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Abstract Permafrost thaw is typically measured with active layer thickness, or the maximum seasonal
thaw measured from the ground surface. However, previous work has shown that this measurement
alone fails to account for ground subsidence and therefore underestimates permafrost thaw. To determine
the impact of subsidence on observed permafrost thaw and thawed soil carbon stocks, we quantified
subsidence using high‐accuracy GPS and identified its environmental drivers in a permafrost warming
experiment near the southern limit of permafrost in Alaska. With permafrost temperatures near 0°C,
10.8 cm of subsidence was observed in control plots over 9 years. Experimental air and soil warming
increased subsidence by five times and created inundated microsites. Across treatments, ice and soil loss
drove 85–91% and 9–15% of subsidence, respectively. Accounting for subsidence, permafrost thawed
between 19% (control) and 49% (warming) deeper than active layer thickness indicated, and the amount of
newly thawed carbon within the active layer was between 37% (control) and 113% (warming) greater. As
additional carbon thaws as the active layer deepens, carbon fluxes to the atmosphere and lateral transport of
carbon in groundwater could increase. The magnitude of this impact is uncertain at the landscape scale,
though, due to limited subsidence measurements. Therefore, to determine the full extent of permafrost thaw
across the circumpolar region and its feedback on the carbon cycle, it is necessary to quantify subsidence
more broadly across the circumpolar region.

Plain Language Summary Permafrost soils, which are perennially frozen soils found throughout
cold regions, contain vast quantities of carbon and ice. When permafrost thaws, carbon can be lost to the
atmosphere, contributing to climate change. This means it is important to track permafrost thaw, which is
often done using active layer thickness, or the depth of the seasonally thawed surface layer of soil. However,
ice volume can be lost from thawing permafrost, causing the soil surface to drop. Conventional
measurements do not account for this surface drop, and the rate of thaw could therefore be underestimated.
We found that experimentally warmed soils dropped at a rate of 6 cm year−1, mostly due to loss of ice volume
and also due to the loss of soil mass. When accounting for the change in soil surface height over time,
the full depth of permafrost thaw was 49% greater. The increased depth of thaw resulted in more than twice
as much carbon being thawed as was estimated with standard methods that did not account for subsidence.
These findings suggest that permafrost is thawing more quickly than long‐term records indicate and
that this could result in additional carbon release contributing to climate change.

1. Introduction

Arctic temperatures are rising about 2.5 times faster than the global average (Intergovernmental Panel on
Climate Change, 2013), and experimental evidence shows that this is causing permafrost ecosystems to shift
from an atmospheric carbon (C) sink to a C source (Belshe et al., 2013; Commane et al., 2017; Euskirchen
et al., 2017; Schuur & Mack, 2018). Much of the Arctic is underlain by permafrost soils, where freezing con-
ditions have maintained a slow but consistent C sink by protecting soil C frommicrobial respiration for up to©2020. American Geophysical Union.
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thousands of years (Hicks Pries et al., 2012; Schuur et al., 2015; Tarnocai et al., 2009; Zimov et al., 2006).
Permafrost soils contain 1,440–1,600 Pg C globally (Schuur et al., 2018), which is about twice as much C
as is in the atmosphere (Houghton, 2007). However, rapidly increasing temperatures in the Arctic have
begun to thaw permafrost and alter ecosystemC balance, determined from the relative contributions of plant
production and ecosystem respiration. While plant productivity is expected to increase under future climate
change, changes in microbial respiration are likely to be an order of magnitude higher, causing permafrost
ecosystems to shift to a C source over the next century (Belshe et al., 2013; Schuur et al., 2018).

Active layer thickness (ALT), the depth of seasonal permafrost thaw, has been closely monitored as one of
the key variables for understanding the impact of climate change on permafrost thaw and ecosystem C
dynamics (Brown et al., 2000; Nixon & Taylor, 1998). ALT plays an important role in regulating the response
of plant production and respiration to climate change in the Arctic. As the region warms, ALT tends to
increase (Brown et al., 2000; Romanovsky et al., 2003; Shiklomanov et al., 2012; Streletskiy et al., 2008),
thawing both C and nutrients (Salmon et al., 2018). Greater access to nitrogen can increase plant growth
(Chapin et al., 1995; Shaver et al., 1992), while increasing C availability to microbes increases respiration
of C that had been thermally protected from decomposition (Hicks Pries et al., 2013; Hicks Pries et al., 2016).
Therefore, the Circumpolar Active Layer Monitoring (CALM) network was established to track changes in
ALT and near surface permafrost at over 200 sites (Brown et al., 2000).

Permafrost thaw also induces physical changes to the soil profile, impacting its structural stability by causing
the ground to compact and subside (Kokelj & Jorgenson, 2013). It is widely accepted that subsidence occurs
as permafrost soils thaw, and ice volume is lost (Jorgenson & Osterkamp, 2005; Kokelj & Jorgenson, 2013;
Nelson et al., 2001), because permafrost soils contain up to 80% ice by volume (Schuur et al., 2008).
Depending on the distribution of ice across the landscape, and other environmental factors including local
topography, the morphology of subsidence can vary considerably (Jorgenson & Osterkamp, 2005; Kokelj &
Jorgenson, 2013). Many types of thermokarst occurring in soils with high and variable ice content result in
highly visible disturbances, including thaw slumps and thermokarst lakes, pits, and gullies (Jones et al., 2012;
Jorgenson & Osterkamp, 2005; Ward Jones et al., 2019). These thermokarst features occur in areas estimated
to cover ~20% of the circumpolar region (Olefeldt et al., 2016). However, in soils with relatively low to med-
ium ice content, particularly rocky or gravelly areas, thaw can lead to more gradual, nonpatterned subsi-
dence (Jorgenson & Osterkamp, 2005), which has also been termed isotropic subsidence (Shiklomanov
et al., 2013; Streletskiy et al., 2017). Nonpatterned subsidence, due to the lack of visually obvious features,
is more challenging to detect without monitoring elevation changes (Jorgenson & Osterkamp, 2005;
Shiklomanov et al., 2013). It is also conceivable that areas of recent or gradual permafrost thaw could appear
to be nonpatterned to observers on the ground, as subsidence may not have progressed sufficiently to be visi-
ble. The combined extent of gradual and nonpatterned subsidence is unknown because elevation change is
not monitored extensively in permafrost regions, but due to recent, rapidly changing temperatures in the
Arctic, it is potentially broad.

Soil loss could also contribute to subsidence through the release of C to the atmosphere and lateral transport
of C in water, if losses are high enough to significantly decrease the volume of organic matter within the soil
profile. A significant contribution of peat loss to subsidence has been shown previously in a drained ombro-
trophic bog (Grønlund et al., 2008), but to the best of our knowledge, no studies have previously attempted to
quantify the impact of soil loss on subsidence in permafrost ecosystems, so it is uncertain whether currently
observed rates of soil loss are sufficient to decrease soil volume at a detectable level. However, both release of
C to the atmosphere and export in water tend to be higher in areas of thermokarst than in adjacent, undis-
turbed areas (Abbott et al., 2015; Abbott & Jones, 2015; Cassidy et al., 2016; Euskirchen et al., 2017), meaning
that these areas should be the first to show the effect of soil loss on subsidence.

Subsidence is rarely quantified when monitoring permafrost thaw, and this is problematic because
long‐term measurements of ALT have been shown to underestimate the rate of permafrost thaw (O'Neill
et al., 2019; Shiklomanov et al., 2013; Streletskiy et al., 2017). The typical method of monitoring ALT is to
insert a metal probe into the ground until it hits permafrost and measure the distance from the soil surface
to the bottom of the probe (Hinkel & Nelson, 2003). However, long‐term monitoring in some areas has
shown little to no change in ALT despite increases in air and permafrost temperatures (O'Neill et al., 2019;
Shiklomanov et al., 2013; Streletskiy et al., 2017). Subsidence can explain the lack of change in ALT, as it
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causes a changing reference frame for ALT probe measurements through time, thereby masking the full
depth of thaw (O'Neill et al., 2019; Shiklomanov et al., 2013; Streletskiy et al., 2017). Therefore, relying solely
on ALT as a measure of permafrost thaw is also likely to underestimate the amount of soil C being mobilized
in permafrost. To account for this discrepancy, some studies have used thaw tubes to measure thaw penetra-
tion, the sum of subsidence and ALT (Nixon & Taylor, 1998); however, most studies still rely on ALTwithout
accounting for subsidence.

Subsidence drastically alters the hydrologic conditions within the active layer (Hinkel & Hurd, 2006;
Johansson et al., 2013; O'Neill & Burn, 2017) and thereby regulates the fate of permafrost C upon thaw. In
Earth System Models, permafrost thaw results in drier soils as the permafrost table drops and drainage is
increased (Schädel et al., 2018); however, experimental data show that subsidence often results in wetter
soils and the formation of ponds or lakes, at least in the short term (Hinkel & Hurd, 2006; Johansson
et al., 2013; Jorgenson et al., 2013; Mauritz et al., 2017). Wetter conditions increase soil temperatures and
accelerate thaw through the high latent heat of water (Subin et al., 2013), and anaerobic conditions in satu-
rated soils cause more C to be released as methane (CH4) rather than carbon dioxide (CO2) (Blanc‐Betes
et al., 2016; Johnston et al., 2014; Kutzbach et al., 2004; Taylor et al., 2018). Although anaerobic conditions
simultaneously slow the rate of decomposition, the increased production of CH4, which is 45 times more
powerful a greenhouse gas than CO2 over a 100 year timescale (Myhre et al., 2013), more than outweighs
the lower rates of C release (Schuur et al., 2008; Taylor et al., 2018). Therefore, both the magnitude and form
of C release depend upon how hydrologic conditions develop as permafrost thaws and the ground subsides.

Here, we quantified subsidence and thaw penetration over 9 years at a permafrost warming experiment near
Healy, AK. This site is located within the discontinuous permafrost zone where permafrost temperatures are
near 0°C, providing ideal conditions to investigate the impact of experimental warming on subsidence, per-
mafrost thaw, and C dynamics. The overall goal of this study was to determine the factors that drive subsi-
dence and the impact of subsidence on permafrost thaw and the permafrost C feedback to climate. We
specifically aimed to determine (1) the amount of subsidence which occurred over 9 years of permafrost
warming and the impact of air and soil warming on this process, (2) the relative contributions of ice loss
and soil loss to subsidence, and (3) the impact of using thaw penetration, rather than ALT, on estimates
of C exposure in the deepening active layer. We hypothesized that (1) soil warming would accelerate subsi-
dence over control conditions, but that air warming would not alter soil temperature sufficiently to impact
the rate of subsidence, (2) ice loss would be responsible for nearly all of the observed subsidence and the
impact of soil loss on subsidence would be too small to detect, even in areas of thermokarst, and (3) using
thaw penetration rather than ALT would increase the estimate of recently thawed C in the active layer by
a large margin, because previously observed rates of both subsidence in degrading permafrost and ALT
expansion into the permafrost are on the order of centimeters per year.

2. Study Site

The Carbon in Permafrost Experimental Heating Research (CiPEHR) site is located near Healy, Alaska,
USA, just outside Denali National Park (WGS84, 63°52′59″N, 149°13′32″W). The site is underlain by perma-
frost owing to the elevation of the foothills of the Alaska Range (670 m, Geoid 12B). The mean annual tem-
perature is −0.94°C with a nonsummer (October–April) average temperature of −10.09°C and a summer
(May–September) average temperature of 11.91°C (Healy and McKinley Stations, Western Regional
Climate Center andNOAANational Centers for Environmental Information) (Mauritz et al., 2017). The eco-
system is classified as moist acidic tussock tundra, with the predominant vegetation types being the tussock
forming Eriophorum vaginatum and the deciduous shrub, Vaccinium uliginosum (Salmon et al., 2016;
Schuur et al., 2007). Soils are Gelisols, with an organic layer of approximately 0.35 m above cryoturbated
mineral soils that are composed of glacial till and windblown loess (Natali et al., 2011; Plaza et al., 2017).

CiPEHRwas established in 2008 to study ecosystem C responses to rising Arctic temperatures by experimen-
tally warming both soil and air temperatures (Natali et al., 2011). Six snow fences 1.5 m tall and 8 m long
were set up every winter in three replicate blocks (A, B, and C) that contain two fences, each 5 m apart
(Figure 1). The snow fences trap snow on the leeward side, insulating the ground from very cold winter tem-
peratures. Snow depth on the soil warming side typically reached the height of the snow fences by midwin-
ter, regardless of the ambient snow depth in any particular year (Figure 2). Snow was removed each April to
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avoid additional water input and delayed snow melt. At each snow fence, four 0.36 m2 plots were located on
the soil warming side and four plots were located on the control side. Additionally, two of the four plots on
either side of the fence received air warming using 0.5‐m‐tall clear polycarbonate open top chambers, which
were placed over the plots throughout each summer season. After the first 2 years, deep soil (20 and 40 cm)
temperatures remained an average of 0.78°C warmer in soil warming plots throughout the summer season
(Mauritz et al., 2017; Natali et al., 2011). By 2015, after 7 years of treatment, soil warming had resulted in a

nonsummer season increase of 1.49°C in surface soil temperatures (5
and 10 cm) and 1.05°C in deep soil temperatures (20 and 40 cm)
(Mauritz et al., 2017). On average, air warming increased air
temperatures by 0.3°C during the first summer season and likely
does not cause significant soil warming (Natali et al., 2011).

3. Materials and Methods
3.1. Elevation Measurements and Subsidence Calculation

Subsidence was estimated as the change in elevation derived from
high‐accuracy GPS measurements (Rodenhizer et al., 2019a). We
measured elevation at each experimental block at 2 m intervals in
an approximately 30 × 30 m grid in 2009, 2011, and each of
2015–2018 using a Trimble high‐resolution differential global posi-
tion system (dGPS) with real‐time kinematic correction. A base sta-
tion was placed at a U.S. Geological Survey geodetic marker
(WGS84, 63.88793°N, 149.2383°W) <1 km from CiPEHR in order to

Figure 1. The location of the three blocks of CiPEHR and the eddy covariance tower located ~1 km away with the topography shown using a hillshade derived
from National Ecological Observatory Network (NEON) airborne Light Detection and Ranging (LiDAR) (NEON, 2017a). The site is just west of Healy, AK, and
Eight Mile Lake is visible at the top left. Axis labels indicate location (m) in UTM zone 6N. The three insets at the top show the location of soil cores
(dots) and plots (open diamonds) within each block over high‐resolution aerial photographs available from NEON (2018). The solid black lines show the location
of snow fences, and the dashed lines indicate the maximum extent of the GPS transects. The inset at bottom left shows the location within Alaska.

Figure 2. Snowpack on the leeward side of the snow fences in April 2016, just
prior to snow removal. Photo credit: M. Mauritz.
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continuously correct for atmospheric disturbances. Each elevation grid point was measured for 3–5 s on top
of the moss layer. In 2009 and 2011, postprocessing was completed with a methodology developed by
UNAVCO using Trimble Geomatics Office (Dayton, Ohio). Beginning in 2015, postprocessing was com-
pleted using a more highly automated methodology developed by the National Park Service using Trimble
Business Center (Sunnyvale, California). Trimble Business Center replaced Trimble Geomatics Office when
it was discontinued, necessitating a new processing protocol, and, despite the shift to a new software plat-
form and a more highly automated protocol, the underlying processing methodology was the same. We
transformed all GPS data to the Alaska Zone 4 State Plane coordinate system with the GRS80 ellipsoid
and geoid 12B. We interpolated elevation surfaces using the gstat package (Gräler et al., 2016;
Pebesma, 2004) in R (R Core Team, 2018) by building exponential models of empirical semivariograms
and interpolating between the points using anisotropic kriging in two directions (across slope and down-
slope) (Bivand et al., 2008). Standard error of kriging was calculated for each cell and is reported with sub-
sidence values (supporting information Figure S1). Subsidence was calculated from the elevation surfaces
relative to 2009 using the raster package (Hijmans, 2019). Subsidence for years missing GPS points was inter-
polated linearly cell by cell.

GPS accuracy of individual points was very high, although inconsistencies in data collection may have
impacted the accuracy of subsidence. GPS accuracy was measured with two checkpoints located within a
few meters of the base station and measured for 2 min continuously. GPS horizontal accuracy averaged
0.010 m and vertical accuracy averaged 0.0016 m; however, GPS points were not measured in consistent
locations throughout the years of sampling. Through 2016, the grid points were set up by hand using a mea-
suring tape, meaning that points were measured in slightly different locations from year to year. The rough-
ness of the tundra vegetation surface means that elevation can differ by tens of centimeters at points that are
only slightly offset from one another, and this could contribute variability to the final subsidence product.
For example, sample semivariograms of the raw elevation data indicate that points separated by ~1 m differ
by 5–7 cm on average, with certain pairs of points differing by nearly 1 m. In 2017, we realized the potential
impact of this data collection method, and from 2017 on, the grid points were loaded onto the GPS ahead of
time to allow quick navigation to the same point year after year. It is impossible to estimate the error asso-
ciated with gap filling elevation in years without GPS data, as the cell‐by‐cell interpolation does not build
linear models with all of the available data points but rather fills in missing values by drawing a line through
the two closest (temporally) nonmissing data points. However, we expect that the error introduced by this
step is insignificant relative to the error introduced by the varying offset of GPS points from 1 year to another.

3.2. ALT and Water Table Depth

Changes in permafrost thaw and hydrologic conditions were characterized with ALT and water table depth
measurements between 2009 and 2018. Thaw depth was measured at each of the plots by inserting a metal
probe into the ground until it hit frozen soil, and ALT was quantified as the thaw depth in mid‐September
(Week 36 of the year) at maximum depth of thaw (Mauritz et al., 2017; Natali & Schuur, 2012; Pegoraro,
Mauritz, Hutchings, et al., 2019). Water table depth, the depth to ground water, was measured within
PVC lined wells three times a week during the summer season (Schädel et al., 2018b). Between 2009 and
2012, water table depth was measured within two water wells on each side of the snow fences, and between
2013 and 2018, within three water wells on each side of the snow fences.

3.3. Soil Cores

We collected soil cores inMay 2009 to measure ice and C content prior to experimentally induced permafrost
thaw (Plaza et al., 2017). Two cores were taken per fence, one on the soil warming side and one on the con-
trol side. The thawed surface layer (~15 cm) was collected using a serrated knife, and the frozen ground
underneath was cored using a Tanaka drill with a 7.6‐cm‐diameter hollow bit until gravel halted progress
(~85 cm). Cores were stored frozen until processing in the laboratory. The surface vegetation was clipped
to the bottom of the greenmoss, and cores were sectioned in a 5 cm increment at the surface and 10 cm incre-
ments thereafter. Each depth increment was subsampled for moisture content, bulk density, and C content
(Hicks Pries et al., 2012; Pegoraro, Mauritz & Bracho, 2019). Soil gravimetric water content was measured as
the water mass over the wet soil mass (g H2O g wet soil−1), because using the wet soil mass in gravimetric
water content determination performs better in ice‐rich mineral soils (Phillips et al., 2015). Bulk density
of dry soil was calculated as the mass of a soil sample of known volume (i.e., the total core volume for the
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section of core, including ice and rocks, as derived from the core dimensions; g cm−3) separated from the
mass and volume of rocks. Carbon content was determined using an elemental combustion analyzer (used
to combust the samples; ECS4010, Costech Analytical Technologies, Inc., Valencia, CA, USA) coupled with
an isotope ratio mass spectrometer (used to measure the C content; Delta V advantage, Thermo Scientific
Inc., Waltham, MA, USA).

3.4. Soil Core Calculations

We combined GPS measurements with data on ice and C content from the soil cores to determine the role
subsidence has in the quantification of permafrost thaw, as well as the potential driving factors of subsi-
dence. Using the tidyverse package (Wickham, 2017) within R (R Core Team, 2018), we accounted for the
effect that the shift in soil surface height had on ALTmeasurements, calculated the total amount of bulk soil
C thawed over the study period, and partitioned total subsidence into the contributions from loss of ice and
loss of soil.

To determine the full depth of permafrost thaw over the course of the experiment, we calculated thaw pene-
tration as follows:

Thaw Penetration¼ALTþ Subsidence; (1)

where ALT is the depth of thaw during Week 36 of the year (late August or early September) and subsi-
dence is the cumulative interannual subsidence through the date of ALT probing (2009–20xx). To deter-
mine the cumulative interannual subsidence for each plot in each year, we extracted the value of
subsidence in each year from the kriged surface at the location of each plot (Rodenhizer et al., 2019b).
We calculated the amount of bulk soil C that thawed between 2009 (initial) and each following year (final)
as the sum of C content at depths between the initial and final thaw penetration (Figure S2). Carbon con-
tent from 2009 was used so that the initial quantity of C in the permafrost was accounted for, even though
some of the C that thawed between 2009 and the end of the experiment were lost following thaw, either to
the atmosphere or laterally in water. This calculation was repeated using ALT, and the difference between
the two calculations was taken in order to determine the impact of accounting for subsidence on the mag-
nitude of C exposure upon permafrost thaw.

Potential subsidence due to ice loss was determined by calculating the volume of ice divided by the soil core
area (ice height) from the soil cores taken in 2009 (representing initial conditions prior to warming). This
calculation was based on the volume of ice contained in thawed permafrost, which was considered to be
the layer of soil between the initial (2009) thaw penetration and the final (2013 or 2018) thaw penetration
(Figure S2). We used final values of both 2013 and 2018, because many of the soil cores were only deep
enough to reach the depth of 2013 thaw penetration. We calculated the volume of ice that can contribute
to subsidence in two different ways to determine a maximum and minimum value of potential subsidence.
The volume of ice for the maximum value was calculated using the total ice content and should be an over-
estimate of potential subsidence, because a significant portion of permafrost ice should exist within soil
pores that will not collapse upon ice loss (Kokelj & Burn, 2003). The minimum value included only the esti-
mated ice volume associated with excess ice (total ice‐pore ice) and should theoretically be a closer estimate
of potential subsidence.

To calculate the maximum potential subsidence due to ice loss, we had to first calculate the total mass of ice
within the thawed permafrost. We started with the equation for gravimetric water content:

GWC %ð Þ¼ Water Mass gð Þ
Soil Mass gð Þ þWater Mass gð Þ (2)

and replaced water mass with ice mass because, at the time of coring, all of the water content of the
thawed permafrost layer was frozen in permafrost. We then rearranged Equation (2) to solve for ice mass:

Ice Mass gð Þ¼
GWC %ð Þ * BD g

cm3

� �
* Soil Core Volume cm3ð Þ

1 − GWC %ð Þ ; (3)
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where BD is the average bulk density of the thawed permafrost layer. Finally, the total ice height was calcu-
lated from the ice mass calculated in Equation (3):

Total Ice Height mð Þ¼
Ice Mass gð Þ * 0:92 cm3

g

� �

100
cm
m

� �
* Soil Core Area cm2ð Þ

; (4)

where 0.92 is the density of ice, and the whole equation is divided by 100 to convert from cm to m.

To remove the possibility of overestimating potential subsidence by including pore ice volume in the cal-
culation, we partitioned the total ice height into components of pore ice and excess ice. As excess ice con-
tent was not measured following Kokelj and Burn (2003) when soil samples were originally taken, we
instead estimated the excess ice by assuming the pore space of these soils is 50% of the soil volume
(Text S1). This value was chosen because soils at a similar site ~1 km SE of CiPEHR are silt loam soils
based on sand, silt, and clay percentages (National Ecological Observatory Network [NEON], 2017b),
and silt loam soils are estimated to have 50% pore space (Brady & Weil, 2008). Any ice that did not fit
into the estimated pore space was assumed to be excess ice and was included in the calculation of poten-
tial subsidence (Figure S3):

Excess Ice Height mð Þ¼ Excess Ice cm3ð Þ
100

cm
m

� �
* Soil Core Area cm2ð Þ

; (5)

where excess ice was calculated using Equations (S1)–(S4) and the soil core area was calculated from the
diameter of the soil core.

To determine the contribution of soil loss to subsidence, we estimated the volume of organic soil from which
measured C losses derived. Minimum and maximum C losses were estimated from previously published
values derived from eddy covariance near CiPEHR (sum of CO2 and CH4 fluxes) or soil core measurements
at CiPEHR, respectively (Plaza et al., 2019; Taylor et al., 2018). Eddy covariance towers are used to measure
C fluxes at the landscape scale and, therefore, incorporate fluxes from varied microsites (Belshe et al., 2012).
The eddy covariance tower is located ~1 km from CiPEHR and averages C fluxes in a footprint with a radius
of approximately 200–350 m (Celis et al., 2017). Although the eddy covariance tower does not measure fluxes
at CiPEHR, the vegetation composition, elevation, aspect, and C flux dynamics are very similar at both sites
(Celis et al., 2017). At this site, CO2 fluxes from eddy covariance are lower than those measured from soil
cores, likely in part because eddy covariance measurements do not account for loss of C through lateral
transport in ground water (Plaza et al., 2019). However, the C loss estimate from soil cores is about twice
as large as that from eddy covariance, indicating a large lateral flux of C in water that has not been verified
through other methods. Therefore, we used both estimates to constrain C flux estimates, with eddy covar-
iance data as the lower bound and soil core data as the upper bound.

The potential height of soil previously occupied by lost C was calculated as follows:

Soil Height mð Þ¼
C Loss

g
m2 * year

� �

C Content
g C
g soil

� �
* BD

g
m3

� � * 9 years; (6)

where C loss was the average rate of C loss from either eddy covariance or soil cores, C content was aver-
age soil C content in 2009, BD was the average bulk density in 2009, and 9 years was the length of the
experiment. We divided by C content in order to account for the total mass of soil material that the C
fluxes derived from and by the bulk density to estimate the height of soil within the core, which had been
lost to C fluxes or lateral transport. Because this estimate uses the height of organic soil, not just C, and we
have no direct measurements of the loss of elements other than C, both of these estimates could still be
high. Average C content and bulk density were averaged from the soil cores at a depth of 5–35 cm, because
this layer contains the highest organic matter content and we assume that mineral losses from soil are
negligible (Plaza et al., 2019).
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3.5. Statistical Analyses

We used mixed‐effects models to analyze the effects of experimental warming on subsidence and permafrost
thaw. All mixed‐effects models were performed using the lme4 package (Bates et al., 2015), and we included
a random effect for repeat measures and for the nested structure of the experiment (plot or soil core nested
within fence nested within block). In each model, we examined the model residuals to test for normality and
heteroscedasticity.

The impact of experimental air and soil warming on the rate of subsidence was investigated to determine the
effect that future warming is likely to have on subsidence. Plot‐level subsidence was used as the dependent
variable, and the effects of time, treatment (control, air warming, soil warming, and air + soil warming), and
the interaction between time and treatment were considered to evaluate whether rates of subsidence differed
in each experimental treatment. Data for all plots were included in the model at each time step, yielding a
total of 48 data points for each year that were evenly distributed across the four treatments. Model fit was
evaluated with Akaike information criterion (AIC); parameter significance for the best model was shown
with 95% confidence intervals (CIs) determined by bootstrapping with 1,000 simulations using the lme4
package (Bates et al., 2015). Differences in slope between groups were determined using the 95% CI in the
emmeans package (Lenth, 2018).

The contribution of ice loss to subsidence was estimated using a mixed‐effects model of subsidence by ice
height. Separate models were tested using the total ice height and excess ice height. Subsidence was
extracted from the kriged surface at each soil core location, and the effect of treatment was considered.
This model had a total sample size of 24 soil cores, with half belonging to the control treatment and half
to the soil warming treatment. AICwas used to determine the best fittingmodel, andmodel parameters were
evaluated using 95% CIs determined by bootstrapping with 1,000 simulations using the lme4 package (Bates
et al., 2015).

4. Results
4.1. Subsidence

Subsidence was observed across all blocks and treatments over 9 years of permafrost warming (Figure 3 and
Movies S1–S3). Subsidence occurred at 1.2 cm year−1 (CI: 1.7, 0.7) in control plots and 1.4 cm year−1 (CI: 2.0,
0.9) in air warming plots, and the rate did not differ significantly between these two groups (Figure 4 and
Table S1). Subsidence in soil warming plots occurred at 5.4 cm year−1 (CI: 5.9, 4.8), which was over 4 times
the rate of the control plots and was significantly different than all other treatments. Air + soil warming plots
had the greatest rate of subsidence at 6.1 cm year−1 (CI: 6.7, 5.6), which was ~5 times the rate of control plots
and was also significantly different than all other treatments. The greatest subsidence observed across the
footprints of the blocks was 89.2 ± 3.5 cm (mean ± SE of kriging) over 9 years (Figures 3 and 4). Starting
in 2016, the formation of ponds on the soil warming side of Blocks B and C became evident. Elevation
increases of up to 32.6 ± 5.1 cm were also observed within the first several years; however, this likely only
reflects errors in the GPS time series, as most cells with elevation increases showed <10 cm of increase
and the remaining cells occurred near the outer edge of the sampling locations where kriging variance is
quite high in some years (Figures 3 and S1).

4.2. Permafrost and Carbon Thaw

Thaw penetration was significantly larger than ALT, the traditional method for measuring permafrost thaw
(Figure 5). In control plots, ALT was 74.5 ± 1.2 cm and thaw penetration was 88.6 ± 2.3 cm, and in soil
warming plots, ALT was 92.4 ± 2.7 cm and thaw penetration was 137.4 ± 4.3 cm by 2018 (Figure 5).
Using thaw penetration to determine the depth of permafrost thaw over the course of the experiment
increased observed thaw by 19 ± 3% in control plots and 49 ± 4% in warming plots. This could mean that
rates of permafrost thaw are being underestimated across the circumpolar region, as subsidence is typically
not quantified but can be expected wherever permafrost thaw is occurring.

Using thaw penetration to calculate C exposure in the active layer increased the amount of C thaw observed
over the course of the study. We found an average of 50.2 ± 1.0 kg Cm−2 in the active layer in control plots in
2009 (Figure 5). By 2018, there was 67.8 ± 0.9 kg C m−2 in the active layer as calculated with ALT and an
average of 74.3 ± 1.1 kg C m−2 in the active layer as calculated with thaw penetration. Using ALT,
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17.5 ± 1.3 kg C m−2 thawed over the course of 9 years and 24.0 ± 1.4 kg C m−2 thawed using thaw
penetration. This meant that in control plots, using thaw penetration to calculate the quantity of newly
thawed C resulted in an increase of 37 ± 10% relative to estimates calculated with ALT. In warming plots,
we found an average of 41.0 ± 0.8 kg C m−2 in the active layer in 2009. By 2018, there was

67.8 ± 1.3 kg C m−2 in the active layer as calculated with ALT and
98.1 ± 1.7 kg C m−2 as calculated with thaw penetration. Therefore,
over the course of 9 years, we calculated 26.8 ± 1.5 kg C m−2

thawed using ALT and 57.1 ± 1.2 kg C m−2 thawed using thaw
penetration. This meant that in warming plots, using thaw
penetration to calculate the quantity of newly thawed C resulted in
an increase of 113 ± 6% relative to estimates calculated with ALT.
Although ignoring subsidence does not impact direct
measurements of soil C content, using ALT rather than thaw
penetration to calculate C exposure in the active layer
underestimates the rate of C exposure.

4.3. Drivers of Subsidence

Ice loss was the main environmental driver of subsidence at the site,
but soil loss was a significant driver of subsidence, as well. Excess ice
height did not correlate with subsidence, but total ice height did
(Tables S2 and S3). The magnitude of subsidence was 95% (CI: 52,
138) of total ice height, and this relationship did not differ between
control and soil warming treatments (Figure 6 and Table S3). Given
that total ice height is necessarily an overestimate of the contribution
of ice to subsidence, as some of the total ice volumemust occupy pore
space and not contribute to subsidence, the contribution of soil loss to
subsidence was used to adjust the estimate of the contribution of ice
loss to subsidence. Using eddy covariance data on C loss, we esti-
mated that 9% of the measured subsidence could be due to soil loss,
and using soil cores, we estimated 15%. If 9–15% of subsidence was
due to soil loss, 85–91% of the measured subsidence remained to be
explained by ice loss, and this corresponded to the loss of ~80–85%
of the total ice volume from the thawed permafrost soil layer.

Figure 3. The change in elevation relative to 2009 at the three blocks (A, B, and C). Years with gap‐filled data are not included. Negative values for elevation
change indicate areas that have subsided. The locations of snow fences are indicated with solid black lines. The location of control plots and soil warming
plots are indicated in the top left facet by blue and red rectangles, respectively, and these relative locations are the same for all blocks.

Figure 4. A mixed‐effects model of subsidence (Δ elevation) by time and
treatment. All intercepts were forced to zero, as the subsidence is necessarily
zero during the first year. Control plots are shown in blue, air warming in green,
soil warming in red, and air + soil warming in brown. Each point is a
measurement from a single plot. The slope of each treatment is shown in the
legend, and bands around the regression lines indicate 95% confidence intervals.
Superscript letters indicate significant differences in slope. The interaction of
time by treatment had a significant impact on subsidence. The slopes of the
control and air warming treatments did not differ from each other, but the slopes
of the soil warming and the air + soil warming treatments were different from
each other and the other treatments.
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4.4. Hydrologic Response to Subsidence

Subsidence at CiPEHR universally resulted in wetter soils, as subsidence caused the ground surface to drop
closer to the water table, and this has consequences for energy transfer and C fluxes. In the most extreme
cases in some of the soil warming plots, subsidence resulted in the formation of thermokarst ponds by
2016 and, despite 2017 and 2018 summer seasons having average to below average precipitation (Celis
et al., 2018), the ponds rarely dried out in some plots. Even in areas that were not inundated, the water table
depth moved closer to the soil surface over 9 years of warming, as the ground surface dropped closer to the

water table in all treatments (Figure 7). The average water table depth
in control plots in 2009 was 27.6 ± 0.4 cm, and in 2018, it was
18.4 ± 0.3 cm, 33% closer to the soil surface. In the soil warming plots,
the average water table depth in 2009 was 25.4 ± 0.5 cm, and in 2018,
it was 6.6 ± 0.3 cm, 74% closer to the soil surface. The increasingly
wet conditions are increasing CH4 fluxes due to anoxic conditions
(Taylor et al., 2018) and are likely speeding the rate of thaw through
increased energy transfer in water (Jorgenson et al., 2006; Jorgenson
et al., 2010; Subin et al., 2013).

5. Discussion
5.1. Subsidence Masks Total Permafrost Thaw

Subsidence was ubiquitous across treatments at CiPEHR, and slight
increases in temperature were sufficient to dramatically accelerate
this process. Both control and experimental warming plots are sub-
siding at CiPEHR, with gradual subsidence occurring in control plots
and more rapid subsidence leading to thermokarst formation in soil
warming plots. Gradual subsidence in the control plots left no visible
features, despite an average of over 10 cm of subsidence over 9 years.
Rates of subsidence in soil warming plots were over 4× higher than in
control plots and ~5× higher in air + soil warming plots, leading to

Figure 5. The impact of subsidence on observed permafrost thaw and C thaw. The points show permafrost thaw, as measured by ALT and thaw penetration,
through time in control and soil warming plots. The bars show the amount of bulk soil C in the active layer, as measured from soil cores, and extrapolated to
the field using ALT and thaw penetration. Error bars show SE.

Figure 6. A mixed‐effects model of subsidence by total ice height (sum of 2009
ice volume between the 2009 and final thaw penetration/soil core area). The
band around the regression line indicates the 95% confidence interval.
Subsidence was 95 ± 43% the magnitude of total ice height, and experimental
treatment did not have an effect on the relationship.
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visible thermokarst formation in the most extreme cases. Thermokarst depressions became inundated
starting around 2016 and were similar to other thermokarst features that have been identified in the area
without experimental warming (Osterkamp et al., 2009). Based on previous research showing that open
top chambers mostly affect air temperatures and not soil temperatures (Hobbie & Chapin, 1998; Marion
et al., 1997; Shaver et al., 2000), we had not expected air warming to affect subsidence. Despite this,
air + soil warming plots subsided more quickly than soil warming plots, although air warming alone had
no impact on the rate of subsidence. This could be due to slightly higher deep soil temperatures during
the summer season in air + soil warming plots relative to soil warming plots (Mauritz et al., 2017). It is
also possible that open top chambers in inundated air + soil warming plots could reduce surface water
flow sufficiently to increase water temperature and thereby increase thaw and subsidence at those
locations, although we have no measurements of water temperature to confirm this.

ALTmeasurements at CiPEHR underestimate the thaw of permafrost, and the C it contains, due to the large
magnitude of subsidence across all treatments. After 9 years, thaw penetration was 49% greater than ALT in
soil warming plots and 19% greater than ALT in control plots. This is similar to the findings of two studies
that did not experimentally warm soils, with thaw penetration being ~20% to >50% greater than ALT
(O'Neill et al., 2019; Streletskiy et al., 2017). Additionally, we showed that this increased rate of permafrost
thaw corresponded to a doubling of the rate of C thaw. This highlights the importance of complementing
ALT measurements with subsidence measurements not just for understanding permafrost thaw but also
for understanding the permafrost C feedback to the climate. The CALM network has made historical ALT
measurements in many sites across the circumpolar region. Some of the CALM sites, such as the sites set
up in the Mackenzie Valley by the Geological Survey of Canada, use thaw tubes that concurrently track ele-
vation changes (Nixon & Taylor, 1998), but not all sites are accompanied by subsidence measurements.
Without concurrent subsidence measurements, it is impossible to determine whether trends in ALT reflect
trends in permafrost thaw, especially in the case of gradual, visually undetectable subsidence. Given that
thermokarst features are estimated to cover ~20% of the permafrost zone (Olefeldt et al., 2016) and the poten-
tial for gradual subsidence to exist without any indication, it is necessary for quantification of subsidence to

Figure 7. The average soil profile in control and soil warming plots. The active layer is between the soil surface and the thaw penetration, both shown as bold
lines, and is broken into the layer above the water table and the layer below the water table. The unsaturated active layer (above the water table) is shown in
brown, and the saturated active layer (below the water table) is shown in blue. Permafrost is shown in gray. The original soil surface is indicated with the dashed
line, and the soil surface (upper bold line) has dropped from the original soil surface due to subsidence. The dotted line shows the ALT, and the lower
bold line shows the thaw penetration. The ALT is shallower than thaw penetration within the soil profile, because using ALT relies on the assumption that the soil
surface has not shifted from the original soil surface. The thaw penetration reflects the full depth of permafrost thaw, because it accounts for the change in height
of the soil surface. Gray error bars indicate standard error of subsidence, water table depth, ALT, and thaw penetration measurements.
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occur at a broader scale and be accounted for when quantifying permafrost thaw. With the expanding avail-
ability of LiDAR to determine subsidence rates across entire landscapes, this problem is becoming more
tractable, but it is still necessary to track elevation for validation at sites distributed across the circumpolar
region.

5.2. Ice Loss and Soil Loss Drive Subsidence

Over 9 years of experimental warming at this site, ice loss was the main contributor to subsidence, account-
ing for 85–91% of the total subsidence. In permafrost soils, ice exists both within pore spaces and as excess ice
that cannot fit within pore spaces, and it is excess ice that is expected to contribute to subsidence (Kokelj &
Burn, 2003). However, when we estimated excess ice content using a published value of pore space, excess
ice height was far too low to account for subsidence and did not correlate with subsidence (Figure S4 and
Table S2). This indicates that the published value of pore space we used in our calculations may have been
higher than the actual pore space in soils at CiPEHR. Therefore, our estimate of the contribution of ice loss to
subsidence was calculated using the total ice volume to get an overestimate and then adjusted downward
using the estimate of the contribution of organic matter loss to subsidence. Ice loss due to permafrost thaw
is recognized as the main contributor to subsidence, including thermokarst formation, where erosion is lim-
ited (Jorgenson & Osterkamp, 2005; Kokelj & Jorgenson, 2013; Osterkamp et al., 2009). Since the landscape
is relatively flat at this site (~5% slope), we do not observe erosion to be a significant contributor to subsi-
dence as it is in coastal permafrost and retrogressive thaw slumps, for example. The spatial variability of sub-
sidence at this site is likely due to the uneven distribution of ice (observed values of total permafrost ice
content prior to thaw in soil cores range from 248–778 g kg−1), and the locations with the highest ice content
in the newly thawed active layer tended to experience the most subsidence, as has been observed in previous
studies (Jorgenson &Osterkamp, 2005). This heterogeneity of both ice content and subsidence indicates that
although subsidence in the control plots was not noticeable without measurements, it cannot be classified as
isotropic subsidence and will likely result in thermokarst pits with continued thaw.

We estimated that 9–15% of the total subsidence was due to soil loss, with the lower bound being estimated
from C fluxes to the atmosphere only and the upper bound being estimated from both C fluxes to the atmo-
sphere and laterally in water. In reality, the soil loss is likely due to both C fluxes to the atmosphere and lat-
eral transport of C in water (Cory et al., 2013; Lee et al., 2010; Plaza et al., 2019; Vogel et al., 2009), but
additional direct measurements of lateral rates of C loss at the site are needed to strengthen our confidence
in themagnitude of this effect on subsidence. Although this type of partitioning has not previously been pub-
lished for permafrost ecosystems, we did find one study from a drained ombrotrophic bog in Norway, where
38% of subsidence over a 25 year period following drainage was due to peat loss (Grønlund et al., 2008), indi-
cating that the decomposition of C‐rich soils can contribute quite significantly to subsidence. Additionally,
the contribution of soil loss to subsidence at this site is supported by several studies in tundra ecosystems that
have found lower C content in soils within thermokarst features (Mu et al., 2016; Pizano et al., 2014).

The soil loss we observed can be explained by both the lateral loss of C in the form of dissolved and particu-
late organic C (Cory et al., 2013; Plaza et al., 2019) andCO2 and CH4 fluxes to the atmosphere (Lee et al., 2010;
Vogel et al., 2009). Lateral loss of C has been both directly observed at the site, with greater summer season
dissolved organic C concentrations in soil warming plots than control plots (Romano, 2018), and also
inferred due to greater C loss from soil cores than can be explained by CO2 and CH4 fluxes (Plaza et al., 2019).
Loss of C to the atmosphere is supported by measurements of CO2 fluxes both in the area at large (Celis
et al., 2017) and at CiPEHR specifically, which show more C loss from warming plots where subsidence is
higher (Mauritz et al., 2017). Methane fluxes also correspond to deeper ALT and wetter microsites, and these
environmental conditions were observed in soil warming plots that have subsided the most (Taylor
et al., 2018).

5.3. Circumpolar Implications

Due to the widespread nature of subsidence in the permafrost zone, ignoring subsidence in measurements of
permafrost thaw could be resulting in underestimates of thawed C stocks across the circumpolar region. The
size of this underestimate depends mostly upon ice content in permafrost, which is often quite high. For
example, on the Beaufort coast of Alaska, ice content varies from 43% in sandy areas to 89% in yedoma
(Kanevskiy et al., 2013). Because large portions of the permafrost zone contain high ice volume and loss
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of ice upon thaw drives the majority of subsidence, it follows that the soil surface height, which serves as a
reference for ALT measurements, is shifting across the region. Therefore, it is necessary to quantify subsi-
dence and incorporate it into measures of permafrost thaw, as is done with thaw penetration. Using thaw
penetration as the measure of permafrost thaw across the permafrost region will also improve estimates of
the thawed C pool (Nixon & Taylor, 1998). This is especially important because it is estimated that thermo-
karst features cover ~20% of the permafrost zone and contain ~50% of the C stored in permafrost (Olefeldt
et al., 2016) and areas of thermokarst are likely to be the places with the largest discrepancy between ALT
and thaw penetration. Of course, while the discrepancy between ALT and thaw penetration is not as great
in areas of gradual subsidence, the potential for subsidence to occur without visual indication and the pau-
city of subsidence measurements means that it could be occurring at broad scales without human knowl-
edge. Additionally, as more C is thawed in permafrost soils and exposed to increasingly wet conditions
caused by subsidence, the release of C as both CO2 and CH4 could increase, thereby amplifying the warming
potential of C fluxes from permafrost ecosystems (Burke et al., 2019; Cassidy et al., 2016; Turetsky et al., 2020;
Walter Anthony et al., 2016).

The impact of subsidence on observed permafrost thaw at this relatively southern site serves as a clue of what
the future may hold for more northerly sites. Our control plots represent current conditions at the southern
extent of permafrost in the discontinuous permafrost zone, and despite the prevalence of abrupt thaw at
higher latitudes (Olefeldt et al., 2016; Turetsky et al., 2020), gradual thaw and the resulting subsidence are
likely occurring more quickly in the discontinuous permafrost zone than sites at higher latitudes.
However, even in more northerly areas with relatively cold permafrost and shallow active layers, subsidence
is already having a noticeable impact on observed permafrost thaw. Previously quantified rates of subsidence
on the North Slope of Alaska have ranged from a low of 1–4 cm per decade (Liu et al., 2010) to >2.0 cm year−1

over 5 years (Streletskiy et al., 2008), and in the western Canadian Arctic, subsidence of 0.4 cm year−1 has
been observed over 25 years (O'Neill et al., 2019). These rates are likely to increase in the near future, result-
ing in faster C release and irreversible changes to permafrost structure and ecosystem function (Schuur &
Mack, 2018; Turetsky et al., 2020). Ecosystem function is likely to shift as hydrologic conditions change fol-
lowing subsidence, making it necessary to incorporate subsidence into estimates of C fluxes in Earth System
Models (Ekici et al., 2019). Incorporation of subsidence into Earth SystemModels must also be accompanied
by increased field monitoring to assess model performance and should occur both through the expansion of
the network of thaw tubes and remote sensing of subsidence, for example, through LiDAR.

6. Conclusions

We observed subsidence rates of 1.2–6.1 cm year−1 at a permafrost warming experiment near the southern
extent of permafrost, with the lowest rates occurring in control plots and the highest rates occurring in
air + soil warming plots. A 5× increase in subsidence was instigated with warming of only 1–2°C in both
air and soil temperatures, as permafrost temperatures are already near 0°C. The subsidence was explained
by the combined impact of ice and soil loss, with ice loss driving the majority of subsidence. Additionally,
subsidence is causing a shifting reference frame for ALT measurements, the traditional measure of perma-
frost thaw. Ignoring the impact of subsidence on permafrost thaw underestimates total permafrost thaw over
timescales as short as a few years to a decade. We found that using thaw penetration to measure the perma-
frost thaw in control and permafrost warming plots increased observed permafrost thaw by 19–49% and the
observed amount of newly thawed C by 37–113%. Because of the potential for subsidence to impact much of
the permafrost zone and the C it contains, it is imperative that studies of permafrost thaw incorporate mea-
surements of subsidence in order to understand the full impact of climate change on permafrost stability and
C release from permafrost ecosystems. Future efforts to quantify subsidence should focus on using LiDAR
data, which allow the quick quantification of subsidence over broad scales.
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