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ABSTRACT

Abrupt thaw could cause permafrost ecosystems to release more carbon than is predicted
from gradual thaw alone. However, thermokarst feature mapping is limited in scope, and
observed responses of carbon fluxes to abrupt thaw are variable. We developed
a thermokarst detection algorithm that identifies thermokarst features from a single eleva-
tion dataset with 71.5 percent accuracy and applied it in Healy, Alaska. Additionally, we
investigated the landscape-level variation in carbon dioxide and methane fluxes by extent of
abrupt thaw using eddy covariance. Seven percent of the site was classified as thermokarst.
Water tracks were the most extensive form of thermokarst, although small pits were much
more numerous. Abrupt thaw was positively correlated with carbon uptake during the
growing season, when increases in gross primary productivity outpaced increases in ecosys-
tem respiration in vegetation-dense water tracks. However, this was outweighed by higher
carbon release in thermokarst features during the nongrowing season. Additionally, abrupt
thaw was positively correlated with methane production nearly year-round. Our findings
support the hypothesis that abrupt thaw of permafrost carbon will contribute to the
permafrost climate feedback above and beyond that associated with gradual thaw and
highlights the need to map thermokarst and incorporate abrupt thaw into Earth System
Models.
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Introduction been a carbon sink, permafrost thaw is making organic

Permafrost carbon carbon available to microbial use and release to the atmo-
sphere (E. A. G. Schuur et al. 2018).

Permafrost thaw has been widely documented across the

permafrost zone as the climate has warmed (Nixon and

Taylor 1998; Osterkamp and Romanovsky 1999; Hinkel Gradual versus abrupt permafrost thaw

and Nelson 2003; Streletskiy et al. 2008; Luo et al. 2016;
Veremeeva et al. 2021). This is an issue of growing global
importance because it impacts communities located on
unstable permafrost ground and global climate through
the release of greenhouse gases (E. A. G. Schuur and
Mack 2018; Natali et al. 2019). Permafrost is estimated to
contain 1,460 to 1,600 Pg of organic carbon
(E. A. G. Schuur et al. 2018), which is approximately twice
as much carbon as occurs in the atmosphere (Houghton
2007). Though permafrost ecosystems have historically

Permafrost thaws both gradually and abruptly. Gradual
thaw has been observed across much of the permafrost
zone as the seasonally thawed active layer deepens incre-
mentally (Luo et al. 2016). This type of thaw leads to
relatively uniform and steady changes across the land-
scape. However, in areas of high ice content, permafrost
often thaws abruptly, as the loss of excess ice causes
ground subsidence and thermokarst (the formation of
depressions; Nelson, Anisimov, and Shiklomanov 2001;
Jorgenson, Shur, and Pullman 2006). In this article, we
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use the term “abrupt thaw” to refer to the impact of
differential subsidence on the landscape generally, and
“thermokarst” is used to refer to discrete features.
Thermokarst accelerates the rate of permafrost thaw
through shifts in hydrology, most commonly ponding
or increases in flow, increasing the rates of heat flow
and/or erosion in a positive feedback cycle (Jorgenson
and Osterkamp 2005; Jorgenson et al. 2010; Kokelj and
Jorgenson 2013). Although abrupt thaw is not a new
phenomenon, the formation of thermokarst features has
accelerated as the climate has warmed and extreme
weather events have become more common. Abrupt
thaw occurs sporadically across the landscape because
abrupt thaw is limited to areas where permafrost ice
content is high (Jorgenson and Osterkamp 2005).
Abrupt thaw also tends to occur sporadically through
time, because initiation of thermokarst occurs most
often following triggers such as climate extremes or dis-
turbance, but development can occur rapidly following
initiation due to positive feedbacks. Weather extremes
that trigger abrupt thaw activity include unusually warm
(Lantz and Kokelj 2008; Lara et al. 2016; Kanevskiy et al.
2017; Farquharson et al. 2019; Ward Jones, Pollard, and
Jones 2019; Jorgenson et al. 2020; Swanson 2021;
Veremeeva et al. 2021), wet (Kanevskiy et al. 2017;
Swanson 2021; Veremeeva et al. 2021), and/or snowy
years (Jorgenson et al. 2020). Additionally, disturbance
to vegetation cover and the ground surface are known to
initiate abrupt thaw (Kanevskiy et al. 2017).

Once initiated, abrupt thaw can result in thermo-
karst features with widely variable morphological char-
acteristics through internal feedbacks that depend on
site-specific factors including topography, soil charac-
teristics, soil ice content, erosion, and thermoerosion
(Jorgenson and Osterkamp 2005; Kokelj and Jorgenson
2013), resulting in different rates of permafrost carbon
thaw, soil temperatures, and hydrologic conditions. On
hillslopes, water drainage plays an important role in
thermokarst, leading to elongated features in which
ponding is not common or extensive (Kokelj and
Jorgenson 2013). In many cases, permafrost soils are
directly exposed to the atmosphere due to rapid ero-
sion, accelerating thaw and disallowing plant establish-
ment (Jorgenson and Osterkamp 2005). On flat terrain,
inundation is common in thermokarst features, result-
ing in a less elongated shape (Kokelj and Jorgenson
2013). These features tend to expose permafrost soils to
the atmosphere less often, because erosion is limited,
allowing plant establishment (Jorgenson and
Osterkamp 2005). Regardless of morphology, all ther-
mokarst features expose older carbon stored frozen in
permafrost soils to the dynamics of the modern carbon
cycle.

Permafrost thaw and carbon cycling

Abrupt thaw occurs preferentially in areas of high car-
bon content, perhaps because wet soils have the poten-
tial for both higher ice and carbon content, and increases
the likelihood that permafrost carbon is released to the
atmosphere. It is estimated that ~20 percent of the
permafrost zone is impacted by abrupt thaw processes,
with the extent of individual thermokarst features being
lower, but these areas contain up to half of the carbon
stored in permafrost soils, with wetland thermokarst
landscapes accounting for a disproportionately high
amount of carbon (Olefeldt et al. 2016). When these
soils thaw abruptly, carbon release to the atmosphere
tends to increase (Cassidy, Christen, and Henry 2016;
Euskirchen et al. 2017; Turetsky et al. 2020), although
thermokarst morphology and associated environmental
conditions regulate the eventual fate of thawed carbon at
individual sites (Olefeldt et al. 2016; Rodenhizer et al.
2020; Turetsky et al. 2020). Field studies have found
a range in the response of carbon fluxes to abrupt thaw
across sites, likely due to the range of environmental
conditions present. In terms of overall ecosystem carbon
balance, both increases (higher carbon release; Cassidy,
Christen, and Henry 2016; Euskirchen et al. 2017) and
decreases (higher carbon uptake) in net ecosystem
exchange (NEE; the net exchange with the atmosphere)
have been observed within thermokarst features (Vogel
etal. 2009; Lee et al. 2011). Conflicting responses of NEE
are unsurprising, because NEE is the difference between
gross primary production (GPP; photosynthetic uptake
of carbon) and ecosystem respiration (R..,; release of
carbon through respiration by autotrophs and hetero-
trophs), both of which can respond to abrupt thaw in
divergent ways. GPP has been found to increase in
response to abrupt thaw in some studies (Vogel et al.
2009; Lee et al. 2011; Euskirchen et al. 2017), whereas it
has decreased in others (Cassidy, Christen, and Henry
2016). Increases in GPP can be caused by increased
access to nutrients released from the thaw front
(Salmon et al. 2016; Hewitt et al. 2018, 2019) or by
drought alleviation caused by uneven ground subsi-
dence (Lee et al. 2011; Euskirchen et al. 2017).
Decreases in GPP can be caused by erosion disturbing
plant growth (Jorgenson and Osterkamp 2005) or by
either drought or flooding caused by uneven ground
subsidence (Euskirchen et al. 2017; Mauritz et al.
2017). Similarly, R.., has shown both positive (Vogel
et al. 2009; Lee et al. 2011; Abbott and Jones 2015;
Euskirchen et al. 2017) and negative (Jensen et al.
2014; Abbott and Jones 2015; Cassidy, Christen, and
Henry 2016) responses to abrupt thaw. High rates of
erosion in certain thermokarst morphologies can cause



export of carbon off-site and limit R.., (Abbott and
Jones 2015), whereas deeper thaw and higher soil tem-
peratures within thermokarst features can allow higher
respiration throughout the fall, winter, and spring
(Vogel et al. 2009; Webb et al. 2016).

Where and when permafrost soils thaw gradually and
abruptly is important for understanding the fate of
thawing permafrost carbon. When permafrost thaws
gradually, carbon and nutrients released incrementally
from the permafrost thaw front can stimulate plant
growth and carbon uptake at the same time as hetero-
trophic respiration (E. A. G. Schuur and Mack 2018).
Because gradual thaw is nearly ubiquitous across the
permafrost zone and changes occur incrementally, it is
simpler to include in Earth System Models than abrupt
thaw (E. A. G. Schuur et al. 2008; Natali et al. 2021).
Abrupt thaw complicates the balance between carbon
uptake and carbon release within permafrost ecosystems
by promoting the rapid thaw of carbon-rich soils differ-
entially across the landscape and through time and by
causing divergent flux responses depending on thermo-
karst morphology and associated environmental condi-
tions (Vogel et al. 2009; Lee et al. 2011; Cassidy,
Christen, and Henry 2016; Euskirchen et al. 2017).
Because abrupt thaw is more complex than gradual
thaw and the spatial distribution is poorly understood,
it is difficult to incorporate into Earth System Models
(Olefeldt et al. 2016; Natali et al. 2021). Therefore, it is
necessary to gain a better understanding of how exten-
sive abrupt thaw is, where abrupt thaw occurs, what
morphological forms of abrupt thaw are most common,
and the impact abrupt thaw has on carbon release from
thawing permafrost.

Spatial distribution and remote sensing of
thermokarst features

Relatively little is known about the spatial distribution
and extent of thermokarst features across the circumpo-
lar region because not all forms of thermokarst are
equally visible and due to the difficulty of data collection
and processing of high-resolution data over large areas.
Across smaller areas (~1,000,000 km? or less), high-
resolution remote sensing can detect discrete thermo-
karst features through the observation of subsidence
(change detection) or the direct observation of spectral
signatures associated with differences in the plant, soil,
or water cover from the surrounding landscape (Grosse,
Schirrmeister, and Malthus 2006; Grosse et al. 2008;
Belshe, Schuur, and Grosse 2013; Jones et al. 2013,
2015; Polishchuk et al. 2017; Abe et al. 2020; Kokelj
et al. 2021). Using subsidence to detect thermokarst
requires two digital terrain models (DTMs, a raster
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image of ground surface elevation) from different points
in time at a long enough interval that the magnitude of
subsidence is greater than the accuracy of the elevation
data. These DTMs can be produced using a variety of
remote sensing methods (e.g., light detection and ran-
ging [LiDAR], interferometric synthetic aperture radar
[InSAR]). Identifying spectral patterns associated with
thermokarst features requires only a single spectral
image (e.g., airborne multispectral and hyperspectral),
but spectral patterns are still limited in the spatial extent
over which they can be applied. This is because the
spectral patterns used in classification vary over time
and space, and training separate classifications for each
image quickly becomes unwieldy. Therefore, though
both repeat imagery and spectral classification methods
are highly effective, they are limited in spatial extent.
The only study spanning the entire circumpolar region
to date relied on expert evaluation to create a map of
thermokarst likelihood (Olefeldt et al. 2016), because
fully quantitative methods do not exist at that scale.

Application of a new thermokarst detection method

In this study, we developed a method for detecting
thermokarst with fewer spatial limitations by identifying
thermokarst depressions from a single elevation image.
This method removes the reliance on site-specific rela-
tionships and decreases the required number of eleva-
tion images. We applied this algorithm at an 81 km” site
located on permafrost undergoing abrupt thaw within
the discontinuous permafrost zone. In addition, we
investigated the impact that abrupt thaw is having on
this ecosystem through multiple lines of inquiry. First,
we analyzed the morphology of all thermokarst features
to determine which types of thermokarst features are
responsible for the most permafrost carbon thaw.
Second, we estimated the change in microtopography
and thermokarst percent cover since 2008 (one decade).
Third, we used an eddy covariance (EC) tower to esti-
mate the impact of abrupt thaw on carbon fluxes,
becuase we know that permafrost thaw is causing carbon
release, but we have not yet investigated the effect of
abrupt thaw specifically, as opposed to gradual thaw.

Site

The Eightmile Lake (EML) study site is located north of
Denali National Park at 450-1,180 m in the foothills of
the Alaska Range (WGS84, 63°52'59"N, 149°13'32"W).
Slopes are between 0° and 74°, with a median of 5°
Hillslopes between 3° and 10° cover half of the study
area. The mean annual temperature is —0.94°C, with
a growing season (May-September) average temperature
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of 11.91°C and a nongrowing season (October-April)
average temperature of —10.09°C (Mauritz et al. 2017).
Due to the high elevation, much of the study site is moist
acidic tussock tundra, although it is located within the
boreal forest biome. The site contains some forested
areas, particularly near Panguingue Creek in the east.
The site is located within the discontinuous permafrost
zone but is underlain by continuous permafrost. Soils
sampled within tundra at the site are Gelisols and are
composed of an organic layer approximately 0.45 to
0.65 m thick above cryoturbated mineral soils that are
composed of glacial till and windblown loess (Natali et al.
2011). The site contains an experimental soil and air
warming experiment, the Carbon in Permafrost
Experimental Heating Research (CiPEHR), established
in 2008 (Natali et al. 2011), and a natural permafrost
thaw gradient, which has been monitored since 2004
(E. A. G. Schuur et al. 2007). An EC tower near the
natural thaw gradient has measured CO, fluxes since
2008 and CH, since 2015 (T. Schuur et al. 2021). In
2017, the National Ecological Observatory Network
(NEON) began monitoring a site a few kilometers away,
providing publicly available data.

Methods
Remote sensing data

We utilized airborne LiDAR-derived DTMs from
NEON for thermokarst detection and subsidence mod-
eling (NEON 2020a). LiDAR data were collected in
July 2017, 2018, and 2019 in a roughly 10 x 10 km area
centered on their observation site just east of Healy,
Alaska, and containing both CiPEHR and the perma-
frost thaw gradient. The LiDAR data were collected
using an Optech ALTM Gemini discrete LIDAR scanner
from a Twin Otter aircraft flying at approximately
1,000 m above ground level, resulting in approximately
one to four returns per square meter. NEON processed
the raw LiDAR data into the DTMs we utilized at
1-m resolution by removing vegetation returns and
interpolating a continuous surface.

We used two images for validation of the thermokarst
feature detection. First, we used high-resolution camera
data available from NEON (2020b). The Optech Gemini
high-resolution digital camera images were collected
from the same platform as the LiIDAR acquisitions in
2017, 2018, and 2019 and provided color images at 10-
cm resolution. Despite the exceptional resolution, visi-
bility of thermokarst features was limited where vegeta-
tion was thick, because the images were acquired near
peak greenness. When NEON imagery was insufficient
to determine the presence or absence of thermokarst, we

used an October 2018 Worldview 2 image, which
allowed better visibility through vegetation despite
lower resolution and was provided through the
Nextview license and accessed through the National
Aeronautics and Space Administration’s High-End
Computing Program as a part of the Arctic Boreal
Vulnerability Experiment. The Worldview 2 sensor has
a high-resolution panchromatic band at 0.46-m resolu-
tion and eight spectral bands at 1.84-m resolution,
including red, green, and blue bands, which we used to
create a pan-sharpened image at 0.46-m resolution.

Thermokarst detection algorithm

We developed the thermokarst detection algorithm that
detects thermokarst features by identifying local elevation
minima from a single DTM (Figure 1). Because the ther-
mokarst detection algorithm does not rely on site-specific
relationships and requires only one elevation image, it has
the potential to be applicable at sites across the permafrost
zone. An R package of the algorithm is publicly available
on github (Rodenhizer 2021; github.com/HRodenhizer/
thermokarstdetection). The algorithm has three steps,
which were developed using the raster package in
R (Hijmans 2021): (1) median elevation is calculated in
one or more circular neighborhoods of user-defined size
around each cell of a DTM, (2) microtopography is cal-
culated by subtracting the neighborhood median eleva-
tion from the elevation within each cell, and (3) elevation
minima are classified as cells in which microtopography
falls below a user-defined threshold.

Using the high-performance computing cluster at
Northern Arizona University, we applied the thermo-
karst detection algorithm separately on each of three
annual DTMs (2017-2019). We calculated median ele-
vation multiple times using different neighborhood sizes
(15-, 25-, and 35-m radii) to test the ability of different
window sizes to discern thermokarst features of varying
sizes (Table S1). Both the elevation and median elevation
rasters were cropped to a 9 x 9 km tile in order to ensure
that no edge cells were missing values before continuing.
Microtopography was calculated for each of the median
elevation rasters. Local elevation minima were deter-
mined by reclassifying microtopography using two dif-
ferent thresholds (0 and —5 cm) such that values below
the threshold (reflecting local elevation minima or
potential thermokarst) received a value of 1 and values
above the threshold (reflecting local elevation maxima
or non-thermokarst) received a value of 0.

Site-specific postprocessing (not included in the
R package) was used to filter out elevation minima that
were unlikely to be caused by thermokarst processes.
The landscape filter masked elevation minima that
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(Floating Point)
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Non-Thermokarst Lakes
(Binary)

River Filter
(Binary)

Filter
(Binary)

1. Median Elevation Slope Filter
(Floating Point) (Binary)
2. Microtopography
(Floating Point)
3. Elevation Minima
(Binary)
Thermokarst Classification
(Binary)

Thermokarst Polygons
(Vector)

Figure 1. A conceptual diagram of the thermokarst detection algorithm (black), which is available as an R package, with the non-
thermokarst landscape filters (light gray) and final processing steps (dark gray), neither of which are included in the R package. As part
of the R package, (1) median elevation is calculated for each cell of a DTM using a moving circular neighborhood (we tested 15-, 25-,
and 35-m radii individually and in combination), (2) microtopography is calculated by subtracting the median elevation from the DTM,
and (3) elevation minima are classified as microtopography values below a threshold (we tested 0 cm, local elevation equal to the
median elevation, and —5 c¢m, local elevation 5 cm below the median elevation). As part of the postprocessing not included in the
R package, (1) steep slopes, deeply incised rivers, and non-thermokarst lakes were filtered out from the elevation minima; (2)
combinations of thermokarst classifications were created to determine the best combination of neighborhood size and threshold
value to detect different thermokarst sizes; and (3) the best classification was converted to vector format for analysis.

coincided with non-thermokarst lakes, steep slopes, and
deeply incised river valleys. Steep slopes in this area are
unlikely to contain thermokarst because they tend to be
extremely rocky and have low soil ice content. Although
thermoerosion likely plays a role in forming river val-
leys, mechanical erosion is likely the main driver of
elevation changes in riverbeds, so these features were
removed to ensure a conservative classification. Any
elevation minima that fell within one of the filters were
removed to create the thermokarst classifications. The
hydrology toolset in ArcMap was used to model flow
accumulation for the river filter, but all other filter steps
were completed in R using the raster, sp, and sf packages
(Pebesma and Bivand 2005; Pebesma 2018).

To create the slope filter, we calculated slope from the
2018 DTM using the terrain function and, using trial
and error to determine a reasonable cutoft value, reclas-
sified the raster to assign values greater than 25° to 1 and
values less than 25° to 0. Some small areas with slopes
greater than 25° were removed from the slope filter by
using the erode function followed by the dilate function
in the mmand package (Clayden 2020), so that the filter
would only remove larger and more consistently steep
areas. The erode function works by centering a kernel on
each zero value in order to replace all cells specified in
the kernel with zero, whereas the dilate function does the

opposite by centering on nonzero values to extend non-
zero values to all cells within the kernel. The resulting
raster was then buffered to 25 m in order to ensure that
areas near steep slopes with potentially high rates of
erosion (such as relatively flat riverbeds at the bottom
of gullies) were also removed.

To create the river filter, we first filled in sinks in the
2017 DTM using the fill tool in ArcMap 10.6.1, because
this is required for hydrologic analysis to avoid cells with
undefined drainage direction. We used the flow direc-
tion tool to determine the direction of flow from the
filled DTM and the flow accumulation tool to calculate
flow accumulation values from the flow direction raster.
The flow accumulation raster was then reclassified in
R using several different cutoft values to identify rivers of
varying sizes, with flow accumulation values greater
than the cutoff being assigned to 1 (river) and values
less than the cutoff being assigned to 0 (not river). We
determined flow accumulation cutoff values of 7, 8, and
20 million based on the level of incision as determined
by visual inspection of the high-resolution camera data.
Each of the three river rasters was buffered, because this
analysis only allows rivers to be one cell wide in any
location, but the actual riverbeds are typically wider.
Because the riverbed width tends to increase with
increased flow, we used a visual inspection of the
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imagery to decide on a 50-m buffer for the smallest
rivers, a 100-m buffer for medium-sized rivers, and
a 250-m buffer for the largest rivers. These three buf-
fered river layers were combined into one raster such
that a cell that had a value of 1 in any layer remained 1
and a cell that was 0 in all layers remained a 0.

To create the non-thermokarst lake filter, we classi-
fied non-thermokarst lakes as any lake with an inlet or
an outlet by intersecting lake and stream maps of the
study site. We assumed that all sinks were lakes, and
sinks were determined by subtracting the 2018 filled
DTM from the 2018 DTM and converting this raster
to polygons using the sf package. The river raster with
the lowest cutoff value was converted to a vector river
layer, and the lake polygons and rivers were intersected
to retain only those lakes that intersected a river; that is,
a lake with an inlet and/or outlet. These polygons were
converted back to raster format, with 1 representing
non-thermokarst lakes and 0 representing everything
else. The resulting raster had a few holes in the only non-
thermokarst lake at the site, EML, so we dilated the
raster twice and then eroded the raster twice using the
rook’s case for adjacency to fill in any holes.

Finally, the three filter rasters (steep slopes, river
buffer, and non-thermokarst lakes) were combined
with a union join such that any cell with a value of 1 in
at least one layer remained 1 and any cell with a value of
0in all layers remained 0. This combined landscape filter
was overlaid with the filled elevation minima rasters in
order to remove the thermokarst classification from any
cells unlikely to be thermokarst due to landscape fea-
tures. The filter raster was subtracted from the elevation
minima rasters on a cell by cell basis and reclassified
such that values of 1 reflected thermokarst features that
remained after filtering and values of 0 reflected cells
that were non-thermokarst.

Visual inspection of the thermokarst classification at
this point indicated that many of the thermokarst fea-
tures contained small groups of cells that were classified
as non-thermokarst within an otherwise contiguous
thermokarst feature. We filled in these holes as well as
possible by dilating twice and then eroding twice using
the rook’s case for adjacency. In addition to filling in
non-thermokarst holes within larger thermokarst fea-
tures, this process results in reducing the number of
thermokarst polygons associated with a single, fragmen-
ted thermokarst feature (for example, a single water
track that the thermokarst classification identified as
many smaller, adjacent thermokarst features).

The thermokarst classifications derived using differ-
ent neighborhood sizes were combined into multiple
classifications using different combinations of neighbor-
hood sizes (see Table S1 for all combinations), because

we expected that a smaller neighborhood size would
result in a greater number of small thermokarst features
and more holes in the middle of large thermokarst
features, whereas a larger neighborhood size would
result in fewer small features and fewer holes in large
features. These combinations were created by taking the
union of thermokarst features from all of the input
neighborhood sizes in each combination. These combi-
nations were validated alongside each of the models
which used one neighborhood size (Table S1).

To select the best method of thermokarst detection,
we determined the presence of thermokarst using the
high-resolution aerial and satellite imagery in 200 sam-
ple cells from the LiDAR classification. We used ~100
samples in each of the thermokarst and non-
thermokarst classes. The sample order was scrambled
and any information that would identify the sample
cell’s classification was removed prior to visual inspec-
tion of each point. We first studied the NEON camera
image, due to its higher resolution, but if identification
proved difficult due to thick vegetation, we also studied
the Worldview 2 image. We considered any visible small
ponds, gullies, and depressions to be thermokarst in our
validation process. In addition, any cells that fell within
more heavily vegetated water tracks (tracks that route
water downslope but may or may not have surface
water) were considered thermokarst, even though it
was nearly always impossible to see through the vegeta-
tion in either validation image in these regions. Given
the presence of increased vegetation, which likely indi-
cates a deeper active layer and, therefore, subsidence, we
decided to include all of these cells in the thermokarst
category. Additionally, we performed a visual inspection
using high-resolution imagery to confirm that the shape
of classified thermokarst features corresponded to the
shape of real features, because we did not have access to
thermokarst polygons derived from Global Positioning
System (GPS) data on the ground. We calculated the
overall, producer’s (how likely a real feature on the
ground is to be classified correctly on the map), and
user’s (how likely a class shown on the map will be
present on the ground) accuracies for each of the ther-
mokarst rasters (Congalton and Green 2019), including
the combined rasters. The raster classification with the
highest overall accuracy was converted to vector format
(polygons), and holes smaller than 25 m* within poly-
gons were filled in to reduce polygon complexity for
subsequent analysis using the packages sp and sf
(Pebesma and Bivand 2005; Pebesma 2018). The ther-
mokarst classification map (raster format) with the high-
est overall accuracy and producer’s accuracy was
converted to vector format (polygons) and, within
a single polygon, holes smaller than 25 m* were filled



in using the packages sp and sf to reduce polygon com-
plexity for subsequent analysis.

Analyses

All analyses were performed in R (R Core Team 2021).
Spatial data were handled using the raster and sf packages,
and nonspatial data were handled using the tidyverse
(Wickham et al. 2019) and data.table (Dowle and
Srinivasan 2021). Visualizations were created with ggplot2
(part of the tidyverse), viridis (Garnier et al. 2021), ggnews-
cale (Campitelli 2021), and ggpubr (Kassambara 2020).

Thermokarst morphology analysis

Using the vector thermokarst classification map created
in section “Thermokarst Detection Algorithm,” mor-
phological characteristics of thermokarst features were
calculated on a polygon by polygon basis. The size of
each feature was calculated as the number of 1 m* cells
within each polygon. To determine thermokarst shape
for each feature, we used the Polsby-Popper test, which
is a metric of the “compactness” of a shape. This metric
falls between 0 and 1, with values near 0 indicating
shapes that are not very compact (long or convoluted
thermokarst features such as water tracks) and values
near 1 indicating a high degree of compactness (round
thermokarst features such as thermokarst pits and
lakes). Thermokarst depth was approximated using
microtopography, because microtopography is the dif-
ference between the actual elevation of a cell and the
median elevation in the neighborhood surrounding it at
one point in time. This should be more accurate than the
subsidence observed over the study period, because
many thermokarst features at this site are decades old,
whereas our LiDAR data only span two full years.
However, microtopography is an underestimate of
depth because the 1-m” resolution results in average
elevations that exclude the most extreme values (Wu
and Li 2009) and inundation and/or thick moss growth
often obscures the ground surface. In each cell, we
extracted the minimum microtopography from the
three layers created with different neighborhood sizes
in section "Thermokarst Detection Algorithm” and cal-
culated the mean for each polygon. Feature volume was
calculated as the product of feature size and mean depth.
Finally, we binned thermokarst features separately by
size and shape classes. Within each class, we determined
the prevalence as the number of features of that class
divided by the total number of features, thermokarst
percent cover as the sum of thermokarst feature sizes
divided by the area of the study site, the mean depth, and
the mean volume.
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Thermokarst subsidence analysis

We compared subsidence (2017-2019) between non-
thermokarst areas, the margins of thermokarst features,
and the centers of thermokarst features. Subsidence was
calculated as the difference between the 2017 and 2019
LiDAR-derived DTMs. We identified the margins of
thermokarst features as the 1-m-wide ring of cells that
fell immediately outside the thermokarst feature outline.
Subsidence was then extracted from a stratified random
sample of ~500 cells in each thermokarst class (total:
1,500) and the average subsidence and standard error
were calculated for each class. Differences in the magni-
tude of subsidence between groups were tested using
a pairwise contrast in emmeans (Lenth 2021). To vali-
date the LiDAR-derived subsidence, we calculated sub-
sidence over the same time period using high-precision
GPS measurements taken at CiPEHR (1,315 point mea-
surements in 2017 and 2019; Rodenhizer, Mauritz et al.
2021).

EML watershed decadal change analysis

We investigated thermokarst development since 2008,
because these changes could impact hydrology and
carbon fluxes. To estimate change in the extent of
thermokarst features, we compared our results to
a previous study that quantified thermokarst features
within the EML watershed using a high-resolution
spectral classification from 2008 (Belshe, Schuur, and
Grosse 2013). We calculated the percent cover of ther-
mokarst (mean of 2017-2019) within the EML
watershed using the methods described in the
Thermokarst Morphology Analysis section. To calcu-
late the change in microtopography since 2008, we used
an approximate footprint of the EC tower (225-
m-radius circle), which ensured the inclusion of all
areas previously investigated in Belshe et al. (2012).
For this analysis, we recalculated microtopography fol-
lowing Belshe et al. (2012), which differs from section
“Thermokarst Detection Algorithm” in that mean ele-
vation was calculated by aggregating elevation to 30-m
resolution and then resampling (bilinear) to
1.5-m resolution, instead of using a moving circular
window to calculate median elevation. The change was
calculated as the difference between the 2008 microto-
pography raster and the 2017-2019 average microto-
pography raster. To investigate the relationship
between surface roughness and extent of abrupt thaw,
the approximate EC tower footprint was split into 360
1° slices. Within each slice, we calculated the thermo-
karst percent cover following the methods described in
the Thermokarst Morphology Analysis section and
surface roughness as the standard deviation of
microtopography.
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Carbon flux analysis

We used EC tower data to investigate the role that abrupt
thaw plays in regulating CO, and CHy fluxes at the site.
Raw (10 Hz) flux tower measurements taken between
1 May 2017 and 30 April 2020 were processed to 30-
minute NEE in EddyPro 7 (Rodenhizer, Celis et al. 2021).
During the growing season day (GS day), R.., was esti-
mated using a night respiration model from the same
time period, and GPP was taken as the difference between
NEE and R..,. At night and during the nongrowing
season (NGS/night; defined as Photosynethetically
Active Radiation (PAR) < 10), GPP was assumed to be 0
and R, was set equal to NEE (Reichstein et al. 2005). For
more details about the postprocessing and quality assur-
ance/quality control of the CO, flux data, see T. Schuur
et al. (2021). Thirty-minute CH, fluxes between
1 May 2016 and 31 December 2019 were filtered using
the REddyProc package (Wutzler et al. 2018) and gap-
filled using artificial neural networks as a part of
FLUXNET-CH4 (Delwiche et al. 2021).

To estimate carbon fluxes by thermokarst percent
cover, we used the two-dimensional parameterization
for Flux Footprint Prediction in R (Kljun et al. 2015) to
model the flux footprint for each flux and calculate the
contribution of thermokarst-affected land to the flux. The
boundary layer height was calculated following appendix
B of Kljun et al. (2015) for neutral and stable conditions
and set to 1,500 m for convective conditions. At each half-
hour time step, the flux footprint raster was multiplied by
the average 2017-2019 thermokarst classification and all
cells were summed to calculate the thermokarst percent
cover (by area) within the flux footprint.

We used linear regression to investigate the impact of
abrupt thaw on carbon fluxes. CO, fluxes were separated
into GS day and NGS/night groups in order to separate
conditions with and without photosynthesis. For each
group (GS day, NGS/night) and carbon dioxide flux
(NEE, GPP, and R.,), excepting NGS/night GPP, which
is theoretically impossible, we tested a maximum model
of Carbon flux ~ Thermokarst percent cover * Month,
because we expected variation in the impact of thermo-
karst on fluxes throughout the year depending on diver-
gent soil thermal conditions within and outside of
thermokarst features. For CH, fluxes, we removed pulses
of CH, release or uptake that were more than three
standard deviations from the mean in a two-week rolling
window. We tested a maximum model of CH, flux ~
Thermokarst percent cover * Month. Due to the small
number of methane pulses and extreme nonnormality of
the data, we did not run statistical models for methane
pulses. For each regression model, we tested residuals for
the assumption of normality and spatial autocorrelation.
Because model residuals were not normally distributed,

we bootstrapped confidence intervals for model coeffi-
cients rather than using p values for hypothesis testing.
We did not find strong evidence of spatial autocorrelation
in the model residuals. We used backward stepwise selec-
tion based on the Akaike information criterion to remove
unnecessary variables and select the best model.

Results
Validation of thermokarst classification

We found that thermokarst classification performance
differed depending on both the neighborhood size used
to calculate median elevation and the threshold used to
classify elevation minima, with models that combined
multiple neighborhood sizes generally performing better
than models that used only a single neighborhood size.
The thermokarst classifications ranged in overall accuracy
from 61.5 percent (large neighborhood) to 71.5 percent
(both small combination and complete combination;
Tables 1 and S1). Because there was a tie between two
combinations for the best classification, we chose the
complete combination (which included all three neigh-
borhood sizes) based on the following lines of reasoning:
(1) the small combination, which lacked thermokarst
detected at the largest neighborhood size, tended to leave
gaps in large, contiguous thermokarst features, and the
complete combination was better able to fill these in, and
(2) both of the best performing classifications were more
likely to miss the presence of thermokarst features than to
identify non-thermokarst as thermokarst, indicating that
the less conservative combination was a better choice in
order to balance missing fewer thermokarst features and
the possible inclusion of false positives.

Site-wide thermokarst statistics and morphological
characteristics

Overall, we found that thermokarst features covered
7 percent of the landscape, or 5.7 km?, with considerable
variability depending on slope and glacial history
(Figure 2). The dendritic pattern of water tracks was
found across large swaths of the low-angle hillslopes at
the site. Small thermokarst pits occurred in clumps, most
frequently along the inner EML moraine (Thorson 1986).
Additionally, thermokarst features were evident along
paths of human disturbance, including roads and
dogsled/ATV tracks. Across all thermokarst shapes, the
average feature size was 25 m”. The deepest thermokarst
feature had a maximum depth of 3.6 m. Across the site,
thermokarst features averaged 0.07 m deep at their dee-
pest point and had an average depth of 0.03 m. Erosion
seemed to play a minor role in thermokarst formation
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Table 1. Accuracy of the thermokarst detection algorithm when using the best combination of

neighborhood sizes.

Ground
Non-thermokarst Thermokarst Total
Map Non-thermokarst 80 36 116
Thermokarst 21 63 84
Total 101 99 200
User’s accuracy Commission error

Non-thermokarst 80/116 = 69.0% 31.0%

Thermokarst 63/84 = 75.0% 25.0%
Producer’s accuracy Omission error

Non-thermokarst 80/101 = 79.2% 20.8%

Thermokarst 63/99 = 63.6% 36.4%
Overall accuracy 71.5%

“Ground” indicates the number of cells that are of that class on the ground and “map” indicates the number of cells
that are of that class on the map. User’s accuracy is the accuracy from the point of view of a map user: how likely
a class shown on the map will be present on the ground. The commission error is the complement of this value
(100 percent — user's accuracy): how likely a class on the map is classified incorrectly. Producer’s accuracy is the
accuracy from the point of view of the mapmaker: how likely a real feature on the ground is to be classified correctly
on the map. The omission error is the complement of this value (100 percent — producer’s accuracy): how likely

a real feature on the ground is misclassified.

because the slopes with high thermokarst activity were
shallow (3°-10°) and exposure of mineral soils or distur-
bance to plants was only observed in recently inundated
thermokarst pits.

Across the entire study area, we observed subsidence
(2017-2019) of 0.03 m in non-thermokarst areas (p < .0001)
and 0.02 m in thermokarst margins (p = .066) but subsi-
dence of 0.01 m in thermokarst centers was not significant
(p = .33). The rate of subsidence did not differ statistically
between any of the thermokarst classes (Figure S1). Using
our GPS data at CiPEHR over the same time frame, we
observed subsidence across all thermokarst classes, with
thermokarst centers and thermokarst margins subsiding
more quickly (0.05 m) than non-thermokarst areas (0.01
m, p <.0001). The magnitude of LIDAR-derived subsidence
at CiPEHR was 0.01 to 0.02 m smaller than the GPS-derived
subsidence (p <.0001) but showed the same patterns across
classes.

We found that thermokarst morphology varied by both
feature size and shape (Figures 3 and S2). Small features
were the most prevalent (51 percent), and prevalence
declined exponentially as size increased. The largest class,
100,000 m? to 1 km? had a total of only nine features
(0.001 percent). For shape, the most compact features,
which tended to be small thermokarst pits and ponds,
were most prevalent (52 percent), and the least compact
features, which tended to be extensive water tracks, were the
least prevalent (1 percent). Thermokarst percent cover
showed very different patterns than prevalence across size
and shape classes. Mid-sized thermokarst features (1,000-
10,000 m?) had the greatest extent (2 percent), and both
larger and smaller features were less common. For shape,

percent cover showed a pattern of exponential decay from
the least compact features (5 percent) to the most compact
features (0.1 percent). Percent volume of thermokarst fea-
tures showed patterns similar to, but more pronounced
than, those for percent cover. Relatively large features
(1,000-10,000 m? and 10,000-100,000 m?) had the highest
percent volume (38 percent each), whereas smaller and
larger features had lower percent volume. For shape, the
least compact features had the highest percent cover by far
(85 percent) and percent volume dropped exponentially,
such that the most compact shape class accounted for very
little of the thermokarst volume (<1 percent). Mean depth
of thermokarst features varied considerably by size class but
very little by shape. Thermokarst feature classes smaller
than 1,000 m* all had a mean depth of less than 0.05 m,
whereas thermokarst feature classes between 1,000 m? and
1 km” all had mean depths near or greater than 0.15 m. In
contrast, all thermokarst shape classes had a mean depth
around or below 0.05 m, with only a slight tendency toward
shallower features at shapes in between the two extremes.

EML decadal change

Within the EML watershed, we found a higher degree of
thermokarst impact than across the study area as a whole.
Within the watershed, 12 percent, or 1.3 km?, of the land-
scape was impacted by thermokarst, compared to 7 percent
within the larger study area and exactly the same as in 2008.
Much of the watershed was covered by water tracks and
a small stream feeding into EML, which was likely respon-
sible for the elevated thermokarst percent cover relative to
the rest of the study area. Additionally, the watershed has
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Figure 2. (a) The mean depth of thermokarst features (2017-2019) across the study extent (9 x 9 km black box). The EML watershed is
outlined in black with the EC tower and approximate tower footprint shown as a point within a circle. The three gray points show the
location of the three experimental blocks at CiPEHR. Colored squares indicate insets shown in (b)-(d). (b) The largest thermokarst pond
we identified in one of the most heavily thermokarst affected areas within the study extent. In addition to naturally formed features,
dogsled/ATV tracks are visible throughout the area. Twenty-six percent of the inset was classified as thermokarst. (c) Thaw ponds and
water tracks that drain into EML surrounding the EC tower. Nineteen percent of the inset was classified as thermokarst. (d) Extensive
small thermokarst pits on the terminal moraine east of EML (the greener, shrubby area), dogsled/ATV tracks, and thermokarst pits
caused by soil warming at CiPEHR. Eleven percent of the inset was classified as thermokarst.

a higher ratio of road miles to area than the rest of the study
area and the road is flanked by thermokarst features for
nearly its entire length. Finally, there are more dogsled/
ATV tracks in the vicinity of the lake and road than in
other regions of the study area, although these features
cover much less area than water tracks.

Thermokarst percent cover and roughness varied con-
siderably across the EC tower footprint, with higher ther-
mokarst percent cover and roughness occurring north and

northwest of the tower (Figure 4). This trend was driven
by a system of deeply incised water tracks primarily in the
north and northwest regions of the EC tower fetch and
a patch of small thermokarst features in the northeast
region of the fetch (Figures 2c and S3). There was
a nonlinear relationship between surface roughness and
thermokarst. Surface roughness increased with increasing
thermokarst to about 30 percent cover and then declined
somewhat with greater thermokarst percent cover. Since
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Figure 3. (a, b) Prevalence (percentage of features by count); (c), (d) percent cover (percent cover of thermokarst within that class
relative to the entire study area — the sum of the classes is overall percent cover of 7 percent); (e), (f) percent volume; (g), (h) mean
depth of thermokarst features by size and shape class. Labels in (a) and (b) indicate the number of features within each class.

2008, we found that average microtopography in the
entire EC tower footprint increased by 1.62 cm (Belshe
et al. 2012), which may indicate that the landscape is
subsiding more quickly than older thermokarst features.

Response of CO, fluxes to abrupt thaw

Abrupt thaw drove higher CO, release (Figure S4), with
thermokarst percent cover being a strong predictor of
all CO, fluxes (NEE, GPP, R.,), particularly during the
GS day (Figure 5). All selected models included

thermokarst percent cover, month, and the interaction
between the two. Thermokarst percent cover explained
more variation in GPP (#* = 0.56) and R.., (GS day:
* = 0.49; NGS/night: > = 0.24) than in NEE (GS day:
* = 0.39; NGS/night: > = 0.22). During the GS day,
GPP and R.. increased with thermokarst percent
cover, with the response peaking during the growing
season. During the NGS/night, there was a noticeable
seasonal trend in the relationship between thermokarst
percent cover and R..,, with very little impact of ther-
mokarst on R, during the winter and early spring and
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Figure 4. (a) Thermokarst percent cover in 1° increments at the EC tower, (b) surface roughness in 1° increments at the EC tower, and
(c) the relationship between percentage thermokarst cover and surface roughness at the EC tower, with the grayscale indicating the
direction from which the measurement came (relative to the tower).

stimulation of R.., by thermokarst during the GS and
early fall, particularly August and October. During the
GS day, abrupt thaw stimulated GPP more than R,
resulting in higher carbon uptake, particularly during
peak growing season in July. During the NGS/night,
however, abrupt thaw stimulated carbon release in all
months except February. In February, the relatively
strong stimulation of the CO, sink by thermokarst
appears to be confounded by wind speed and wind
direction. This was because winter storms, which
release CO, trapped in snow or cracks in the soil,
primarily came from the southwest, which happens to
have low thermokarst percent cover. On an annual
scale, the impact of abrupt thaw on R.., was stronger
than the impact on GPP, resulting in greater CO,
release (Figure S4).

Response of CH, fluxes to abrupt thaw

Abrupt thaw was a significant, but small, predictor of CH,
fluxes, with the strongest relationship occurring during
the growing season and fall (Figure 6; * = 0.071). For all
months except January and February we found that CH,
release increased with thermokarst percent cover, with the
strongest relationships between June and October and
weaker relationships in the winter and early spring. In
contrast, in January and February, CH, release was excep-
tionally high at low thermokarst percent cover, which was
largely due to high wind speed during storms coming
from directions with low thermokarst percent cover, likely
releasing CH, trapped in snow. During the GS day, CH,
pulse release showed some evidence of being influenced
by thermokarst percent cover, because higher release
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Figure 5. Coefficients for the linear regressions of GPP, NEE, and R, by thermokarst percent cover. Positive intercepts indicate a source
when no thermokarst is present and negative intercepts indicate a sink when no thermokarst is present. Positive slopes indicate that
fluxes trend toward a larger source or smaller sink as thermokarst percent cover increases, depending on the sign of the flux. Negative
slopes indicate that fluxes trend toward a smaller source or larger sink as thermokarst percent cover increases.

tended to occur from areas of higher thermokarst percent
cover (Figure S5), but soil moisture had a stronger influ-
ence on CH, pulse release. During the NGS, wind speed
had a strong influence on CH, pulse release and thermo-
karst percent cover did not appear to play a strong role.

Discussion

Thermokarst morphology and impact on carbon
fluxes

We found that at least 7 percent of the site was impacted
by thermokarst and, based on a qualitative assessment of
thermokarst morphology, the impact of these features
on carbon thaw and flux varied by thermokarst size and
shape (Figure 3). Small thermokarst pits, most common
on the inner EML moraine and previously glaciated low-
angle slopes to the east of the moraine, were by far the
most numerous thermokarst features. Given the glacial
history of these areas, these features could be the result
of the thaw of buried glacial ice (Thorson 1986; Harris
and Murton 2005) and the presence of glacial till
(Osterkamp et al. 2009). By area, a much smaller num-
ber of larger, less compact features accounted for the
vast majority of thermokarst-impacted land. These fea-
tures tended to be extensive systems of water tracks,
which were longer and deeper than the smaller pits.
Because of this, these features had an outsized impact

on the ecosystem by thawing more permafrost and the
carbon it contains. At this site, we previously found that
subsidence associated with abrupt thaw can thaw carbon
at twice the rate expected from that of gradual thaw
alone (Rodenhizer et al. 2020). With 7 percent of the
landscape currently undergoing abrupt thaw, this could
mean that, at the landscape level, permafrost carbon is
thawing 7 percent faster than increases in active layer
thickness indicate. It is important to note, however, that
this rate will change as thaw progresses into deeper soils
with lower carbon content.

Thermokarst percent cover, in combination with
month, explained between 22 and 56 percent of GPP,
Reco» and NEE, indicating that it captures some of the
long-term variability associated with a wide variety of
environmental predictors of carbon fluxes, although it
only explained 7 percent of CH, flux (Figure 5). Given
that carbon fluxes respond to many environmental vari-
ables in complex ways, the high +* values in our linear
models indicated that thermokarst was a proxy variable
for several environmental variables, with the ability to
explain ~50 percent of GS day GPP and R., when
month is also considered. Because thermokarst typically
occurs over the course of years to decades, it may be
a proxy for environmental variables such as deep soil
temperature, talik formation, and nutrient availability,
which exert slower, long-term control on fluxes than
environmental variables like light level or air temperature,
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Figure 6. Coefficients for the linear regression of non-pulse CH,
intercepts indicate a source when no thermokarst is present and

fluxes by thermokarst percent cover and month. Positive values for
negative values for intercepts indicate a sink when no thermokarst is

present. Positive values for slopes indicate that fluxes trend toward a larger source or smaller sink as thermokarst percent cover
increases, depending on the sign of the flux. Negative values for slopes indicate that fluxes trend toward a smaller source or larger sink

as thermokarst percent cover increases.

which can change drastically throughout the course of
a day (Lee, Schuur, and Vogel 2010; Lee et al. 2011; Belshe
et al. 2012).

Net carbon dioxide release was promoted by abrupt
thaw at this site (Figure S4). Changes in NEE depend on
the balance between GPP and R..,, both of which can
shift in divergent directions in response to abrupt thaw.
Although we found that plant growth was promoted
within thermokarst features during the growing season
daytime, resulting in higher annual GPP, it was not
sufficient to offset higher R.., at night and during the
nongrowing season (Figures S4, Figure 5). This rein-
forces the idea that winter respiration rates have a very
important role in determining annual CO, balance
across the northern permafrost region (Natali et al.
2019; Watts et al. 2021). This site is already a CO, source
in most years (Plaza et al. 2019; T. Schuur et al. 2021)
because of the combined impacts of gradual and abrupt
thaw. Our findings isolated the response of CO, flux to
abrupt thaw and indicate that this site is likely to become
an even stronger CO, source as abrupt thaw expands.
Higher NEE (more release of CO,) from thermokarst
features has also been found in previous studies at EML

(Vogel et al. 2009; Trucco et al. 2012) and elsewhere
(Cassidy, Christen, and Henry 2016; Euskirchen et al.
2017) and in modeling studies (Parazoo et al. 2018;
Turetsky et al. 2020), supporting our results. However,
the opposite pattern (lower NEE) has also been docu-
mented at EML (Lee et al. 2011) and elsewhere
(Euskirchen et al. 2014; Wickland et al. 2020). The
varied net CO, response of thermokarst features across
sites is likely due in part to thermokarst morphology,
which regulates environmental conditions such as soil
temperature (Lee et al. 2011; Mauritz et al. 2017), soil
moisture (Euskirchen et al. 2017; Mauritz et al. 2017;
Rodenhizer et al. 2020), and rates of erosion (Abbott and
Jones 2015). Because these changes in environmental
conditions can result in either increases or decreases in
GPP and/or R, the overall effect on NEE is highly
variable, and the opposite responses observed across
sites and through time are not unexpected. Despite the
wide variability of NEE response to abrupt thaw, the
balance of the evidence suggests that the ability of abrupt
thaw to rapidly thaw permafrost carbon results in sub-
stantial release of carbon that was previously stored in
permafrost soils.



Abrupt thaw promoted higher GPP during the grow-
ing season (Figure 5), because highly vegetated water
tracks were the most extensive form of thermokarst.
Although we have previously observed die-off of plants
in young, recently inundated thermokarst features at this
site (Rodenhizer et al. 2020; Taylor et al. 2021), GPP was
stimulated by abrupt thaw in the current study, likely due
to the response of extensive (and typically older) water
tracks (Curasi, Loranty, and Natali 2016). Higher GPP in
water tracks at this site was likely due to warmer soil
temperatures (Lee et al. 2011), the release of nutrients
from the deepening thaw front (Salmon et al. 2016;
Hewitt et al. 2018, 2019), and low rates of erosion allowing
the establishment of wet-adapted plants (Jorgenson and
Osterkamp 2005). Because this site is relatively wet, we do
not believe that the alleviation of drought in thermokarst
features played a strong role in increasing GPP, as was
observed in Euskirchen et al. (2017). Because water tracks
are the most widespread thermokarst morphology at our
site, this site is likely seeing an overall increase in photo-
synthesis and vegetation biomass as abrupt thaw
progresses.

Abrupt thaw promoted R, year-round (Figure 5),
outpacing increases in GPP and resulting in the loss of
old permafrost carbon (Figure S4). Increases in R., were
due partially to higher root respiration associated with
higher plant growth in water tracks (Lee, Schuur, and
Vogel 2010; Hicks Pries et al. 2013, 2015, 2016).
However, increasing year-round heterotrophic respira-
tion must be responsible for the overall shift to higher
net carbon release, despite its smaller magnitude. This is
because carbon release through autotrophic respiration
offsets only about half of carbon uptake through photo-
synthesis (Collalti, Prentice, and Polle 2019). The increase
in heterotrophic respiration is likely due to higher avail-
ability of carbon as a microbial energy source, increasing
soil temperatures, and the presence of taliks, which pro-
vide unfrozen soil conditions year-round (Natali et al.
2019; Pegoraro et al. 2020). Although erosion can limit
Reco through the rapid export of permafrost carbon
(Abbott and Jones 2015), this did not appear to play
a noticeable role due to the low rates of erosion at this
site. Because this site is relatively wet and prone to anae-
robic conditions (which can protect soil carbon from
mineralization), the increase in heterotrophic respiration
has previously been shown to be particularly strong dur-
ing dry years when waterlogging is alleviated (Pegoraro
et al. 2020). Some of the carbon being respired from
thermokarst has likely been stored in permafrost for hun-
dreds to thousands of years (Hicks Pries, Schuur, and
Crummer 2013; Pegoraro et al. 2019, 2020), particularly
as the thaw front deepens rapidly into layers of older
carbon.
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Abrupt thaw promoted higher CH, release nearly year-
round (Figure 6), likely due to anoxic conditions in water-
logged soils and longer periods of unfrozen conditions in
thermokarst (Taylor et al. 2018, 2021). Unlike the varied
responses of NEE to thermokarst, there is high agreement
in the literature that CH, release is promoted by abrupt
thaw (Kutzbach, Wagner, and Pfeiffer 2004; Nauta et al.
2015; Lindgren et al. 2016; Cooper et al. 2017; Burke et al.
2019; Wickland et al. 2020). We found that the stimulation
of CH, release by abrupt thaw was strongest between spring
thaw and early winter. Although CH, production occurs in
taliks throughout the winter, it is often trapped by snow
cover until spring thaw, explaining the strong response of
CH, flux to abrupt thaw that we observed in March through
May (Tokida et al. 2007; Song et al. 2012; Tagesson et al.
2012; Pirk et al. 2017; Raz-Yaseef et al. 2017; Taylor et al.
2018). Additionally, warmer soil temperatures and the pre-
sence of taliks in thermokarst features promote more rapid
and deeper thaw throughout the growing season
(E. A. G. Schuur et al. 2007). Combined with higher soil
moisture increasing the likelihood of anoxic conditions in
thermokarst depressions (E. A. G. Schuur et al. 2007), this
provides conditions prone to CH, production (Taylor et al.
2018). During the early winter, an increase in the length of
the zero curtain (the time during freeze-up when soils are
unfrozen but near 0°C), particularly in thermokarst fea-
tures, could be allowing methanogenesis to continue later
into the nongrowing season (Zona et al. 2016; Arndt et al.
2019; Bao et al. 2021). The increase in CH, release has the
potential to shift the radiative forcing of the site signifi-
cantly, even though CH, fluxes are much smaller than CO,
fluxes. Methane is a forty-five times more powerful green-
house gas than CO, over 100 years (Myhre, Shindell, and
Pongratz 2014; Neubauer and Megonigal 2015), meaning
that a small shift from CO, production to CH, production
under wet soil conditions can have a large impact on the
radiative forcing of carbon emissions. Because CH, is
responsible for 61 percent of the radiative forcing due to
carbon emissions at this site (Taylor et al. 2018), the stimu-
lation of CH, release by abrupt thaw is likely to have a large
impact on the radiative forcing of the site, despite the
smaller magnitude of fluxes and weaker relationship.
Overall, we found that ecological changes associated with
abrupt permafrost thaw are playing an important long-
term role in exacerbating net carbon release, even as GPP
increases.

Subsidence and thermokarst development through
time

Across the study site, we saw evidence of expansion and
initiation of thermokarst, rather than deepening of
established features. Greater extent of thermokarst
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resulted in lower surface roughness and could indicate
that hydraulic connectivity is slowly increasing at the
site, as thermokarst features expand and taliks interlink
(Devoie et al. 2019). This could eventually result in
better drainage and drier surface soils (Teufel and
Sushama 2019). We draw on three lines of reasoning
to support the conclusion that the extent of abrupt thaw
is increasing, which are outlined here and described in
detail in the following paragraphs. First, across the site,
subsidence occurred most rapidly in areas not classified
as thermokarst and old thermokarst features did not
subside noticeably. However, small, recently initiated
thermokarst features (approximately one decade old or
less) within CiPEHR subsided rapidly. Second, aerial
imagery dating to 1954 and anecdotal evidence at the
site indicate the initiation of thaw pits and the expansion
of water tracks upslope through time. Additionally, the
observed lack of change in thermokarst extent between
Belshe, Schuur, and Grosse (2013) and the current study
is explained by differences in methodology resulting in
the current study being more conservative in the classi-
fication of thermokarst. Third, a slight increase in
microtopography from Belshe et al. (2012), despite
widespread subsidence, is consistent with the initiation
of new thermokarst features and the expansion, but not
deepening, of old thermokarst features.

Across the study site, the lack of subsidence in
thermokarst centers between 2017 and 2019 indicated
that preexisting thermokarst features did not deepen
significantly, and the highest rate of subsidence in non-
thermokarst areas indicated that there may be thermo-
karst initiation and expansion occurring (Figure S1).
The lack of subsidence in thermokarst centers across
the site may indicate that these older features have
already thawed near-surface permafrost with the high-
est ice content and reached a more stable depth
(French and Shur 2010). This supports the idea that
older thermokarst features were primarily expanding
rather than deepening. In addition, new features may
have formed across the landscape, contributing to the
higher rate of subsidence in non-thermokarst areas.
Though these areas have not yet subsided sufficiently
for thermokarst features to be detectable, the ubiqui-
tous nature of abrupt thaw across the site, the rate of
thaw (~1 cm year_l), and the high, but variable (25-
78 percent by mass), ice content at the site indicate that
this is not gradual thaw but initiation of abrupt thaw
(Rodenhizer et al. 2020). At CiPEHR, however, the
rates of subsidence indicate that they were both dee-
pening and expanding, because thermokarst features
were initiated recently (experimental warming started
in 2008) and were still actively forming (Osterkamp
et al. 2009). Our inability to statistically distinguish

the rate of subsidence between thermokarst classes
using LiDAR data may be partially due to the opposite
responses of thermokarst features of different ages and
partially a consequence of insufficient image resolution
to precisely distinguish thermokarst margins.
Documenting change in thermokarst over a decade
was a challenge because methodological differences
resulted in a more conservative classification than in
Belshe, Schuur, and Grosse (2013). There is evidence
of thermokarst expansion at the site from aerial photo-
graphy dating back to 1954 in tandem with both rising
air and permafrost temperatures (Osterkamp et al.
2009). On the ground more recently, we have documen-
ted increases in active layer thickness and subsidence of
over 1 cm year_1 (Rodenhizer et al. 2020) and seen the
expansion of water tracks (necessitating the relocation of
the EC tower). Additionally, our classification indicated
that water tracks extended farther upslope than in 2008,
and we found a larger number of small features that
could indicate thermokarst expansion and initiation.
However, this was counterbalanced by a larger number
of non-thermokarst cells within thermokarst features in
the overall extent, which seems to be due primarily to
differences in the theoretical approach to thermokarst
classification. Belshe, Schuur, and Grosse (2013) used
spectral data to classify thermokarst based primarily on
the visible changes to vegetation associated with thermo-
karst. This means that the presence of thicker, greener
vegetation in water tracks (Curasi, Loranty, and Natali
2016) resulted in a thermokarst classification with fewer
gaps in their study. In our study, on the other hand,
areas within a thermokarst feature would be classified as
non-thermokarst if their elevation was even slightly
higher than the surrounding landscape, despite
increased vegetation productivity that would indicate
the location is undergoing abrupt thaw. Though resolu-
tion must also play some role in the different distribu-
tions of thermokarst between the two studies, we were
able to confirm that resolution did not impact the overall
extent by finding very little change in thermokarst extent
when we resampled our classification to 3-m resolution
(as in Belshe, Schuur, and Grosse 2013). Taken together,
all of this leads us to conclude that our thermokarst
classification is more conservative than that of Belshe,
Schuur, and Grosse (2013) and that thermokarst percen-
tage cover within the EML watershed has likely exceeded
12 percent (as found in both studies) in the past decade.
The slight increase in microtopography since 2008
could also be an indication of the increasing extent of
thermokarst with limited deepening of older features
(Figure S3). As thermokarst features have expanded and
the landscape as a whole has subsided, the average land-
scape elevation has decreased, and thermokarst features



may no longer have been subsiding where ground ice had
already thawed (Figure S1). Because microtopography
was calculated as the average neighborhood elevation
subtracted from the local elevation, a decrease in average
elevation necessarily results in an increase in microtopo-
graphy for cells that subsided more slowly than the land-
scape average. Therefore, we conclude that the slight
increase in microtopography was an indication of the
increasing ubiquity of thermokarst at the site.

Discussion of validation and utility

The thermokarst detection algorithm presents a unique
opportunity for the detection of thermokarst anywhere
a single ground elevation map is available, rather than
relying on change detection from two or more elevation
maps at different time points. Removing the necessity
of repeat imagery to identify thermokarst means that
this method could be applied to a broader range of sites
than is otherwise possible, because airborne LiDAR
availability is limited and satellite imagery does not
achieve the necessary spatial resolution (Kaib 2008;
Westermann et al. 2015). However, applying the ana-
lysis on multiple DTMs and combining the classifica-
tions into one result, as we did, can help alleviate
errors. Additionally, it may be possible to scale this
method to larger regions as access to elevation data
improves. Unfortunately, the ArcticDEM (Porter et al.
2018) is not suitable for detecting many types of ther-
mokarst features, because it uses the elevation of the
vegetation canopy rather than the ground surface. It
could, however, potentially be used to detect features
with high levels of erosion or inundation that have
limited vegetation or features that are deeper than the
tallest vegetation. This would build upon our current
understanding of the distribution of thermokarst,
because circumpolar studies of thermokarst have not
yet mapped discrete features. There are, however, some
limitations to the thermokarst detection algorithm.
First, a high-resolution elevation data set is required,
because poor resolution could lead to the detection of
larger landscape features, like valleys, rather than ther-
mokarst, as in the case of the similar topographic posi-
tion index (De Reu et al. 2013). In this study, we used
elevation at 1-m resolution. We expect it would be
possible to use up to 10-m resolution data to detect
large features, based on the fact that thermokarst fea-
tures 100 m* or smaller covered only ~1.5 percent of
our site (Figure 3). These larger features were respon-
sible for the vast majority of permafrost thaw, indicat-
ing that they may play a larger role in carbon dynamics,
despite the prevalence of small thermokarst pits.
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Second, the necessity of high-resolution data requires
more processing power than is readily available at this
point, although Google Earth Engine could alleviate
this issue. Despite these limitations, the increasing
availability of high-resolution elevation data across the
circumpolar region means that this method can be
applied across an increasingly broad range and shows
promise for improving our understanding of the dis-
tribution and extent of thermokarst across the Arctic.

Conclusion

Abrupt thaw is contributing to carbon release above that
caused by gradual thaw at EML. At least 7 percent of the
site as a whole and at least 12 percent of the EML
watershed is undergoing abrupt thaw, with evidence of
new thermokarst initiation and expansion driving
abrupt thaw processes rather than deepening of older
thermokarst features. We identified a large number of
small, relatively shallow thermokarst pits, but deeper
and larger water tracks were more extensive and were
responsible for thawing more permafrost than small
features. There was strong evidence that abrupt thaw
correlated with increases in both GPP and R.., but
because R.., responded more strongly to thaw, the net
result was higher CO, release. This is likely due to the
high percent cover of water tracks, which tend to have
much thicker vegetation, enhancing photosynthesis dur-
ing the GS and ecosystem respiration both during and
outside the GS. Additionally, abrupt thaw accelerated
the release of CH, in nearly all months, which is respon-
sible for about 61 percent of the greenhouse gas radiative
forcing of the site (Taylor et al. 2018). As the climate
continues to warm, thermokarst features will expand to
cover more of the landscape, thaw more permafrost
carbon, and push more permafrost ecosystems toward
becoming carbon sources for the first time in thousands
of years. With many modeling studies and field studies,
including this one, indicating that abrupt thaw could
increase carbon release significantly, it is imperative to
understand where abrupt thaw is occurring and to work
to include abrupt thaw processes in Earth System
Models.
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