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SCIENCE FOR SOCIETY Disruptive permafrost thaw known as thermokarst may propel landscape reorga-
nization and exacerbate high-latitude carbon release. However, current understanding of the thermokarst
process remains limited. Here we used a remote sensing dataset unprecedented in spatiotemporal scales
and resolutions to characterize regional patterns of thermokarst formation in the ice-rich Arctic tundra
ecosystem. Our results show complex thermokarst patterns, intimately regulated by climate change, fire
disturbance, and landscape attributes. Though sporadic and short lived, tundra fires have enduring legacy
(up to 8 decades) on initiating thermokarst, even with low fire severity. On a regional scale, however, climate
warming is the principle factor driving widespread thermokarst acceleration over past decades. As anthro-
pogenic warming and tundra burning intensify in this century, the thermokarst process may emerge as a
growing source of uncertainty for the permafrost carbon budget.
SUMMARY
Climate warming is projected to intensify tundra wildfire, with profound implications for permafrost thaw. A
major uncertainty is how increased burning will interact with climate change to exacerbate thermokarst
(ground-surface collapse resulting from permafrost thaw). Here we show that thermokarst rates increased
by�60%with warming climate andwildfire from 1950 to 2015 in Arctic Alaska.Wildfire amplified thermokarst
over 40+ years, cumulatively creating �9 times thermokarst formation as that in unburned tundra. However,
thermokarst triggered by repeat burns did not differ from that triggered by single burns, irrespective of time
between fires. Our simulation identified climate change as the principal driver of all thermokarst formed dur-
ing 1950–2015 (4,700 km2) in Arctic Alaska, but wildfire was disproportionately responsible for 10.5% of the
thermokarst by burning merely 3.4% of the landscape. These results combined suggest that climate change
and wildfire will synergistically accelerate thermokarst as the Arctic transitions in this century.
8–12
INTRODUCTION

Permafrost underlies �20% of the Earth’s land surface,1 but it

preserves 33% of the global belowground organic carbon

pool.2 Over the past few decades, permafrost degradation has

increased coincidentally with rising air temperatures, shifting

precipitation regimes, and increased wildfire activity.3–7 Unlike

gradual permafrost thaw (top-down increase in active layer

thickness), the abrupt collapse of ice-rich permafrost (i.e., ther-

mokarst) disrupts the entire soil profile, radically altering water,
One Eart
energy, and carbon fluxes. Once initiated, thermokarst may

proceed without external forces, fueled by a series of positive

feedbacks (e.g., altered albedo,13 snow trapping,14 and water

impoundment15,16) to catalyze carbon liberation from deep

stockpiles—a process unlikely to reverse under current climatic

trends.17

Although the potential for thermokarst to exacerbate perma-

frost carbon feedbacks iswell recognized,12,18 the spatiotemporal

patterns, mechanisms, and processes governing thermokarst dy-

namics are variable across space and poorly understood across
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Figure 1. Map of study domain

Sixteen fires (outlined in yellow) occurring between 1971 and 2012 in the NOAT of Arctic Alaska (inserted panel) were studied for thermokarst response to the

immediate (2 fires, 318.0 km2, also see Figure S1), prolonged (2 fires, 481.3 km2, also see Figure S3), and repeated (12 fires, 164.6 km2, also see Table S1) impacts

of wildfire. Study sites (n = 276, yellow circles) were set up in burned and unburned tundra across different surficial geology types (as proxy of ground ice contents)

and gradient of fire severity levels in the NOAT (Figures S1 and S3; Table S1). Yellow triangles (n = 73) indicate data formodel validation, derived from literature (n =

14) and our sites in (n = 45) and outside (n = 14) NOAT (Table S3). The maps are superimposed on the GMTED2010 global elevation dataset.33
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time.5,15,19 Many interacting factors have been linked with perma-

frost degradation, including climate,3,6,20 topography,21,22 surficial

geology,19,23 ground ice content,11,24 and fire disturbance.7,22

Recent evidence from the Anaktuvuk River Fire illuminates the

potential influence of tundra fires on permafrost7,25 and

carbon dynamics.26 For instance, this event triggered expansive

thermokarst formation shortly after fire.7 However, low observa-

tion frequencies and rapidly changing environmental conditions

have greatly limited our ability to monitor, measure, and model

thermokarst-driven landscape evolution across heterogeneous

Arctic terrain.

Here we investigated the impact of wildfire, climate change,

and landscape attributes on thermokarst dynamics (i.e., fine-

scale thermokarst features represented by flooded pits and

troughs commonly associated with ice wedge degradation) in

Arctic Alaska. We selected the Noatak National Preserve

(NOAT, 2.9 3 104 km2) for this study, because this region is

among the warmest (mean summer temperature of 10.6�C)
and most fire-prone (mean fire return interval of�400 years) tun-

dra ecosystems on Earth27,28 and has experienced substantial

warming (+2.1�C since 1950)29 and frequent wildfires over recent

decades30,31 (Figure 1). Thus, the NOAT can be viewed as a bell-

wether for the Arctic tundra biome if the trend of climate warming

and tundra burning continues. We extrapolated the results in the

NOAT to the Arctic Alaskan tundra (2.6 3 105 km2) using the

Boosted Regression Trees (BRT) machine learning algorithm.

Our results reveal widespread thermokarst acceleration in Arctic
2 One Earth 4, 1–12, December 17, 2021
Alaska during 1950 and 2015, highlighting abrupt thaw as an

important avenue of permafrost response to climate change.

Remarkably, more than one-tenth of all thermokarst formation

was attributable to wildfire, which burnedmerely�3%of the tun-

dra landscape. As warming and burning are both predicted to

intensify across the pan-Arctic in this century,32 aggravated ther-

mokarst formation may become a growing source of uncertainty

in the feedback of the Arctic ecosystem to the atmosphere.

Thus, our results based upon 7 decades of remote sensing

observation may provide essential quantitative constraints for

earth system models to gain improved confidence in the magni-

tude of future warming in high latitudes.

RESULTS

Immediate thermokarst response to wildfire
We quantified immediate postfire thermokarst formation across

two large recent tundra fires (Uvgoon Creek Fire in 2012 and Si-

dik Lake Fire in 2010; 318.0 km2) using the temporally dense

commercial satellite images acquired during 2007 and 2015 (Fig-

ure S1). We systematically selected the study sites (n = 112) us-

ing a stratified random sampling algorithm along gradients of fire

severity (high, moderate, low, and unburned) and ground ice

content (via surficial geology of alluvium [high], lacustrine de-

posits [moderate], and glacial drift [low]34,35) to characterize ther-

mokarst responses to the immediate impacts of wildfires (see

experimental procedures and Figure S2).
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Figure 2. Thermokarst response by fire

severity and surficial geology

(A) Immediate impacts of fire disturbance on ther-

mokarst (i.e., pulse thermokarst formation) esti-

mated as the cumulative formation over 3 postfire

years. The results were derived from two recently

burned tundra (Uvgoon Creek Fire in 2012 and Sidik

Lake Fire in 2010) and the surrounding unburned

areas (Figure S1). The number of study sites (n) is

given for each fire severity level 3 surficial geology

type, and different letters indicate significant dif-

ference at p < 0.05 level.

(B) Long-term thermokarst responses in burned and

unburned tundra. The observations were based

upon time series of two historical tundra fires (OTZ-

NNW38 Fire in 1977 and OTZ-NE100 Fire in 1986)

and the adjacent unburned tundra (Figure S3). Solid

symbols represent time series of pre- and post-fire

thermokarst measurements, while open symbols

indicate estimated thermokarst area at 3 years after

fire inferred from (A). All data are represented as

mean ±1 SE.
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Our results suggest that wildfire triggered pulse thermokarst

growth (defined as thermokarst formed within 3 years following

fire), transforming213.6±20.6m2ha�1 (n=84) ofpreviouslyundis-

turbed tundra into thermokarst landforms (Figure 2A). In stark

contrast, thermokarst formationwithin unburned terrainwas negli-

gible over the same 3-year period (2.2 ± 0.6 m2 ha�1, n = 28; Fig-

ure 2A). The pulse of thermokarst was significantly higher (p <

0.001) in the ice-rich, poorly drained lowland alluvium (258.5 ±

49.6 m2 ha�1, n = 18) and lacustrine deposits (239.1 ± 28.0 m2

ha�1, n = 42) than the relatively well-drained upland glacial drift

(135.3 ± 34.4 m2 ha�1, n = 24) (Figure 2A). Fire severity did not

appear to influence thermokarst formation in alluvium or lacustrine

deposits (p > 0.9; Figure 2A), whereas in glacial drift, thermokarst

was �7 times greater in high-severity (227.6 ± 63.7 m2 ha�1, n =

8) than in low-severity (29.1 ± 8.2m2 ha�1, n = 8) burns (Figure 2A).

Long-term thermokarst patterns
We used an extensive compilation of historical and contempo-

rary images acquired during 1951 and 2016 to continuously

monitor thermokarst patterns across unburned and burned tun-

dra (OTZ-NNW38 Fire in 1977 and OTZ-NE100 Fire in 1986;

481.3 km2) (see experimental procedures and Figure S3). The

time series of unburned tundra (n = 28) revealed widespread

thermokarst acceleration with recent warming in the NOAT (Fig-

ures 2 and 3; Table 1). The greatest increase in thermokarst rates

appeared in alluvium (by 275.3% ± 156.7% from 1951 to 1976 to

1977 to 2015, n = 6), followed by lacustrine deposits (by 85.5% ±

24.9% from 1951 to 1976 to 1977 to 2015, n = 14) and glacial drift

(by 47.6%± 15.7% from 1971 to 1980 to 1981 to 2016, n = 8) (Ta-

ble 1; Figure 2B).

Fire disturbance magnified thermokarst rates throughout the

monitored 38 postfire years (Table 1), cumulatively creating �9

times the amount of thermokarst formation (406.0 ± 20.0 m2

ha�1, n = 60) as would be expected without fire (45.2 ± 9.9 m2

ha�1, n = 20) (Figure 2B). Thermokarst rates in burned tundra

(n = 84) were significantly higher (p < 0.05) than those in un-

burned tundra (n = 28) during our postfire observation regardless

of fire severity and surficial geology (Table 1). Notably, more than
half of the observed thermokarst formation appeared within the

first postfire decade, after which thermokarst rates dwindled

precipitously (Table 1; Figure 3). Postfire thermokarst rates

reached 22.4–177.1 times that of unburned tundra during the

first decade and drastically declined during the second and third

decades (2.6–10.1) but remained 1.6–2.1 times that of unburned

tundra by the end of the fourth decade (Table 1; Figure S4). We

estimated the time required for thermokarst rates in burned tun-

dra to return to that of unburned tundra to be 51, 47, and 80 years

for alluvium, lacustrine deposits, and glacial drift, respectively

(see Figure S4).

Long-term thermokarst formation was spatially and temporally

variable, manifested as asynchronous thermokarst onsets,

diverse geomorphological expressions (or thermokarst

modes23), and differential responses to fire severity (Figure 3).

Prior to fire occurrence in the 1970s, thermokarst features

were already prevalent in lowland alluvium and lacustrine de-

posits, but largely absent in upland glacial drift (Figures 2B and

3). Three decades after fire, thermokarst features existed primar-

ily in the form of degraded permafrost plateaus in alluvium, inter-

connected trough networks in lacustrine deposits, and discrete

flooded pits or ponds in glacial drift (Figure 3). Consistent with

pulse thermokarst responses, long-term thermokarst response

in burned alluvium and lacustrine deposits showed no differ-

ences between fire severity levels (p > 0.87), whereas emerging

thermokarst in glacial drift was largely concentrated in severely

burned areas (Figures 2B and 3). Unlike lowland alluvium or

lacustrine deposits where the prevalence of flow paths (condu-

cive to surface water exchange) may homogenize thermokarst

formation across uneven burns,37 thermokarst features initiated

by severe burns in upland glacial drift were relatively isolated,

serving as hotspots for thermokarst expansion over decades

following fire (Figure 3).

Impact of repeat burns
To determine if thermokarst response to a subsequent burn dif-

fers from that of an initial burn, we studied thermokarst formation

in six areas (164.6 km2) burned twice by 12 fires during 1971 and
One Earth 4, 1–12, December 17, 2021 3



Figure 3. Spatiotemporal heterogeneity of

thermokarst formation in burned and un-

burned tundra

The aerial and satellite images were presented in

time series (columns) by surficial geology types at 1-

m resolution. The demonstration sites of alluvium

and lacustrine deposits are located within the OTZ-

NNW38 Fire burning in 1977, and the demonstration

site of glacial drift is from the OTZ-NE100 Fire

occurring in 1986 (Figure S3). The fire severity map

of the 1986 OTZ-NE100 Fire is obtained from the

MTBS data archive, computed by dNBR (https://

www.mtbs.gov/). Fire severity information of the

relatively old 1977 OTZ-NNW38 Fire is unavailable

from the MTBS archive and was computed with

dGEMI, an alternative fire severity index to dNBR.36
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2012 (Figure 4; Table S1). All the fires were selected from lacus-

trine deposits (see experimental procedures) with the time be-

tween overlapping burns spanning from 6 to 38 years (Table

S1). Due to lack of early images for direct measurements of ther-

mokarst immediately after fire, we retrogressively computed

pulse thermokarst formation associated with each fire using

three scenarios (Figure S5). Scenario 1 assumed that thermo-

karst rate following the first fire was unaffected by the occur-

rence of the second fire and continued to decrease over time.

Alternatively, scenario 2 assumed that the impact of the first

fire ended by the occurrence of the second fire, which took its

turn to dictate thermokarst rate. Scenario 3 assumed that the

first and the second fires contributed additively to driving ther-

mokarst rates (Figure S5). Using the thermokarst rates generated

earlier (Table 1; Figure S4) and the thermokarst areas measured

before the first fire, between the first and the second fire, and af-

ter both fires (Figure S5), we estimated the pulse thermokarst for-

mation following the second fire to be 270.1 ± 15.5, 214.5 ± 16.0,

and 200.0 ± 16.3 m2 ha�1 (n = 52) for scenarios 1, 2, and 3,

respectively (Figure 4). Regardless of scenarios, the amount of

thermokarst triggered by the second fires did not differ from

that by the first fires (201.8 ± 17.9 m2 ha�1, n = 52, p > 0.2),

nor did it differ with time since last burn (R2 < 0.01, p > 0.48;

Figure 4).

Modeling regional thermokarst dynamics
We pooled the thermokarst data in burned and unburned tundra

(Figure 2; Table 1) to model rates of thermokarst with potential

environmental drivers (e.g., temperature, precipitation, and

topography; Table S2) using the BRT machine learning algo-

rithm. Our model explained 73% of the variance in thermokarst
4 One Earth 4, 1–12, December 17, 2021
rates (10-CV = 0.69 ± 0.01, p < 0.001) with six variables: year

since fire (YSF), mean summer air temperature (MSAT), length

of growing season (LOGS), full snow season duration (FSS),

permafrost probability (PP), and topographic position (TPI) (Fig-

ures S6 and S7). We then applied the model to simulate annual

thermokarst rate of each 1 km2 tundra of Arctic Alaska during

1950–2015 (Figure 5 and Figure S8), and the results were vali-

dated (R2 = 0.7, p < 0.001) by field and remote sensing observa-

tions from a range of burned and unburned tundra ecosystems,

including the Arctic Coastal Plain (e.g., Prudhoe Bay19,38),

Brooks Range Foothills (e.g., 2007 Anaktuvuk River Fire), Brooks

Range (e.g., 1977 BTTW47 Fire), and Seward Peninsula (e.g.,

1954 Imuruk Basin Fire) (Figure S7; Table S3).

Model simulations illustrated that thermokarst area increased

considerably during 1950–2015 in Arctic Alaskan tundra (Fig-

ure 5; Video S1). The rate of thermokarst formation grew by

a factor of 1.6 from 1950 (2.3 ± 0.05 m2 ha�1 decade�1) to

2015 (3.7 ± 0.07 m2 ha�1 decade�1), and thermokarst area

increased by 4,655 km2, or �2% of all modeled area since

1950 (Figure 5). We identified the relative contributions of fire

disturbance (10.5%) to regional thermokarst formation (see

experimental procedures), and found that climate change (e.g.,

increase of MSAT and LOGS) accelerated thermokarst after

the late 1970s, and that wildfires reinforced this trend by ampli-

fying thermokarst, especially during high-fire years (e.g., 1977,

2007) (Figure 5). Substantial spatial variability exists across tun-

dra ecoregions, generally mirroring latitudinal gradients of

climate and fire regimes (Figure 5 and Figure S8). For instance,

in the relatively cold Arctic Coastal Plain (the northmost ecore-

gion), only 0.6% of the land surface transitioned to thermokarst

landform during 1950–2015 with minimal contribution from

https://www.mtbs.gov/
https://www.mtbs.gov/


Table 1. Time series of thermokarst rate (m2 ha–1 year–1) in burned and unburned tundra

Surficial geology Time span Unburned

Burned

Low fire severity Moderate fire severity High fire severity Overall

Alluvium 1951 � 1976 0.8 ± 0.5

1977 � 1980 1.4 ± 0.5 76.6 ± 42.5 93.3 ± 22.3 90.8 ± 21.3 86.9 ± 16.5

1981 � 1984 1.4 ± 0.5 14.3 ± 6.2 8.6 ± 3.7 10.8 ± 5.6 11.2 ± 2.9

1985 � 2007 1.7 ± 0.8 5.4 ± 0.7 5.3 ± 0.9 5.7 ± 0.4 5.5 ± 0.4

2008 � 2015 1.4 ± 0.4 2.9 ± 0.5 2.7 ± 0.5 2.7 ± 0.5 2.8 ± 0.3

Lacustrine deposits 1951 � 1976 0.6 ± 0.1

1977 � 1980 0.9 ± 0.3 71.9 ± 18.9 70.4 ± 10.4 96.9 ± 18.0 79.7 ± 9.3

1981 � 1984 0.9 ± 0.3 22.9 ± 11.0 27.4 ± 7.9 16.3 ± 7.9 22.2 ± 5.2

1985 � 2007 1.0 ± 0.2 3.1 ± 0.5 3.8 ± 0.5 3.5 ± 0.4 3.5 ± 0.3

2008 � 2015 1.1 ± 0.3 2.2 ± 0.5 1.7 ± 0.2 1.8 ± 0.1 1.9 ± 0.2

Glacial Drift 1971 � 1985 0.3 ± 0.1

1986 � 1989 0.4 ± 0.1 9.6 ± 2.7 49.6 ± 22.8 75.8 ± 21.2 45.0 ± 11.5

1990 � 2007 0.4 ± 0.1 2.7 ± 0.5 3.9 ± 1.2 4.3 ± 1.7 3.7 ± 0.7

2008 � 2016 0.4 ± 0.1 1.1 ± 0.3 1.5 ± 0.4 2.4 ± 0.3 1.7 ± 0.2

The thermokarst rates presented here are converted from thermokarst area (m2 ha�1), based on immediate and long-term thermokarst observations in

burned and unburned tundra, as presented in Figure 2.

The thermokarst rate between two time points is computed as differenced thermokarst area divided by the years in between (Figure S2).

The "Overall" column in burned tundra represents thermokarst rate averaged across all burned sites from low, moderate, and high fire severity.

All values are shown as mean ±1 SE.
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wildfire (0.03%) (Figure S8). Meanwhile in Seward Peninsula (the

southernmost ecoregion), 3.1% of the land surface degraded, in

which fire is responsible for 32.9% of the thermokarst formation

(Figure S8).

DISCUSSION

Nearly 70 years of aerial and spaceborne observations uncov-

ered dynamic spatiotemporal patterns of permafrost degrada-

tion in response to climate change and fire disturbance in Arctic

Alaska (Video S1). The finding that wildfire contributed to one-

tenth of thermokarst growth is striking given limited spatial

extent of historical tundra fires in the Arctic.28 Nonetheless,

climate change remains the dominant force driving widespread

acceleration of thermokarst across contemporary tundra

landscape.

Thermokarst rates in unburned NOAT progressively increased

over recent decades (Table 1). In the absence of fire, thermokarst

rates ranged between 4.0 and 12.9 m2 ha�1 decade�1 in the

NOAT, comparable to those observed in other unburned tundra

ecoregions of Alaska, such as Arctic Coastal Plain (1.2–34.9 m2

ha�1 decade�1),19 Brooks Range Foothills (12.1 m2 ha�1 deca-

de�1), Brooks Range (2.1 m2 ha�1 decade�1), Kotzebue Low-

lands (15.8 m2 ha�1 decade�1), and northern Seward Peninsula

(7.6 m2 ha�1 decade�1) (Figure S7). However, these rates were

substantially lower than those reported in the heavily industrial-

ized areas near Prudhoe Bay, which reached up to 32.8–155.7

m2 ha�1 decade�1 3,17,36. Therefore, the thermokarst response

captured in our unburned sites represented many undisturbed

tundra ecosystems well, as confirmed by the model outputs

across Arctic Alaska (R2 = 0.7, p < 0.001). Although gradual ther-

mokarst acceleration seemed to be the norm across
tundra ecosystems, fire disturbance created local hotspots of

excess thermokarst formation.

Tundra fires increased the vulnerability of land surface to ther-

mokarst formation. Fires only burned �3% of the area in Arctic

Alaska since 1950 but were responsible for more than 10% of

all thermokarst formation. The pulse thermokarst growth trig-

gered shortly after fire was likely in response to the abrupt shift

in surface energy balance, as albedo decreases with charred

ground39 and thermal insulation weakens after organic soil

removal.30,40 The modified environmental conditions change

subsurface permeability and microtopography associated with

thaw settlement and facilitate surface water impoundment. Sur-

face water is low in albedo and high in thermal conductivity that

enhances heat trapping and heat propagation in frozen soils,13,41

which feeds positively back to thermokarst expansion that

disproportionately affects ice-rich, poorly drained tundra low-

lands (i.e., alluvium and lacustrine deposits). Nonetheless, ther-

mokarst rates in burned tundra quickly decreased after the first

decade (Table 1), similar to the pattern observed in boreal forests

following postfire vegetation recovery.42 Unlike the 2–3 decades

needed for thermokarst to stabilize in burned boreal forests,42

however, thermokarst rates in burned tundra may remain

elevated for 5–8 decades before returning to those in unburned

tundra (Figure S4).

After analyzing all available images acquired across NOAT,

one of the most fire-prone tundra ecosystems on earth,28 we

did not find evidence linking repeat burns with intensified ther-

mokarst response. This result is surprising given the relatively

short period between the observed first and second fires (6–38

years) to the mean fire return interval of NOAT (�400 years).30

Although repeat burns still produced a pulse of thermokarst,

the amount was not statistically different from that of a single
One Earth 4, 1–12, December 17, 2021 5



Figure 4. Thermokarst response to repeat

burn

The results were generated from six areas (sepa-

rated by the dotted vertical lines) that have been

burned twice since 1950 (a total of 12 fires) in

lacustrine deposits (Table S1). The time between the

initial and the subsequent burns ranged from 6 to 38

years (x axis). The shaded area (mean ±1 SE) refers

to pulse thermokarst formation (m2 ha�1) associ-

ated with the initial burn (see Equation 1 and Fig-

ure S5). The pulse thermokarst formation (m2 ha�1)

caused by the repeat burns was computed with

three scenarios (Equation 2; Figure S5) differenti-

ated by colors. The transparent circles represent

individual observations, and the solid circles are

mean (±1 SE). Scenario 1 (red) assumed that ther-

mokarst rate following the initial burn was unaffected by the occurrence of the subsequent burn and continued to decrease over time. Alternatively, scenario 2

(blue) assumed that the impact of the initial burn ended by the occurrence of the subsequent burn, which took its turn to dictate thermokarst rate. Scenario 3

(black) is the sum of scenarios 1 and 2, assuming that both fires contributed additively to thermokarst rates (Figure S5).
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burn. Several mechanismsmay be involved to explain this insen-

sitivity of tundra to repeat burns, including (1) insulative vegeta-

tion may have rapidly recovered following fire that restores soil

thermal regime and buffers permafrost from ambient environ-

ments,43 (2) plant species and the associated fuel types may

have shifted toward a fire-resistant community,44 and (3) soil

moisture may have been altered by the reorganization of

drainage networks that prevent returning fires from burning

into deep horizons (Figure 3). The potential suppression of repeat

burns was evidenced by our observations, as we found that the

second burns tended to be less severe than the first burns (Table

S1). Further interpretation of these results should be made with

caution as minimal area of tundra has experienced repeat burns

in the past (<0.1% of Arctic Alaska, 1950–2020).31

These findings, together with our model simulations, outline a

general pattern of regional thermokarst propagation, character-

ized by gradual but pervasive thermokarst acceleration driven

by climate warming, punctuated by periods of pronounced but

localized thermokarst aggravation forced by fire. Assuming a

space-for-time substitution, the tundra ecoregions of northern

Alaska may represent a range of possible future states of climate

and fire regimes in the tundra biome. Our model simulations sug-

gest that the relatively warm and fire-prone southern ecoregions

(e.g., Seward Peninsula and Kotzebue Sound Lowlands) have

substantially more thermokarst formation than the northern ecor-

egions (e.g., ArcticCoastal Plain, BrooksRangeFoothills, Brooks

Range), in which fire was responsible for one-third of the forma-

tion (the difference between the fireRun and the nofireRun) in

these southern ecoregions (Figure S8). With amplified warming

in high latitudes,45 similar conditions will likely develop in the

north. The northern tundra regions may be especially primed for

rapid thermokarst progression, where massive ice close to the

ground surface46 has slowly developed over a millennial time-

scale in the absence of fires.28 The heightened vulnerability of

northern regions to activating wildfire was well exemplified by

the Anaktuvuk River Fire (in the Brooks Range Foothills), where

over one-third of burned area formed thermokarst after 7 years.7

TheArctic landscape is in rapid transition. This studyshowcases

the synergistic impact of climate change and fire disturbance on

abrupt permafrost degradation on decadal to centennial time-

scales—a process unlikely to be captured by short-term observa-
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tions. Although the response of permafrost landscapes to wildfire

is dependent on permafrost properties and geomorphology,47–49

our results derived from various environmental contexts are infor-

mative for many areas of the circumpolar Arctic, such as

the Beringian landscapes of Alaska and Siberia, which have

recently experienced an unusually prolific fire season.50 Consid-

ering the enduring efficacy of wildfire in provoking thermokarst

and theprojectedfire activationacross thepan-Arctic,32 thesignif-

icance of tundra fires in determining future permafrost extent and

content may continue to grow.

It is worth noting that the thermokarst patterns studied here

only focused on fine-scale thermokarst features commonly

associated with ice wedge degradation. We did not include

meso-scale thermokarst or thermoerosional features such as

retrogressive thaw slumps, active layer detachment slides,

coastal bluff erosion, or thermokarst lake dynamics, all of

which show signs of intensification with climate change.6,51–

55 Since permafrost serves as the physical foundation but-

tressing the Arctic landscape, its collapse has cascading im-

pacts on myriad ecosystem properties and functions.9,37,56,57

As we continue to gain insights into the controls and patterns

on past and present permafrost dynamics, the significance of

such landscape evolutionary processes on biogeochemical

and biophysical feedbacks should emerge as a research

priority.5,58 As such, these datasets will provide essential

quantitative constraints for benchmarking elusive thermokarst

processes in terrestrial and earth system models59 for

improved understanding of regional to pan-Arctic terrestrial-

atmosphere feedbacks.
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A B Figure 5. Regional thermokarst formation

during 1950 and 2015 in Arctic Alaskan tundra

(A) Cumulative thermokarst formation (1950–2015)

of each 1-km2 pixel across the 2.6 3 105 km2

northern Alaskan tundra (excluding lakes, glaciers,

ice sheets, and barren lands). The result is based

upon model output forced with historical fires (i.e.,

fireRun; see Figure S8 for results of individual tundra

ecoregion).

(B) Annual thermokarst rate of paired model runs

forced with historical fires (colored dots, fireRun)

and without historical fires (black crosses, nofir-

eRun) (Figure S8). The solid and dotted lines

correspond to linear regression of annual output of

fireRun and nofireRun, respectively. The arrows

point out 4 extreme tundra fire years when annual

area burn exceeds 95% quantile range of tundra fire

records (1950–2015). LOGS, length of growing

season. Temperature, mean summer area temper-

ature. More information of model simulation and

validation can be found in Figures S6–S8.
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additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

Study site

The Noatak National Preserve (NOAT) is located in northwestern Alaska (Fig-

ure 1). This region has a relatively warm climate with mean growing season

temperature of 10.6�C and total growing season precipitation of 108.3 mm

(data from the nearest meteorological station at the Kotzebue Airport,

https://www.ncdc.noaa.gov/, 1980–2020). The NOAT has experienced

frequent burning over past decades, with an estimatedmean fire return interval

(FRI) around 400 years30. The majority of the vegetated area (dominated by

shrub-tussock tundra60) in the NOAT is characterized by surficial geological

substrates of alluvium (including alluvial deposits, eolian sand, silt and organic

deposits, and terrace deposits), lacustrine deposits (lacustrine, glaciolacus-

trine, and glacial-marine deposits), and glacial drift (glacial and ice-contact

gravel deposits),34 generally corresponding to ground ice contents from high

to low.21,35,61

The alluvium in the NOAT was deposited during the Holocene and Pleisto-

cene, spatially restricted to valleys and lowland basins associated with ter-

races and floodplains dissected by streams and rivers.34 The terrain

of alluvium is relatively smooth, and the sediments are normally featured by

sandy silt or organic-rich silt that contains massive segregated ice or ice

wedges.35,62 Lacustrine deposits are expansive in the NOAT, formed during

the Holocene and Pleistocene with small areas during the late Tertiary.34

Lacustrine deposits are largely characterized by fine-grained sediments con-

taining abundant ice as lenses and wedges, normally occupying thaw basins

including glacial and non-glacial lakes in peaty lowlands.62 Glacial drift was

deposited either directly by glacial ice or by meltwater during the Holocene

and late Pleistocene, usually found in upland and hillslope tundra in the

NOAT.34 The terrain of glacial drift, frequently interspersed with kittle lakes,

contains ice of various volume.62 Despite the presence of colluvial deposits

(mass wasting and lower slope deposits in hilly terrain) within the NOAT, we

did not include it due to its low ground ice content and limited distribution in

vegetated tundra of northern Alaska.34,35

Image acquisition and preprocessing

We acquired 542 high-quality optical images (resolution of 0.2–1.5 m) span-

ning the period of 1951–2018 to study thermokarst dynamics across time

and space. All images were acquired during the snow-free season, in which

12%, 49%, 28%, and 11% of the images were in June, July, August, and

September, respectively. These aerial and satellite images were obtained

from three data sources: 287 aerial photographs acquired between 1951

and 2007 by NASA AMES Research Center and NASA Johnson Space, 172

declassified military intelligence photographs acquired between 1972 and

1984 by the Keyhole satellite system KH, and 83 commercial satellite images
acquired between 2000 and 2018 from Polar Geospatial Center (satellites:

Quickbird-2, Worldview-1, Worldview-2, Worldview-3, Ikonos, Geoeye-1,

and OrbView-3). Image orthorectification and co-registration were performed

following standard protocols given by Necsoiu et al.63 93.3% of the images

have a ground resolution between 0.2 and 1.0m, and the remaining have a res-

olution between 1.1 and 1.5 m. The small differences in resolution do not affect

the clarity to which fine-scale thermokarst features can be identified and

measured. The overall registration root-mean-square error is less than 1.0 m

(median of 0.22 m, range between 0.001 and 0.66 m).
Uncertainty analysis of thermokarst detection

Our thermokarst detection is largely based upon directional changes of water-

logged features (e.g., flooded pits, ponds, and troughs; Figure S2).19,64 To

ensure that the results are not an artifact arising from intra-annual surface wa-

ter fluctuation (due to factors such as precipitation or spring runoff),19,64 we as-

sessed monthly surface water extent from June to September (i.e., growing

season) (Figure S9). Images used for the analysis were acquired in four years

(2008, 2010, 2013, and 2016) that differed in monthly precipitation patterns

(NOAA, https://www.ncdc.noaa.gov/). We set up 35 study sites (500 by 500

m) across alluvium (n = 7), lacustrine deposits (n = 17), and glacial drift (n =

11) (Figure S9). Within each surficial geology type, we placed the study sites

along topographic gradients to account for variable drainage conditions and

water retention capacities (Figure S9).

Our analysis revealed that monthly surface water extent within thermokarst

features oscillated minimally from June to September (Figure S9; Table S4).

Surface water extent was relatively stable between July and August (peak

growing season, 2.1 ± 0.7 m2 ha�1, n = 35), but slightly increased between

June and September (5.2 ± 1.7m2 ha�1, n = 35; Table S4). Thismonthly pattern

was consistent across the landscape, as reflected in lowland alluvium (5.6 ±

0.8 m2 ha�1, n = 7), lacustrine deposits (3.7 ± 1.1 m2 ha�1, n = 17), and upland

glacial drift (2.1 ± 0.6 m2 ha�1, n = 11; Table S4), collectively suggesting negli-

gible influence of surface water fluctuation on our interpretation of thermokarst

time series.
Quantifying immediate impact of fire

Wemonitored thermokarst dynamicswithin the first 3 years after fire (i.e., pulse

thermokarst formation). The 3-year time span is constrained by image avail-

ability and postfire charcoal persistence.65 We selected fires across NOAT

for this study according to three criteria: (1) they encompass different levels

of fire severity (high, moderate, and low), (2) they span a gradient of ground

ice contents (alluvium, lacustrine deposits, and glacial drift), and (3) they

have both prefire (%3 years before fire) and postfire (at 3 years after fire) im-

ages available. The fires fulfilling these requirements are the Uvgoon Creek

Fire in 2012 and the Sidik Lake Fire in 2010 (Figure S1).
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The Uvgoon Creek Fire occurred in the summer of 2012, burning an area of

217.2 km2 with 8.4, 151. 8, and 16.9 km2 in alluvium, lacustrine deposits, and

glacial drift, respectively (Figure S1). Within the fire perimeters, 26.3%, 47.5%,

and 15.2% of the area was respectively classified as high, moderate, and low

fire severity (Monitoring Trends in Burn Severity, MTBS, https://www.mtbs.

gov/). The Sidik Lake Fire (100.8 km2) occurred in the summer of 2010 (Fig-

ure S1). The fire burned across alluvium (10.4 km2), lacustrine deposits

(60.6 km2), and glacial drift (20.2 km2), predominantly in low to moderate fire

severity (2.2%, 22.8%, and 48.4% high, moderate, and low, respectively).

To separate fire-induced thermokarst from background changes, we

created two zones (radius of 500 and 2000 m) around the fire perimeters (Fig-

ure S1). The 500-m zone serves as the transition between burned and un-

burned tundra, and the region between 500 and 2000 m was used as

the unburned area for comparison with the adjacent burn. We set up 112 study

sites (5003 500 m each) using stratified random sampling to ensure unbiased

representation of fire severity and surficial geology type (Figure S1). The num-

ber of study sites assigned to each surficial geology type was proportional to

its surface area in the NOAT: alluvium (21%, n = 24), lacustrine deposits (50%,

n = 56), and glacial drift (29%, n = 32). Within each surficial geology type, an

even number of study sites was assigned among unburned, low, moderate,

and high severity area.

We quantified thermokarst area in each study site both before and after fire

using manual delineation.66,67 Although troughs (i.e., typical features of polyg-

onal tundra associated with ice wedge degradation, formed by the alternating

thermal expansion and contraction) are easily identifiable in high-resolution

images, manually digitizing trough area is challenging and may introduce un-

intended errors given their abundance and relatively small size (Figure S2).

Developing troughs grow in size, shown as increase in length, width, and con-

nectivity in optical images over time. Therefore, we used Polyline (in ArcGIS

10.5) to outline the well-defined trough centers, and we generated buffers

with a given distance (range of 0.5–1.5 m) to approximate trough area (Fig-

ure S2). The buffer diameter was determined for each study as the average

width of a sample of 20–30 randomly selected troughs within each site. For

features that were initially flooded but drained at a later period (e.g., pits and

troughs), they were still counted (not removed) as thermokarst area given

that the loss of ground ice is unlikely to rapidly restore under current climatic

conditions.11,17 All results were normalized to square meter per hectare (m2

ha�1). The pulse thermokarst formation was then computed as the difference

between areas quantified before and after fire. All geoprocessing was

completed in ArcGIS 10.5 at the spatial scale of 1:3,000.

Quantifying long-term impact of fire

We studiedmultidecadal-scale thermokarst dynamics across two of the oldest

fires observed in the NOAT (the OTZ-NNW38 Fire in 1977 and the OTZ-NE100

Fire in 198631). These fires were selected following similar criteria given above,

i.e., fire severity, surficial geology, and image availability. In a similar fashion, all

unburned sites were located within an area between 500 and 2000 m radius

surrounding the fires (Figure S3).

The OTZ-NNW38 Fire occurred in 1977, burning an area of 459.5 km2 across

alluvium and lacustrine deposits (Figure S3). It represented the fourth largest

tundra fire ever recorded north of the Arctic circle.36 The area burned in

high, moderate, and low severity respectively accounted for 12.9%, 45.8%,

and 41.3% (Figure S3).36 There were five years with full imagery coverage of

this area, and they are 1951 and 1976 (prefire) and 1984, 2007, and 2015 (post-

fire). TheOTZ-NE100 Fire (21.8 km2) took place in 1986 in glacial drift. It burned

45.7%, 38.9%, and 15.4% of the area in low, moderate, and high severity,

respectively (Figure S3). The years with full imagery coverage of the OTZ-

NE100 Fire are 1971 and 1980 (prefire) and 2007 and 2016 (postfire).

We set up 112 study sites (500 3 500 m each) across these fires following

the same stratified random sampling protocol as described above (Figure S3).

The thermokarst area (m2 ha�1) in each study site was repeatedly measured

using manual delineation (Figure S2), and the rate of thermokarst (m2 ha�1

year�1) within any given time interval was calculated as differenced thermo-

karst area divided by the number of years in between (Figure S2).

Quantifying impact of repeat burns

A total area of 333.5 km2 in the NOAT was burned repeatedly (no more than

twice) over the past �70 years by 35 fires, with the time between the initial
8 One Earth 4, 1–12, December 17, 2021
and the subsequent fires ranging from 6 to 38 years.31 The majority of repeat

burns (266.8 km2) fall within the most extensive surface geology of lacustrine

deposits in the NOAT (Figure 1). Alluvium and glacial drift combined account

for �6% of the area burned repeatedly. As a result, our study of repeat burns

was only conducted on lacustrine deposits (Table S1).

To compare the amount of pulse thermokarst formation associated with an

initial burn (at time TF1 ) and a repeat burn (at time TF2 ), images acquired at the

time before burns (T1), between burns (T2), and after burns (T3) were needed

(Figure S5). This requirement was met by 12 fires in six locations, with an over-

lapping burned area of 216.4 km2 (Table S1). We set up a total of 52 study sites

(5003 500 m each) in the six repeatedly burned locations. The number of sites

assigned to each location is proportional to its area, and each location has a

minimum of three sites (Table S1). We quantified thermokarst area within

each study site at T1, T2, and T3 (Figure S5) using the same approach outlined

above (Figure S2). The pulse of thermokarst formed by the initial burn (TKF1 , m
2

ha�1) was computed as follows:

TKF1 = TKT2 � TKT1 �
ZTF1

T1

f1ðtÞdt �
ZT2

TF1 +3

f2ðtÞdt (Equation 1)

where TKT1 and TKT2
correspond to the thermokarst area measured at T1 and

T2, respectively (Figure S5). f1(t) and f2(t) refer to the thermokarst rates between

T1 and the initial burn, and between the initial burn and T2. These rates are a

function of time (unit: year), generated from our above described thermokarst

rates observed across unburned and burned tundra (Table 1; Figure S4).

Similarly, the pulse thermokarst formation by the repeat burn (TKF2
, m2 ha�1)

was calculated as follows:

TKF2 = TKT3 � TKT2 �
ZTF2

T2

f3ðtÞdt �
ZT3

TF2 +3

f4ðtÞdt (Equation 2)

where TKT3
is the amount of thermokarst observed at T3 (Figure S5). f3(t) and

f4(t) correspond to thermokarst rates between T2 and the repeat burn, and be-

tween the repeat burn and T3, respectively (Figure S5). Similar to f2(t), f3(t) cor-

responds to postfire thermokarst rates following the initial burn. In contrast,

f4(t) is likely subjected to the influence of both the initial and the repeat burns

(Figure S5). We approximated f4(t) with three scenarios assuming a different

contribution of each burn. Scenario 1 assumes no impact of the repeat burn,

and f4(t) depends solely on the legacy of the initial burn. Alternatively, scenario

2 assumes no impact of the initial burn, and f4(t) is dictated entirely by the im-

pacts of the repeat burn. Scenario 3 assumes contributions of both burns, and

f4(t) is computed as the sum of scenarios 1 and 2.

Modeling thermokarst rate

We modeled thermokarst rates using BRT algorithm fitted in R v3.6.1 (with

package gbm68). The BRT is a machine learning approach that integrates

the strengths of regression trees and boosting to form an ensemble model

with optimized predictive performance.69 We chose BRT on account of (1)

its success in describing patterns andmaking predictions in a range of ecolog-

ical problems,70–72 (2) its sophistication in managing high-order interactions

and collinearity of predictors, and (3) its capacity in handling missing data, out-

liers, and different types of inputs. Further details of the theory and practice of

BRT can be found in Elith et al.69

We selected 24 candidate predictors (Table S2) for thermokarst, informed

by previous studies3,6,7,13,15,23,24,56,61,73–77 and the findings of the current

study. These explanatory variables can be broadly categorized into three

groups: (1) meteorological or phenological variables (n = 14), including temper-

ature and precipitation, (2) topographical or geological variables (n = 8), such

as permafrost distribution and landcover, and (3) disturbance variables (n = 2):

fire severity and YSF. We obtained datasets of variables in the first two cate-

gories from geospatial databases (Table S2). The fire severity dataset was

derived from the MTBS archive (https://www.mtbs.gov/) and Chen et al.36

The YSF value is assigned to each observation based on its temporal distance

from fire occurrence.31 For unburned observations in the NOAT, their YSF is

approximated as the regional mean FRI, computed with the equation given

by Johnson and Gutsell:78

https://www.mtbs.gov/
https://www.mtbs.gov/
https://www.mtbs.gov/
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FRI =
tPn
i = 1

ai
A

(Equation 3)

where t accounts for the time span of fire observation, n is the number of fires,

ɑi represents the area burned by fire i, and A refers to the vegetated area of the

region.

We divided our observations into training and validation datasets in the ratio

of 80% to 20%. We initially fitted the model on the training data between the

whole set of candidate predictors and thermokarst rate, and then removed

non-significant variables in a stepwise fashion following the principle of

maximum parsimony and minimizing cross-dependent/cross-correlative vari-

ables.72 The regularization parameters of the model were tested before being

fixed at the optimal bag fraction of 0.75, learning rate of 0.0005, and tree

complexity of 10, which resulted in the number of trees >5,000. Model perfor-

mance was evaluated using the default 10-fold cross-validation (Figure S7).

Six variables (YSF, PP, MSAT, TPI, FSS, and LOGS) that demonstrate the

heaviest influence (relative influence >5%) on thermokarst rates were retained

in the final model (Figure S6), which achieved an explanatory power of R2 =

0.73 (10-CV = 0.69 ± 0.01, p < 0.001; Figure S7). The model was

further validated by the independent validation dataset (Figure S7), confirming

its strength in reproducing the observed thermokarst patterns in the NOAT (p <

0.001, R2 = 0.7).

Model extrapolation and validation

We extrapolated our findings in the NOAT using the BRT model generated

above to the northern Alaskan tundra biome (>64�N), which comprises 2.6 3

105 km2 of land surface (excluding lakes, glaciers, ice sheets, and barren

lands) and consists of six tundra ecoregions (i.e., Arctic Coastal Plain, Brooks

Range Foothills, Brooks Range, Kotzebue Sound Lowlands, NOAT, and Sew-

ard Peninsula). We conducted a pair of model runs allowing (fireRun) and pro-

hibiting (nofireRun) fire occurrence as a means to isolating the contribution of

tundra fire to overall thermokarst formation. For both scenarios, we run the

model on a 1-km2 grid cell at an annual time step spanning 1950–2015 with

a 10-year spin-up to adjust the initial YSF. The YSF value of a given cell in a

given year was calculated from the AICC fire observation (burned) or as

regional mean FRI (unburned) (Equation 3).

For the fireRun, we converted annual AICC fire polygons (1950–2015) to a

multi-layer raster stack (cell size = 1 km2) so that each layer records the loci

of burned (value of 1) and unburned (value of 0) cells in a given year. The

same raster stack was created for the nofireRun except for assigning all cells

to 0 to turn off fire occurrence. Model spin-up of the two simulations was

forced with an identical input dataset. For the spin-up period (1940–1949)

with no reliable fire observation data, we assumed it had a fire regime similar

to the mean fire regime during 1950–2015. Thus, for a specific ecoregion,

the annual fire occurrence dataset of spin-up was created by randomly select-

ing pixels to burn an area equivalent to the average annual area burned be-

tween 1950 and 2015. To avoid repeated sampling of burned cells, only cells

not burned in previous years were selected. The fire occurrence datasets

spanning 1940–2015 were then transformed to annual YSF forcing. In brief,

all cells were initiated as unburned. The YSF value was updated annually ac-

cording to the fire occurrence dataset: YSF remains unchanged unless fires

occur, in which case YSF of the cell upgrades to 1. For every year past fire,

YSF increases by 1 until the next fire occurs and its value returns back to 1,

repeating the cycle. The contribution of fire disturbance to overall thermokarst

formation was then computed as the difference between the fireRun and the

nofireRun. To further isolate the contribution of climate change to remaining

thermokarst formation, an additional model run prohibiting fire disturbance

and forced with linearly detrended climate inputs (MSAT and LOGS)79,80 was

conducted, and the result was subtracted from the nofireRun to calculate ther-

mokarst attributable to changing climate.

Model output of the fireRun (Figure 5)was validatedby14validation sites (Ta-

ble S3) and by published data (n = 14) from northern Alaskan tundra

(refs.3,17,19,38) (Figure 1). Two sites were randomly placed in each of the five

northernAlaskan tundra ecoregions outside theNOAT (TableS3), one inburned

andone in unburned areas, except for theArctic Coastal Plain, where both sites

were placed in unburned tundra due to the paucity of wildfires. Additionally, we

set up four study sites in the Anaktuvuk River Fire to evaluate model perfor-

mance in extreme settings (e.g., ice-rich tundra burned in extreme severity26):
two in ice-rich yedomadeposits (one in burned and one in unburned) and two in

non-yedoma deposits (one in burned and one in unburned) (Table S3). We

analyzed thermokarst rate for each validation site using the same approach

described earlier (Figure S2). The published data used for validationwere either

collected by in situ measurements or by optical-based remote sensing.

Statistical analyses

We analyzed the difference in immediate thermokarst formation between four

fire severity regimes and three surficial geology types using an unbalanced

two-way analysis of variance (ANOVA). The independent factors were spec-

ified as fire severity and surficial geology. All pairwise comparisons were

conducted using the Games-Howell post hoc tests for datasets with unequal

variances and unequal sample sizes. The datasets were checked for

normality using Shapiro-Wilk test and transformed prior to statistical anal-

ysis. To account for the repeated measure in our study for long-term thermo-

karst response, the mixed-design ANOVA was applied to determine

the differences between time intervals and between fire severity regimes,

where the within-subjects factor is specified as time intervals and the be-

tween-subjects factor is fire severity regime. The degrees of freedom were

adjusted using the Greenhouse-Geisser adjustment to meet the sphericity

of the covariance matrix assumption. We performed a two-tailed Student’s

t test to compare pulse thermokarst growth between the initial burns and

the repeat burns. Linear regression analysis was used to assess the relation-

ship between FRI and pulse thermokarst growth by repeat burn. All statistical

analyses were conducted in R v3.6.1, and differences were considered sig-

nificant at a level of p < 0.05.
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