cascading effect on CO; fluxes: initial increases in growing season NEE, GPP, and
Reco Were smallest outside of thermokarst features (less thaw) and largest in plots that developed into
TK-centers (more thaw), but wet conditions which developed in TK-centers drove a rapid reversal in
this trend later in the experiment. In the drier conditions that were common early in the experiment
and remained in some plots throughout the entire experiment, experimental warming promoted GPP
more than Reco, leading to higher net growing season carbon uptake. As thermokarst depressions
formed mid- to late in the experiment, wet conditions suppressed GPP more than Reco, causing the
wettest plots to release carbon over the growing season. These findings add experimental evidence to
the growing body of literature that changes in surface hydrology linked to abrupt permafrost thaw,
which has generally not been included in Earth System Models used in IPCC projections, is likely to
amplify permafrost carbon release in response to warming, and may reduce the ability of plants to
offset these emissions (Ekici et al., 2019; IPCC, 2021; Lee et al., 2014; Schidel et al., 2018; Schuur et
al., 2021).
4.1. Non-Linear Carbon Flux Responses To Divergent Hydrologic Conditions

Early in the experiment, warming and permafrost thaw increased all growing season C fluxes,
but as individual plots subsided at different rates, likely due to differences in ground ice distribution,
divergent soil moisture conditions altered the response of CO; fluxes (Mauritz et al., 2017; Natali et
al., 2011). The initial increase in NEE in thawing plots was likely caused by the mobilization of carbon
and nutrients in the deepening active layer that stimulated GPP more than Reco. In the first 5 years of
the experiment, foliar N pools increased by 49% and AG biomass increased by 23% in soil warming
plots, with over 90% of the increase in biomass occurring in Eriophorum vaginatum (Salmon et al.,

2016).
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By the middle of the experiment, declines in NEE were linked to greater subsidence and
increasingly wet conditions which reduced GPP more than Reco. By the end of the experiment, GPP
and Reco Were suppressed in consistently wet plots, leading to lower growing season carbon uptake, or
even net carbon release, the opposite response to thermokarst as was previously found at the
landscape level surrounding this site (Rodenhizer et al., 2022). In contrast, both GPP and Reco Were
higher along moderately-subsided TK-margins where thaw was deep but soils were not waterlogged,
leading to higher net growing season carbon uptake, the same response as previously reported
(Rodenhizer et al., 2022). This indicates that TK-margins may dominate the CO; flux response at the
landscape scale and/or the differentTK-center response may be explained by differences in
thermokarst age and morphology. In the landscape surrounding the experiment, linear water tracks
are common thermokarst features where water perched on the thaw table drains off the shallow
hillslope. Some of these water tracks are decades old and exhibit higher plant biomass, GPP, and Reco,
as plant community succession has promoted sedge and moss growth of species tolerant of the
waterlogged conditions, with larger shrubs confined to deeply thawed and relatively dry TK-margins
(Osterkamp et al., 2009; Rodenhizer et al., 2022; Schuur et al., 2009). Within the decade-long
warming manipulation, however, subsidence has formed discrete features related to the
experimental plots, and these features have neither coalesced as water tracks, allowing drainage, nor
undergone plant community succession as of yet. Rather, plants have died in the most deeply-
subsided, waterlogged TK-centers, a few which are inundated much of the year (Figure 4; Figure S5),
with Eriophorum vaginatum surviving the longest in inundated conditions. This decrease in plant
biomass, combined with waterlogged soil conditions, explains lower GPP and Reco Observed in TK-

centers in this study (Mauritz et al., 2017; Schadel et al., 2016). This is in contrast to other drier sites,
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where increased soil moisture can alleviate drought conditions (Emmerton et al., 2016; Euskirchen et
al., 2017).

Increased plant biomass in water tracks combined with drier conditions along water track
margins may dominate the growing season flux response to abrupt thaw at the landscape scale as
observed by the eddy tower (Rodenhizer et al., 2022). However, this may not be sufficient to offset
increases in Reco during the winter (Table S4). Our estimates suggest the potential for permafrost thaw
to shift these ecosystems towards becoming carbon sources at the annual scale, as found in a number
of previous studies using a variety of methods (Cassidy et al., 2016; Hicks Pries et al., 2013;
Rodenbhizer et al., 2022; Schuur et al., 2021; Turetsky et al., 2020). Using information from the
experimental plots, modeled Reco for the non-growing season more than offset growing season CO;
uptake in most plots, resulting in calculated net release of 113 gC m2 yr ! on average across all plots
and years (Figure S8; Table S4). Additionally, when modeled non-growing season Reco Was included,
total annual Reco Was still increasing by year 13 in Non-TK plots, and showed slower post-peak declines
in plots classified as TK-margins or TK-centers. This suggests that the effect of warming and
permafrost thaw on non-growing season Reco could be longer lasting than impacts on growing season
fluxes alone. It is important to consider that non-growing season fluxes were modeled using only
temperature by necessity in this calculation. A comprehensive analysis of non-growing season fluxes
would need to take soil moisture into account, but this back-of-the-envelope calculation is still
valuable for assessing the impact of abrupt thaw on annual ecosystem C balance. Our modeled non-
growing season results are similar to several other studies from this site that used a variety of
methods and found that winter respiration is responsible for shifting the ecosystem from a growing
season CO; sink to an annual CO; source (Celis et al., 2017; Natali et al., 2011; Schuur et al., 2021;

Webb et al., 2016). Taken together, this highlights the importance of winter respiration in
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determining the sign of annual carbon fluxes across the circumpolar region and the role that abrupt
thaw is likely to play in amplifying non-growing season respiration (Natali et al., 2019).
4.2.  Environmental Drivers of CO; Fluxes

Environmental drivers of CO: fluxes differed between the monthly and cumulative growing
season models. In the monthly models, biomass and variables that reflect seasonal variability made
up the majority of top predictors. The relationships between these variables and CO; fluxes have been
long-recognized and extensively studied (Baldocchi et al., 2001; Huxman et al., 2003; Niu et al., 2011),
so we chose instead to focus our discussion on the role of permafrost thaw- and soil moisture-related
variables.

4.2.1.  Trade-Off Effects of ALT and Inundation on Carbon Fluxes

As the landscape became increasingly patchy due to differential subsidence, individual plot
trajectories diverged, even within the same treatment. Increasing variability within treatments
indicated that these labels were insufficient to explain the complexity of the responses to warming.
Although TK classes could capture the variability in responses better than the original treatment
labels, we still observed increasing variability within classes over time. Therefore, our environmental
driver analysis relied on continuous variables to utilize this variability. ALT and metrics of soil moisture
were identified as two important abiotic drivers of CO; fluxes, and these two positively-correlated
drivers had opposing effects on CO; fluxes, particularly Reco.

In general, increasing ALT resulted in higher soil moisture (Figure 2) through ground
subsidence and the redistribution of water perched on the permafrost surface (Figure 4). ALT
increases were associated with higher GPP and Reco, likely reflecting increased nutrient and carbon
availability as permafrost thawed, in addition to higher soil temperature and a longer thawed period

(Mauritz et al., 2017). Subsidence (which results in wetter soils), water table depth above the soil
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surface, and high values of soil moisture, on the other hand, were associated with lower NEE, GPP,
and Reco, likely reflecting increasingly anoxic conditions (Mauritz et al., 2017; Taylor et al., 2021). The
opposite, and relatively strong, effects of these environmental variables on Reco indicated that there
was a trade-off between permafrost thaw mobilizing carbon and nutrients for decomposition and
plant growth on the one hand and inundated conditions limiting plant growth and aerobic
decomposition on the other. In the inundated plots, Reco decreased more as a result of subsidence
and inundation than it increased as a result of deeper ALT, leading to suppressed respiration (Figure
S9). However, GPP was reduced nearly to zero in these plots, resulting in higher net CO; release
overall, despite suppressed respiration. In plots with very deep ALT and water table depth below the
surface, the impact of increased ALT was stronger than the impact of subsidence, leading to high rates
of respiration (Figure S9). However, GPP was also high in these plots, leading to higher CO; uptake
during the growing season. Overall, the two end points of the thaw-moisture continuum we observed
were 1) complete inundation which led to suppressed GPP despite deep ALT, and 2) deep thaw with
dry conditions which led to higher GPP. Reco and NEE were similarly suppressed in these extreme cases
but to a lesser degree, indicating that GPP may be more strongly impacted by changes in moisture
availability than Reco, at least for the time frame of this experiment.
4.2.2. Role of Soil Moisture in Driving CO; Fluxes

Metrics of soil moisture were important predictors of CO; fluxes at the seasonal timescale, and
exhibited non-linear influences on fluxes. The trend of increasing C fluxes as soil moisture increased
from low to moderate values indicates alleviation of water limitation (Euskirchen et al., 2017; Zona et
al., 2023), even though this site is classified as moist acidic tundra. At the same time, there were
moisture thresholds beyond which waterlogging and subsequent plant mortality drove a rapid decline

in all C fluxes, similar to the results of Heiskanen et al. (2021) in a subarctic fen. We saw opposite,
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non-linear responses of NEE to variability in surface moisture and soil moisture; NEE first decreased
then increased as variability in surface moisture increased and increased then decreased with
variability in soil moisture. These patterns were less strong and harder to explain, but the differences
could be due to the different depths at which those two measurements are taken (Figure S7). Surface
moisture was measured in the top 5 cm of moss, and tended to be less variable than soil moisture,
which was measured in the top 15 cm. Surface moisture may have been less variable than soil
moisture because the moss surface typically remained dry everywhere but TK-centers, while soil
moisture was measured down to the depth of the average water table in many plots, and therefore
could fluctuate rapidly as the water table depth rose and fell.

4.3. Implications of Abrupt Thaw for the Future of Carbon Fluxes

The non-linear responses of GPP, Reco, and NEE to experimental warming, driven by

subsidence and redistribution of water (Figure 1, Figure 5), did not begin manifesting until year 4 and,
in some plots, was not apparent until the last few years of this 13 year experiment. This indicates that
short-term studies may miss important feedbacks that develop over longer timeframes. In fact, we
suspect that flux trajectories at this site could reverse again. First, we expect that plant succession and
shifting community composition, as has been observed more broadly at the site (Schuur et al., 2007),
will result in greater growing season CO; uptake in the coming years to decades, particularly within
thermokarst depressions that are currently experiencing plant mortality. Second, continued thaw will
likely cause thermokarst features to expand and merge, resulting in higher hydraulic connectivity and
drier soil conditions (Figure 7: ‘Advanced Thaw’)(Connon et al., 2018; Nitze et al., 2020) that would
likely lead to larger CO; release due to the impact of drought on GPP (Schuur et al., 2021). The timing

of these two processes will determine if and when flux trajectories reverse in the future.


https://www.zotero.org/google-docs/?2FuuLo
https://www.zotero.org/google-docs/?BbsHsA
https://www.zotero.org/google-docs/?VOoiaj

595

600

605

610

615

Abrupt Thaw Drives Spatial Heterogeneity

The eventual development of drier conditions would reflect what most Earth system models
(ESMs) predict in permafrost ecosystems, however these models oversimplify the processes involved
in permafrost thaw and often miss the potential for divergent hydrologic conditions to develop during
early stages of abrupt thaw. Many models predict that drying will occur progressively, because they
do not include subsidence (Andresen et al., 2020; Lawrence et al., 2015; Schadel et al., 2018), while
field studies, including ours, indicate that the trajectory of hydrology, and therefore fluxes, is not
linear (Hinkel & Hurd, 2006; Jorgenson et al., 2013; Varner et al., 2022) due to differential subsidence
and redistribution of water. As shown in this study, this patchwork of wet and dry conditions could
persist on the landscape for years or perhaps longer (Varner et al., 2022), contrary to modeling that
has predicted the transition from wet to dry conditions could take only a few months (Teufel &
Sushama, 2019). Given a transition period of years to decades, and strong responses of NEE to varying
environmental conditions, the impact of abrupt thaw on cumulative fluxes could be large, making it
important to understand how long this transition period could take (Lawrence et al., 2015). Over a 13-
year period within this upland landscape, we observed a wide variety of hydrologic responses but
overall wetter conditions and plant mortality, and it is uncertain how much longer it may take before
thermokarst features merge and drain or plant succession begins. Regardless of the hydrologic path,
however, our results indicate that the long-term impact of abrupt permafrost thaw will be to shift
tundra ecosystems towards higher annual carbon emissions, mobilizing centuries of accumulated

permafrost soil carbon and accelerating climate change.
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Figure Captions

Figure 1. Experimental warming effects on growing season NEE, Reco, and GPP throughout the course
of the experiment. Bar height indicates the difference in cumulative growing season flux between
each treatment and the control. Error bars show the standard error. Strong treatment effects of

warming in the first several years declined or reversed later in the experiment.

Figure 2. Initial (Year 1, 2009; open circles) and final (Year 13, 2021; filled circles) ALT and mean
annual water table depth in the warming experiment. Each point represents one plot, with gray
representing control and black representing soil warming. The dashed lines represent a water table

depth of 0, or water table depth at the soil surface, and the mean ALT in year 1.

Figure 3. A) Thermokarst classification at CiPEHR in years 9 and 13 of the experiment. Non-
thermokarst is shown in light gray, thermokarst-margins are shown in medium gray, and thermokarst-
centers are shown in dark gray. B) Count of CiPEHR plots in each thermokarst class between year 9
and 13. C) Count of CiPEHR plots, grouped by warming treatment, in each thermokarst class between

year 9 and 13.

Figure 4. Differences in environmental conditions between initial conditions, non-thermokarst,
thermokarst-margins, and thermokarst-centers: A) ALT, B) surface moisture, C) standard deviation of
surface moisture, D) subsidence, E) soil moisture, F) standard deviation of soil moisture, G) AG
Biomass, H) water table depth, and 1) standard deviation of water table depth. Gray points represent

the average value for a single plot in a single year with a gray violin plot overlaid, while black points
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represent the average value across all plots with black error bars representing between-plot standard
deviation. Year 2 was used for initial conditions, due to disturbance from experimental set-up in years
0 and 1. Thermokarst classifications were available in years 9-13. The background shading indicates
measurements made in year 2 (gray) or years 9-13 (no shading). Statistically significant differences in
645 group means are indicated with letters. Note that increasing between-plot variability within classes

makes it harder to detect differences in group means.

Figure 5. The trajectory of growing season CO; fluxes throughout the course of the warming
experiment in each of the thermokarst classes with splines to highlight trends through time. 95% ClI
650 shown as gray bands. Each plot was assigned to the same thermokarst class in all years based on the
thermokarst class in 2021. Each point represents the growing season cumulative CO; flux for an
individual plot. Color indicates plot-level AG Biomass and shape indicates experimental treatment.
Opaque points indicate growing season sums of gap-filled measurements, and transparent points in
year 11 indicate growing season sums which were modeled, because the plots were not monitored.
655
Figure 6. The relative influence (percent reduction in sum of squared error attributable to each
variable) of environmental variables included in the monthly and cumulative growing season
regression tree models of GPP, NEE, and Reco, With linear regressions using validation data in the
insets to evaluate model fit. Validation regression slopes were calculated using geometric mean
660 regression. Abbreviations are as follows: SD = standard deviation, GDD = growing degree days, 5-cm
SM = 0-5 cm surface moisture, 15-cm SM = 0-15 cm soil moisture, WTD = water table depth, FDD =

freezing degree days, ALT = active layer thickness.
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Figure 7. A diagram of hydrologic conditions and CO; fluxes as abrupt permafrost thaw progresses.
NTK refers to non-thermokarst, TM refers to hermokarstmargin, and TK refers to thermokarst-center.
Initially, the permafrost table is a relatively consistent depth below the soil surface and so is water
table depth (water table depth). The ecosystem is a slight carbon sink on an annual basis. During
early-thaw, depressions form in the permafrost table and soil surface, causing water in the soil profile
to drain from non-thermokarst areas and into the thermokarst-centers. This leads to a patchwork of
subsided, wet microsites, and relatively unsubsided, dry microsites. All areas of the landscape are
annual carbon sources, with the lowest source occurring in non-thermokarst areas where Reco
increased more than GPP, and the highest source occurring in thermokarst-centers, where GPP was
suppressed more than Reco. During advanced-thaw, not yet observed at this site, discrete thermokarst
depressions expand and merge with nearby thermokarst features, leading to deeper permafrost table
depths across the landscape and drier conditions, as the water table depth tracks the permafrost
table. Permafrost ecosystems in advanced stages of thaw are likely to be carbon sources, although the
magnitude is uncertain. Artwork by Victor Leshyk.
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Supplemental Methods:
Rodenhizer et al. Abrupt Permafrost Thaw Drives Spatially Heterogeneous Soil Moisture and

Carbon Dioxide Fluxes in Upland Tundra

Analysis of the Impact of Subsidence on Hydrology:

To determine the effect of subsidence on soil hydrologic conditions throughout the
course of the experiment, we modeled the plot-level response of growing season mean and
standard deviation of water table depth, surface moisture (0-5 cm), and soil moisture (0-15 cm)
to subsidence using mixed effects models in the Ime4 package (Bates et al., 2015). We included
plot nested within treatment nested within snow fence nested within block as a random effect
to account for the experimental design. To find the best fitting model, we considered models
with 1) no fixed effects (null model), 2) subsidence, and 3) a quadratic subsidence effect. A
guadratic term was tested to account for expected diminishing responses of hydrologic
variables as subsidence proceeded and the inability of surface moisture and soil moisture to
exceed 100%. Variable selection was performed using forward step-wise selection using AIC.
Confidence intervals for fixed effects were bootstrapped with 1000 iterations using the MASS
package and r? values were estimated using the MuMIn package (Barton, 2020). All variables
were inspected for normality and an appropriate transformation was performed where
necessary.

To investigate the intra-annual and spatial variability of the impact of subsidence on soil
hydrologic conditions across plots for the entire experiment, we determined elevation, thaw

depth, and water table depth along a transect spanning control and soil warming plots at each
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fence. Because each of these environmental variables were measured in slightly different
locations across the experimental blocks, we used the kriged elevation (2.2.), and interpolated
thaw depth and water table depth using universal kriging (incorporating the relationship
between thaw depth or water table depth and subsidence) to get continuous surfaces from
point measurements using the automap package (Hiemstra et al., 2009). Values from each layer
were extracted along the transects using the raster package (Hijmans, 2021). Thaw depth and
water table depth values were extracted both during a dry period and also following a large
precipitation event; we selected dates that were about two weeks apart in 2018, because 2018
was the most recent year with both elevation data and a significant dry period. We used thaw
depth measured on July 27, 2018 (dry) and Aug. 10, 2018 (wet) and water table depth
measured on July 30, 2018 (dry) and Aug. 8, 2018 (wet). Because thaw depth and water table
depth were not measured on exactly the same days, we chose dates that were as close in time
as possible for comparison between thaw depth and water table depth (<= 3 days between
measurements) while still falling within the window of dry and wet conditions. Elevation values
were extracted only once, as the changes in elevation were negligible within the two week

period.
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Figure S1. The spread of annual air temperature and precipitation conditions throughout the
course of the warming experiment. Mean annual temperature was calculated from Oct. 1 (of
the previous year) - Sept. 30 (of the year as labeled), while precipitation was calculated for the
growing season, defined as May 1 - Sept. 30 (of the year as labeled). Mean and 1 standard
deviation lines were calculated across all years.



Table S1. Growing season, non-growing season, and annual meteorological conditions at CiPEHR. Snow depth and snow free date are
provided by treatment, as this varies among plots, while all other variables are provided at the site level only.

Year
1 2 3 4 5 6 7 8 9 10 11 12 13
Measurement Season 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
\ean A Annual 342 -1.07 -248 -329 -408 -091 -071 063 -1.93 -057 105 -2.87  -2.52
€Al Growingseason 971  9.84 942 914 927 914 952 1029 1042 9.66 10.82  9.83 9.05
Temperature N .
(°C) MEOWNE 1292 -84 1107 1221 -1372 816 809 -631 -1085 796 -601 -1199 -10.88
Annual 266.15 20491 22498 225.15 247.7 21433 21566 212.71 24291 23271 21621 219.22 229.06
Mean PAR  Growingseason 376.59 362.42 378.7 36519 4154 344.81 35825 34584 384.26 377.79 359.2 360.37 373.62
mol m?2s? - i
(k ) Nozei%:'ng 14091 7159 114.04 12455 126.67 120.16 112.75 117.09 140.9 12801 113.01 117.83 124.74
Annual 1782 2498 164.4 2234 141 3296 3544 3924 206 2754 527.4 310 259
Rainfall mm)  GTOWINESeason 1782 2498 1644 2234 11l6 3122 3544 3024 1872 2754 5184 2932 2576
Non-growing 0 0 0 0 294 174 0 0 18.8 0 9 16.8 1.4
season
Treatment
A Soll Warming 135% 049% 108% 129+ 124% 079+ 092¢ 113+ 122 155% 103+ 132¢ 156%
€ 012 o016 016 012 013 02 02 017 011 014 022 015 0.13
04+ 018+ 023+ 055+ 065+ 022+ 03+ 048+ 083+ 008+ 0594+
Air Warmi 0+0 0.86+0.1
Spring Snow Ir Warming 011 006 005 007 012 0.8 004 006 011 012  0.06
Depth (m) 017+ 023+ 055+ 065+ 023+ 03+ 049+ 083+ 009+ 059+ 0.86¢
+ +
Control 04201 506 005 008 009 007 °*% o008 007 013 012 007 0.12
<ol Warmmin 136+ 07+ 1.1+ 129+ 124+ 094+ 109+ 122+ 123+ 158+ 116+ 132+ 159+
€ 008 034 023 013 008 039 038 02 013 013 03 0.12 0.12
Air + Soil Warming NA  118+1 11940 125+1 148+1 109+2 112+1 11142 11942 133+1 11743 12142 129+1
Snow Free Date  Air Warming NA 11740 117+1 126+2 148+1 110+3 112+0 108+3 121+2 131+1 111+0 12342 128+1
(DOY) Control NA 11740 117+1 125+1 148+1 110+2 112+0 108+3 121+2 131+1 111+0 125+3 128+1
Soil Warming NA 11740 119+0 125+2 148+1 109+2 112+1 111+2 121+3 133+3 112+2 12142 129+1
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Figure S2. Scatterplots of subsidence by A) surface moisture, B) the standard deviation of
surface moisture, C) soil moisture, D) the standard deviation of soil moisture, E) water table
depth, and F) the standard deviation of water table depth. Points reflect plot-level mean annual
values. Mixed effects models of the relationships are shown where statistically significant. The
standard deviation of water table depth was log-transformed and quadratic terms were
included in the relationships with soil moisture, the standard deviation of soil moisture, and
water table depth. Low marginal r* combined with high conditional r? indicates the model fits
very well on a plot by plot basis but that differences in the relationship between plots results in
poor model fit when all plots are considered together.



Table S2. Model summaries of the mixed-effects linear models of water table depth, the
standard deviation (SD) of water table depth, soil moisture, and the standard deviation of soil
moisture by subsidence. Min and max values are the 95% confidence intervals for the
coefficients and marginal and conditional r* values are indicated by r?,, and r?,, respectively. Low
marginal r> combined with high conditional r? indicates the model fits very well on a plot by plot
basis but that differences in the relationship between plots results in poor model fit when all
plots are considered together.

Response Final Variables Coefficient Min Max ., r,
Intercept -22.5 -26.8 -18.1 0.416 0.793
\é\f;;: Table g ubsidence -0.00279 -0.00389  -0.00168
Subsidence’ 0.481 0.386 0.576
SD Water Intercept 1.9 1.83 1.97 0.115 0.154
Table Depth  Subsidence -0.00679 -0.00847 -0.005
Intercept 42.3 39.8 44.6 0.0707 0.889
Soil Moisture Subsidence -0.00264 -0.00351 -0.0018
Subsidence’ 0.279 0.128 0.432
. Intercept 9.25 8.14 10.4 0.033 0.839
i/IDO?SOtlLljre Subsidence -0.000749 -0.00116 -0.000352

Subsidence’ 0.0806 0.0205 0.139
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Figure S3. A) July and August precipitation in 2018, with water table depth (WTD) and thaw
depth (TD) measurement dates marked for a period with dry conditions and a period with wet
conditions. B) Elevation, thaw depth, and water table depth along control-soil warming
transects at each of the 6 replicate snow fences during dry conditions and wet conditions. Gray
fill indicates frozen soil at time of measurement (some of which is permafrost and some of
which is frozen active layer), blue fill indicates fully saturated soils in the active layer, and brown
indicates unsaturated soils in the active layer. The location of the snow fence is indicated with
the dotted line with the control side to the left and the soil warming side to the right. C) The
difference in water table depth before and after the precipitation event.



Figure S4. Photos from experimental set-up at block A in 2008, when thermokarst processes
were not visible within the experimental footprint, and from block B in 2023, when thermokarst
features dominated the experimental footprint. Areas of Non-TK, TK-margin and TK-center are
indicated with arrows in the 2023 photo.
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Figure S5. Scatterplots of AG Biomass by A) surface moisture, B) the standard deviation of
surface moisture, C) soil moisture, D) the standard deviation of soil moisture, E) water table
depth, and F) the standard deviation of water table depth. Points reflect annual average values
for a single plot, with color indicating year and shape indicating treatment.



Table S3. Summary statistics from Figure 5. The mean value and spline prediction of NEE, R,.,, and GPP are shown for each
thermokarst class at three stages: initial, peak, and final conditions. The year of each stage is also provided and, for peak values, may
differ slightly between measured values and spline predictions.

NEE Reco GPP
Measured Spline Measured Spline Measured Spline

TKClass Stage Year Mean Year Prediction Year Mean Year Prediction Year Mean Year Prediction

Non-TK Initial 2 24 + 26 2 41+ 28 2 288 + 28 2 280+ 42 2 312+ 29 2 313 +56

Non-TK Peak | 11 103+19 10 86+ 17 12 455+82 13 428 + 42 12 541+79 13 502 + 56

Non-TK Final 13 58 +43 13 82+28 13 415+62 13 428 + 42 13 47778 13 502 £ 56
TK Margin Initial 2 49 + 37 2 67 + 30 2 288 + 22 2 276 £ 31 2 337 £ 47 2 344 + 45
TK Margin  Peak 9 135+51 7 117 +£19 7 393+ 57 9 374+ 20 9 524 +77 8 485 + 28
TK Margin  Final 13 76 £ 30 13 90 +30 13 358+46 13 358 +31 13 43963 13 441 + 45
TK Center Initial 2 42 +18 2 50+ 29 2 315+19 2 319+32 2 357+21 2 368 + 48
TK Center  Peak 5 141+ 34 5 124 +20 9 438 + 55 8 417 £ 20 5 540 + 57 6 524 +31
TK Center  Final 13 46 £ 27 13 55+ 29 13 390+50 13 388 £ 32 13 44264 13 440 £ 48
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Figure S6. Partial dependence plots overlaid on measured data for the top four predictors of
monthly GPP, NEE, and R, from the regression trees. Labels 1 through 4 indicate the order of
predictor importance. Each point represents an individual plot over one month of
measurements. Color indicates month and shape indicates treatment. Abbreviations are as
follows: GDD = growing degree days, 15-cm SM = 0-15 cm soil moisture.
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Figure S7. Partial dependence plots overlaid on measured data for the top four predictors of
seasonal GPP, NEE, and R, from the regression trees. Each point represents an individual plot
over one month of measurements. Color indicates month and shape indicates treatment.
Abbreviations are as follows: SD = standard deviation, ALT = active layer thickness, WTD = water
table depth, 15-cm SM = 0-15 cm soil moisture, 5-cm SM = 0-5 cm surface moisture.



Table S4. Growing season, non-growing season, and annual cumulative NEE, R..,, and GPP throughout the course of the permafrost
warming experiment. growing season values were calculated from gap-filled measurements. Winter NEE was estimated half-hourly
using 5 cm soil temperature and the relationship between 5 cm soil temperature and winter NEE measured at an eddy covariance
tower located approximately 1 km from the warming experiment. Each point represents the annual cumulative CO, flux for an
individual plot. Color indicates plot-level AG Biomass. In 2019, only a subset of plots were measured for CO, fluxes, so annual sums
were gap filled using monthly gradient boosted regression tree models of each CO, flux and plot-level environmental conditions.

NEE Reco GPP
Year Treatment Growing Non-Growing Annual Growing Non-Growing Annual Growing Non-Growing Annual
Season Season Season Season Season Season
Control 7121 -165+ 23 -158 + 31 197 +21 165 + 23 363+31 | 204+21 0+23 204 £ 31
1(2009) Air Warming 13+34 -167 £+ 11 -154 + 36 234 + 34 167 £ 11 401+36 | 247+ 34 0+11 247 £ 36
Soil Warming -2+24 -188 + 12 -190 + 27 212+ 24 188 + 12 400+ 27 | 209+ 24 0+12 209 + 27
Air + Soil Warming 2+37 -185+13 -183 + 39 239 + 37 185+ 13 424 £39 | 241 +37 0+13 241 + 39
Control 23+38 -148+8 -125+39 267 + 38 148+ 8 415+39 | 290 + 38 08 290+ 39
2(2010) Air Warming 45+ 54 -145+9 -100 £ 55 303 +54 145+ 9 448 £ 55 | 348 + 54 09 348 + 55
Soil Warming 48 £ 54 -167 £ 10 -119+55 330+ 54 167 £ 10 497 £55 | 378 £+ 54 010 378 £ 55
Air + Soil Warming 47 + 61 -162 +13 -115+ 62 311+61 162 + 13 473 +62 | 357 +61 0+13 357 +62
Control 49 £ 36 -151+9 -102 +38 235+ 36 151+9 386+38 | 283+36 09 283 + 38
3(2011) Air Warming 76 £ 63 -149+9 -74 + 64 280+ 63 149+9 429+ 64 | 356+ 63 09 356 + 64
Soil Warming 102 + 61 -184 +12 -82+62 342 + 61 184 + 12 526 +62 | 444 +61 0+12 444 + 62
Air + Soil Warming 93 +97 -188 + 12 -95 + 98 302 + 97 188 + 12 490 £ 98 | 395 + 97 0+12 395 + 98
Control 76 £ 40 -166 + 17 -90+44 301+40 166 + 17 467 £ 44 | 377 £40 0+17 377 £44
4(2012) Air Warming 98+ 84 -164 + 15 -66 + 85 326+ 84 164 + 15 490+ 85| 424+ 84 015 424 + 85
Soil Warming 126 + 75 -197+9 -71+76 446 + 75 197 +9 644 +76 | 57375 09 573176
Air + Soil Warming | 113 + 88 -196 + 13 -83 + 89 384 + 88 196 + 13 580+89 | 497 +88 0+13 497 + 89
Control 98 +39 -187+ 15 -89+41 299 + 39 187 + 15 486 +41 | 397 +39 015 397 +41
5(2013) Air Warming 122 +90 -187 +12 -65+91 311+90 187+ 12 498 £91 | 433+90 0+12 433 +91
Soil Warming 147 + 81 -201+9 -54 + 82 458 + 81 201+9 659 +82 | 605+ 81 09 605 + 82
Air + Soil Warming | 129+104  -197 +15 -68 + 106 | 364 +104 197+15 561+106|493+104 0+15 493 + 106
Control 105+44 -196+8 -91+45 339+44 196+ 8 535+45| 445+ 44 08 445 + 45
6 (2014) Air Warming 119 + 86 -200+11 -82 + 86 313+86 200+ 11 513+86 | 432+86 0x11 432 + 86
Soil Warming 83+ 65 -219+7 -136 + 66 430 = 65 2197 650+ 66 | 514 + 65 07 514 + 66




Air + Soil Warming | 109+100 -217+12 -108+101 | 411+ 100 217+12 628+ 101|521 +100 0+12 521+101

Control 104 £ 70 -186+8 -82+71 408 +70 186+ 8 594+71|512+70 0+8 512+71

7(2015) Air Warming 129 + 102 -190+ 8 -62+102 | 357 +102 190+ 8 548 + 102|486 + 102 0+8 486 + 102
Soil Warming 81+85 -220+6 -139+ 86 405 + 85 220+6 625+ 86 | 486 + 85 06 486 + 86

Air + Soil Warming | 163 + 139 -220+ 8 -57+139 | 424 +139 220+ 8 644 + 139|588 + 139 0+8 588 + 139

Control 84+72 -196 £ 6 -113+£72 415+ 72 196+ 6 611+72 | 50272 06 502 +72

8 (2016) Air Warming 94 + 81 -196 £ 11 -102 £81 322+81 196 £11 518+81 | 419+81 011 419+81
Soil Warming -4+73 -228+6 -232+73 455+73 228+6 683+73 | 455+73 06 45573

Air + Soil Warming | 99 + 108 -227 6 -128 £+ 108 | 463 + 108 227+ 6 690 + 108 565 + 108 0+6 565 + 108

Control 96 + 64 -163+13 -66 + 65 426 + 64 163+13 588+ 65| 524+ 64 0+13 524 + 65

9 (2017) Air Warming 126 £ 91 -169+11 -43 £ 92 343+91 169+ 11 512+92 | 471+091 0+11 471+92
Soil Warming 48 +81 -189+11 -141 + 82 465 + 81 189+11 654 +82 | 516 +81 0+11 516 + 82

Air + Soil Warming | 154 +72 -190+7 -36+72 439 72 190+ 7 629172 | 596+ 72 07 596 + 72

Control 75+58 -212 7 -137 £ 59 362 + 58 2127 574 +59 | 438 +58 07 438 +59

10 Air Warming 125+ 64 -214 £ 8 -89 £ 65 308 + 64 214 +8 522+65| 434 +64 0+8 434 + 65
(2018) Soil Warming 19+81 -229+5 -210+81 412 +81 229+5 641+81 | 433+81 0+5 433 +81
Air + Soil Warming | 101 £69 -229+4 -128 £ 69 399 + 69 229+4 628 £ 69 | 502 + 69 04 502 + 69

Control 111+61 -189+6 -78 £ 61 381+61 189+6 569+ 61| 459 +61 0+6 459 + 61

11 Air Warming 97 +£27 -188 £ 10 -92 +28 381 + 27 188 +10 569 + 28 | 458 + 27 0+10 458 + 28
(2019) Soil Warming 76 £ 61 -211+6 -135+61 438 £ 61 211+6 649+61 | 48161 06 481 +61
Air + Soil Warming | 102 +57 -211+7 -109 + 58 405 + 57 2117 617 +58 | 512 +57 07 512 +58

Control 105+79 -202£12 -98+79 442 +79 202 +12 644 +79 | 521+79 0+12 521+79

12 Air Warming 147+ 70 -205+15 -58+71 323+70 205+15 527+71| 446+70 0+15 446 +71
(2020) Soil Warming 2+102 -227 6 -224 +£102 | 403 £102 227 +6 630+ 102|399 + 102 06 399 +102
Air + Soil Warming | 125 + 100 -227 £ 4 -101+ 100 | 381+ 100 2274 608 +100( 492 + 100 04 492 + 100

Control 50+74 -211+8 -152+75 389+ 74 211+8 601+75| 452+74 0+8 452 +75

13 Air Warming 96 +£51 -213+12 -117 £ 52 363 +51 213+12 576 £52 | 463 +51 0+12 463 £ 52
(2021) Soil Warming 062 -228+8 -227 £ 63 394 + 62 228+8 622 +63 | 400 + 62 08 400 * 63
Air + Soil Warming 71+39 -224+6 -154 + 40 398 + 39 224+ 6 623 +40 | 475+ 39 0+6 475+ 40
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Figure S8. The trajectory of annual CO, fluxes throughout the course of the warming experiment
in each of the thermokarst classes with splines to highlight trends through time. Each plot was
assigned to the same thermokarst class in all years based on the thermokarst class in 2021. Each
point represents the annual cumulative CO, flux for an individual plot. Color indicates plot-level
AG Biomass and shape indicates experimental treatment. Solid points indicate growing season
sums of gap-filled measurements, and transparent points in 2019 indicate growing season sums
which were modeled using the monthly regression trees of each CO, flux and plot-level

environmental conditions.
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Figure S9. Shapley additive explanation values for cumulative growing season fluxes in a deeply
thawed and dry (Dry) plot and a deeply thawed and wet (Wet) plot for the years 2016-2021.
Shapley values indicate the importance of each variable in the GBM prediction for a single
response value. A positive Shapley value indicates a higher flux resulting from the observed
value of the explanatory variable. Note that a positive Shapley value only indicates a positive
relationship between the explanatory variable and the flux in the case when the explanatory
variable is higher than average, otherwise it indicates a negative relationship. Z-scores indicate
the value of the explanatory variable for that observation. Abbreviations are as follows: SD =
standard deviation, ALT = active layer thickness, WTD = water table depth, 15-cm SM = 0-15 cm
soil moisture, 5-cm SM = 0-5 cm surface moisture.





