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Abstract
The severity and frequency of tundra fires in Arctic permafrost landscapes is expected to increase
with ongoing climate change. By burning the insulating organic layer of soils, tundra fires impact
the soil thermal regime for underlying permafrost and can accelerate thaw in the years follow-
ing the burn. In this paper, we address the scarcity of long-term studies on post-fire permafrost
degradation in ice-wedge landscapes by using a space-for-time substitution analysis spanning a
chronosequence (pseudo-time series) of up to 67 years of remote sensing data from Alaskan tundra
fire scars. We use computer vision and graph analysis on high-resolution digital elevation models
derived from airborne lidar of fire-affected areas in Western Alaska to investigate the effects of tun-
dra fires on the post-fire development of microtopography and surface hydrology in polygonal ice-
wedge landscapes. Our analysis indicates a modest overall trend toward recovery of polygonal sur-
face structure over timescales of 70+ years, though considerable variability among fire scars high-
lights that post-fire trajectories are not uniform.

1. Introduction

Permafrost landscapes throughout Arctic tundra eco-
systems face increasing pressures due to climate
change-induced phenomena. Recent studies observed
an average increase of mean annual permafrost
ground temperatures of 0.39± 0.15 ◦C in the con-
tinuous permafrost zone compared to the 2007–2016
average [1], and a reduction in permafrost extent
over the past centuries in several Subarctic perma-
frost regions. This permafrost thaw promotes carbon
release into the atmosphere [2, 3], and can result in
shifting vegetation patterns [4], changes in hydro-
logical regimes [5], or topographical changes—all

with major consequences to permafrost ecosystems.
Permafrost thaw can be categorized as either gradual
or non-gradual (also ‘abrupt’) [6]. Gradual thaw
unfolds over decades to centuries through the thick-
ening of the active layer, the top layer of soil
above permafrost that thaws and refreezes season-
ally. Conversely, non-gradual thaw occurs over sig-
nificantly shorter timescales (days to years), and is
often triggered by more sudden ground-ice melt
following disturbance. It involves terrain subsid-
ence and erosion, creating landforms such as ret-
rogressive thaw slumps or thermo-erosion gullies,
potentially even exposing deep permafrost layers
to above-freezing temperatures [6]. However, since
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these abrupt changes are connected to disturbances,
they are less predictable and thus pose signific-
ant challenges for estimating the impacts on the
regional environment or on infrastructure and local
communities.

One notable disturbance known to trigger abrupt
thaw under certain conditions is tundra fire [2, 7,
8]. Several studies have shown that fire frequency
and severity are expected to increase with ongo-
ing climate warming, which will promote conditions
under which post-fire permafrost thaw occurs [9,
10]. Particularly in ice-rich permafrost landscapes,
such as those characterized by ice-wedge polygons,
severe tundra fires can have substantial consequences:
By burning the insulating vegetation and topmost
organic soil layers, these fires directly emit large
amounts of carbon [11] but also affect the long-
term soil thermal regime by destroying the buffer
between the atmosphere and frozen ground below,
thus strongly increasing the vulnerability of these
already fragile tundra environments to warming. The
subsequent degradation of ice-wedge landscapes due
to tundra fires not only alters terrain properties
but also perpetuates further permafrost degradation,
which manifests as ground subsidence [7], increasing
surface and ground temperatures as well as an ini-
tial thickening of the active layer [8, 12], and shifts
in nutrient dynamics [13] and vegetation patterns
[14], all with far-reaching consequences for perma-
frost ecosystem functioning and resilience [15, 16].

Most studies on post-fire ice-wedge degradation
have been conducted in the Anaktuvuk River Fire
scar in Northslope, Alaska, where one of Alaska’s
largest and most severe tundra fires burned about
1000 km2 in summer 2007 [7, 11, 17–20]. These stud-
ies shed light on the dynamics of permafrost degrad-
ation on short time scales of several years and sug-
gest a positive correlation between the time elapsed
since a fire and the extent of landscape degrada-
tion. Subsequent work [21] suggests that the ice-
wedge polygon degradation in this fire scar has sta-
bilized 15 years post-disturbance. Such pathways of
stabilization and even recovery of degrading ice-
wedge troughs has previously been theorized by [22]
and validated with in-situ observations by [23], who
showed that under certain environmental conditions,
ice-wedge degradation can decelerate, stabilize, and
sometimes revert so that landscapes resemble undis-
turbed terrain. Stabilization and recovery processes
can for example be initiated through the accumu-
lation of peat in the troughs or drainage of the
trough ponds [22]. Despite considerable advance-
ments in understanding post-fire permafrost dynam-
ics, it remains unclear whether recovery after ice-
wedge degradation is a rare or widespread phe-
nomenon due to a significant gap in long-term
decadal-scale observations spanning a larger number

of fire scars. Analyzing long remote sensing time
series is our best approach to tackle this issue and
some prior investigations even used terrain texture
and vegetation characteristics in imagery to identify
burn scars from fires predating the remote sensing
record [24]. Our understanding of the time scales of
post-disturbance permafrost thaw, stabilization, and
recovery processes stemsmostly from few field studies
or detailed local-scale remote sensing studies (e.g. [8,
25, 26]). Such data is still sparse but is hugely import-
ant for quantifying the effects of fire return intervals,
biogeochemical and hydrological impacts, vegetation
and ecosystem succession, and overall landscape tra-
jectories in disturbance settings.

Our study aims to address this knowledge gap
by employing a space-for-time substitution remote
sensing analysis to investigate the long-term effects
of tundra fires on landscape microtopography and
surface hydrology. By analyzing more than 100 areas
of interests (AOIs) within and around fire scars in
Western Alaska, USA, we aim to investigate the post-
fire pathways of ice-wedge degradation and stabiliza-
tion in these disturbance settings. Leveraging image
segmentation and graph extraction techniques, as
outlined by [20], we provide insights into the utility
of such methodologies to quantify landscape dynam-
ics on larger spatial scales. We also demonstrate the
scalability of our pipeline with the workflow man-
ager Nextflow (see supplementary material B), ensur-
ing reproducibility and portability in preparation for
application to the growing archive of high-resolution
elevation data such as airborne light detection and
ranging (lidar).

2. Study area

Our investigation focuses on fire scars within two dis-
tinct ecoregions of Western Alaska: the Noatak River
Valley (NRV, figures 1(a) and (b)) and the Central
Seward Peninsula (CSP, figures 1(c) and (d)), with a
subset in the BucklandRiver Valley (BRV, figure 1(e)).
We refer to the CSP together with the BRV as Seward
Peninsula (SP). This classification aligns with previ-
ous studies by [16, 27]. According to [28], all selected
study sites lie within the discontinuous permafrost
zone, with permafrost coverage ranging from 50%
to 90%. Analysis of the fire history in both regions
reveals more frequent occurrences of tundra fires in
the NRV (mean fire interval (MFI) of 13 years), with
smaller average areas burned (13.8 km2), while the SP
has encountered larger fires (on average 39.1 km2),
albeit at lower frequency (MFI of 18 years). The fire
rotation period (FRP) is at 425 (NRV) and 424 (SP)
years and thus almost identical in both ecoregions
[16]. In the NRV study area, the landscape is char-
acterized by thermokarst lakes within once-glaciated
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Table 1. Environmental and fire regime properties for the Seward Peninsula and Noatak River Valley study regions. Numbers reported
refer to specified locations (in brackets), or the larger region. Region definitions vary and can be gathered from the cited references.
MAGT: mean annual ground temperature; MAAT: mean annual air temperature; MAP: mean annual precipitation; ALT: active layer
thickness; OLT: organic layer thickness; SOC: soil organic carbon; MFI: mean fire interval; FRP: fire rotation period.

SP NRV References

Permafrost extent Discontinuous/continuous Discontinuous/continuous [28]/[31]
MAGT (2000–2016) −1.27± 1.97◦C −1.74± 1.97◦C [28]
Vegetation types sedge, lichen, tussock tundra

with dwarf shrubs in valley
bottoms

shrub-sedge, lichen, and tussock tundra,
with tall shrubs and willow and birch
thickets along rivers and valley bottoms

[34]

MAAT (1991–2020) −2.2◦C (Nome) −4.4◦C (Kotzebue) [35]
MAP (1991–2020) 437mm (Nome) 290mm (Kotzebue) [35]
ALT (mean 2001–2015) 75 cm 70 cm [36]
OLT (unburned,
summer mean
2016–2018)

19.27± 8.35 cm 14.64± 7.60 cm [27]

SOC (0–0.3m) 6–13 kg ·m−3 9–19 kg ·m−3 [37]
Soil moisture (vol. frac.) 0.85 (0–0.05m), 0.9 (0–1m) 0.85 (0–0.05m), 0.9 (0–1m) [38]

Fire ecoregion area 47 307 km2 15 049 km2 [16]
Total area burned 7171 km2 2465 km2 [39]
MFI (1950–2011) 18 years 13 years [16]
FRP (1950–2011) 424 years 425 years [16]
Fire years at AOIs 1954, 1971, 1977, 1997,

2002, 2015
1977, 1999, 2004, 2012 [39]

valleys. Conversely, the SP shows rolling tundra land-
scapes dominated by sedge tussock communities,
with shrubs primarily found in valley bottoms of the
Kougarok and the Buckland Rivers. Table 1 summar-
izes the site characteristics.

Within these ecoregions, we conducted airborne
lidar surveys covering a wide range of fire scars and
within these areas we randomly sampled 500 square
plots to investigate the presence, abundance, and
morphology of polygonal patterns in detail. As these
plot AOI need to be of equal size and shape to allow
quantitative comparison of graph metrics [20], we
chose a size of 30.25 ha (550m by 550m). This size
allowed a maximization of the number of AOIs with
fairly homogeneous land surface in the available lidar
footprints while also covering a minimum poten-
tial number of polygon features, which typically have
diameters of 10–15m, in each AOI. As the graph
extraction is only stable within landscapes of high-
centered polygons, we manually remove any AOIs
sampled in low-centered polygonal terrain and any
AOIs that were sampled in lakes or rivers. This left
us with 106 AOIs overall; 62 in SP, and 44 in NRV.
Respectively, three and 11 of these remaining AOIs
are ‘reference plots’ that are located in unburned10

areas close to the fire scars. Due to the short MFI
in both study regions, it was not possible to restrict
AOI sampling to areas that have burned only once.
Several of the 92 fire-AOIs are located in terrain that

10 Unburned according to the Alaska Large Fire Database (ALFD)
(section 3.1.1).

has experienced up to four fires since 1954. Previous
research has demonstrated that repeated burning in
tundra landscapes can alter the vegetation structure
and dynamics [29], however, their effect on ice-wedge
polygon topography has not been quantified, to the
best of our knowledge. A statistical analysis on the
relevance of multiple burns towards our results has
shown us that the fire frequency does not exert signi-
ficant influence on the post-fire evolution of the poly-
gonal networks (see supplementary material A).

The soil and environmental characteristics for
these two areas are similar throughout and we there-
fore consider both as belonging to the same ecore-
gion (see also [16, 30]). For SP, the furthest AOIs
are 201 km apart if we consider both subgroups
of CSP and BRV; or 38 km apart if we only con-
sider the AOIs in CSP (where the majority of SP
AOIs lie, see figure 1(e)), with 72m elevation dif-
ference. In the SP region, the oldest burn happened
in 1954. Considering our datasets collected in 2021
(section 3.1.2), this creates a pseudo-time series with
fire scars spanning time since burn from five to
67 years. In the NRV region, the furthest AOIs are
74 km apart and the AOI at the highest elevation is
located 150m higher than the one at the lowest. Here,
where the oldest fire occurred in 1977, the pseudo-
time series spans fire scars with time since burn from
nine to 45 years. Information on fire age and location
was taken from the ALFD (section 3.1.1). We determ-
ined the ground-ice and soil deposit characteristics
for our study sites based on [31] (figure 2). The SP
AOIs feature deposits with higher ice content and a
mostly silty composition. Themajority of deposits are
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Figure 1. Location of the 106 studied AOIs within West Alaska. 44 are located in the Noatak River Valley (NRV, subfigures (a)
and (b)), and 62 are located on Seward Peninsula (SP, subfigures (c)–(e)). The maps also show the outlines of the fire scars, their
year of burn, and overlapping swaths of airborne-lidar derived high-resolution terrain models. Darker color tones in the fire scars
indicate multiple burns during the observation period. Maps displayed in Polar Stereographic projection; north up.

eolian and the AOIs are located within the Yedoma
region [32, 33]; the remaining are characterized by
fluvial or coastal deposits. In the NRV, our AOIs are
mostly characterized by deposits with moderate ice
content and a silty to rocky composition from fluvial
or glacial deposits.

3. Materials andmethods

3.1. Datasets
3.1.1. Alaskan fire database
The ALFD was established in 1990 and includes
records of Alaskan fires dating back until 1950,
including information on the year, the area, and the
location of burns (www.frames.gov/catalog/10465).
Perimeters of the burn areas were mapped with a
variety of delineation methods, including ground

surveys, airborne surveys, and manual and auto-
mated mapping from aerial photography or satel-
lite imagery. Due to these at times unconstricted
mapping approaches, fire perimeters may be over- or
underestimated and uncertainties are usually higher
in remote areas and for older fire perimeters [40]. The
database also does not contain records on the burn
severity of themapped fires.We used this database (as
of August 2021, no version number) to determine the
locations of fire scars and place our study areas within
their boundaries.

3.1.2. Elevation models from airborne lidar
We use point clouds from airborne lidar to derive
digital terrain models (DTMs) at high spatial res-
olution and accuracy. The lidar data was collec-
ted during an airborne survey campaign in Western
Alaska between 25 June and 10 July 2021 with a
full-waveform Riegl LMS-Q680i sensor. With a flight
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Figure 2. Overall distribution of ground ice and deposit characteristics for the AOIs in the two study regions SP and NRV. Data
based on [31].

altitude of ca. 500m AGL (above ground level), the
point cloud density reached on average 5 ptsm−2. To
generate elevation models from these point clouds,
we conducted the following three steps:

(i) We used the echo width, the amplitude, and
the target counter to classify the multiple target
waveforms into the two classes of vegetation and
of bare ground.

(ii) We used the global navigation satellite system-
corrected flight trajectories (through precise
point positioning processing), the inertial nav-
igation system data, and information on squint
angle and lever arms to correct and reference the
point cloud’s ground returns to WGS84.

(iii) Finally, we used inverse distance weighting
to interpolate between points and generate a
DTM.

The resulting DTM has a ground sampling dis-
tance of 1m, with a vertical accuracy of 0.10m.

3.2. Space-for-time substitution analysis
As we aim to investigate the evolution of polygonal
ground within fire scars over time, a time-series ana-
lysis would be the obvious method for investigation.
However, long-term temporal observations of a single
study area do not exist and thus unfortunately render
such an endeavor impossible.Wehave therefore opted
for a space-for-time substitution approach, where we
use spatial variation as a proxy for temporal change
[41, 42]. With this approach we assume that any
other environmental factors do not have significant
influence on the degradation process; or alternatively,
have equal influence throughout the analyzed study
areas. Our 106 AOIs are located within and next to
fire scars of varying ages, capturing the landscape
under varying levels of degradation or stabilization
and pre-burn/unburned states, respectively, and thus
the approach takes some environmental variability

into account. With the exception of one fire scar, we
have multiple AOIs in each scar, which helps account
for differences within a site. To account for potential
variability in environmental conditions, we evaluate
the more northerly NRV and the more southerly SP
separately. Figures 1(a)–(e) provide an overview of
our study sites.

3.3. Image-to-graph transformation
Within the 106 AOIs, we analyzed the microtopo-
graphy of the landscape. In order to quantify and
compare the polygonal terrain accurately, we extrac-
ted a graph of the network from the terrain models of
each AOI. For this, we applied themethod introduced
by [20] which follows these four steps:

(i) Detrend the DTM to remove the regional topo-
graphic trend.

(ii) Binarize and denoise the image to generate a
raster with trough-pixels as foreground class
and all other pixels as background class.

(iii) Skeletonize the binary image to keep only the
centerline of the troughs.

(iv) Convert the skeleton to a graph using the
networkx python package.

The resulting graph is directed, with edges being
defined by an ordered pair of nodes u and v. The dir-
ection of the edge is defined by the direction of hydro-
logical flow and leads from the higher-elevated node u
to the lower-lying node v. We extract the information
on the respective nodes’ elevation from the original
DTM. Figure 3 shows three exemplary graphs from
(a) unburned terrain, (b) terrain in a recent fire scar,
and (c) terrain in an old fire scar.

3.4. Graph parameter extraction
To gather more information on the environmental
properties of the trough network, we extracted
information on its topological characteristics, as well

5
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Figure 3. Graphs representing the polygonal network within three exemplary AOI subsets. The background shows the micro-
topography (with regional trend removed). (a) Unburned reference area in the NRV region, (b) area burned in 1988 and 2004,
also in the NRV region, and (c) area burned in 1954 in the SP region. The edges do not follow the exact paths of troughs in the
visualization, but their true trajectories are captured within the edges’ weights.

as on the presence of surface water within the
troughs. Computed parameters (such as the length
of a trough) are stored as weights of the respective
edge. More details to this procedure are described in
[20]. Compared to their approach, we have slightly
adapted the methodology of extracting the surface
water presence within troughs: When analyzing the
trough transects, we checked if any two neighboring
pixels have the exact same elevation (flat water sur-
face) and if this elevation was below the mean elev-
ation of the transect, we considered this part of the
trough as water-filled. We then collected the number
of pixels within a trough that are water-filled and also
saved this information towards the edge weights. If all
pixels within a trough were water-filled, this number
would amount to 1, and we assumed that water was
potentially flowing between the two trough intersec-
tions at the beginning and end of this trough.

3.5. Quantitative network analysis
Once the graphs were extracted from the DTMs and
all necessary information on the trough topograph-
ies and environment was stored within the nodes and
edges, we conducted the quantitative analysis for all
study sites. In order to gather insights on the state of
the polygonal trough network, we used metrics from
graph theory:We looked at the number of graph edges
(corresponding to the number of troughs), the num-
ber of connected components (corresponding to the
number of hydrologically isolated networks), and the
total channel length (in real-world distances, i.e. kilo-
meters). To gather information on the actual hydrolo-
gical state of these networks at the time of data acquis-
ition, we also analyzed the percentage of water-filled
troughs per AOI.

For the pseudo-temporal evolution of these four
network parameters post-disturbance, we fitted a
second-order regression between the youngest and
the oldest fire scars and report the R2-value.

4. Results

Independent of an AOI being in the fire scar or in
unburned ground, we observe a wide spread of values
inter-class. This is an important foundation we need
to keep in mind throughout the remaining analysis
of results. We report all numbers as median ± MAD
(median absolute deviation).

4.1. Seward Peninsula
In the SP study sites, we observe a large spread of
trough numbers and lengths in the unburned ref-
erence ground (529± 463 troughs, 7.55± 6.08 km).
Following the burn in year 0 (of the pseudo-time
series), these numbers then increase to 2087± 203.5
troughs and 24.68± 1.99 km in the burnt terrain six
years post-disturbance. After this rapid increase, the
number of detected troughs and their total lengths
decreased slowly but constantly until the condi-
tions 67 years post-disturbance have almost recovered
to numbers resembling the pre-burn state again
(572± 185 troughs, 9.10± 2.70 km; figures 4(a) and
(b)). With R2 values of 0.256 and 0.275 respectively,
the quadratic regression describes a moderate rela-
tionship between the fire age and the two metrics.

To gain further insights on the consequences of
the networks’ developments for the surface hydro-
logy, we focused on the number of hydrologically isol-
ated networks (number of connected components in
graph-theory terms) and the percentage of inund-
ated troughs per AOI (figures 4(c) and (d)). In the SP
region, we observe an initial decrease for both met-
rics between pre-disturbance conditions and the first
measurements after the burn (pre-burn: 36± 5 sub-
networks, 33.0± 6.0% inundated; 6 year post-burn:
25± 8 subnetworks, 20.5± 3.5% of troughs inund-
ated). This is then followed by an initially slow
increase for bothmetrics, finally reaching values twice
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as high as pre-burn conditions for the number of isol-
ated subnetwork (67 year post-burn: 78± 14 subnet-
works), and similar to pre-burn conditions for the
water presence (33.0± 0.5% of troughs are inund-
ated). The R2 values of the quadratic regression are
reported as 0.432 for the number of subnetworks,
and as 0.412 for the percentage of inundated troughs,
hinting at a stronger relationship between fire scar age
and recovery.

4.2. Noatak River Valley
In the NRV region, the unburned terrain already
shows more elaborate polygonal networks than the
terrain in SP does (albeit with a higher variability as
well), with 1394± 997 troughs and 17.56± 9.61 km
total channel lengths. Following the burn, we then
generally observe similar trends for the analyzed
topographical metrics as in SP: an initial increase
in the first nine years (up to 1972.5± 762.5 troughs,
17.56± 9.61 km), followed by a subsequent decrease
until the end of the analyzed pseudo-time series
at 44 years post-burn (1106.5± 917.5 troughs,
14.60± 10.54 km; figures 4(e) and (f)). However,
with only 33 AOIs spread over fire scars of only four
different ages to fit the regression to, R2 values drop
to 0.159 and 0.192 for the number of troughs and the
total channel length, respectively.

Concerning the network’s hydrological charac-
teristics, we observe a slight decrease in the num-
ber of subnetworks between the pre-burn condi-
tions (46± 32 subnetworks) and the first observa-
tions post-burn (9 year post-burn: 32.5± 27.5 sub-
networks, figure 4(g). This phase is followed by
strongly decreasing numbers until the 17 year mark
(9± 4 subnetworks), which again is followed by sig-
nificantly higher numbers 22 and 44 years post-
fire (69± 30 subnetworks and 36.5± 22.5 subnet-
works, respectively). However, the R2 of the quadratic
regression is reported as 0.023, indicating a very low
explained variation.

Looking at the percentage of inundated troughs
(figure 4(h)), we observe 28.0± 12.0% of troughs
being inundated in unburned terrain. Terrain nine
years post-fire reports similar numbers, albeit
with considerably lower intra-class variability with
33.0± 2.5%of troughs being inundated.We see a fur-
ther increase until 17 years post-fire (50.0± 4.0%),
followed by decreasing inundation until the end of
our observations (44 year post-burn: 29.0± 4.0% of
troughs inundated). This trend is opposite to the
observations in SP, albeit the R2 being a little lower at
0.324.

5. Discussion

Our analysis shows that polygonal permafrost ter-
rains can follow variable pathways of degradation

after experiencing disturbances such as tundra fires.
Across both study regions, we observe that areas that
have burned recently (up to two decades ago) gen-
erally show more elaborate trough networks than
unburned areas. Translating this into the pseudo-time
domain, this implies a rapid degradation of the poly-
gonal landscape in the first years following a burn,
which is in line with existing local field studies of
post-fire recovery [17, 43]. When looking at older
fire scars, we observe wide ranges of surface degrada-
tion: Some AOIs in older scars exhibit values compar-
able to AOIs in unburned terrain, while other indi-
vidual AOIs remain highly degraded. On average, we
do however observe some degree of stabilization and
recovery: For the SP study site, the median number
of troughs in the AOIs that have burned 67 years ago
are almost as low as in the unburned reference AOIs;
more than 25% of the variance can be explained by
time alone.

In the NRV region, the unburned AOIs, as well as
those in older fire scars, also show a stronger spread
of values than in the AOIs frommore recent fires. For
NRV, the oldest sampled scars date to only 44 years
though, and thusmatch the age of the AOIs in SPwith
the strongest spreads. Unfortunately, we do not have
high-resolution DTMs covering older scars in NRV
and therefore cannot assess if the trajectories would
converge towards a smoothing after 60+ years post-
disturbance. For all analyzedmetrics, we report lower
coefficients of determination than in the SP sites.
Especially with the R2 of 0.023 for regressing fire-
scar age on the number of isolated troughs in NRV
(figure 4(g)), we cannot derive a meaningful relation-
ship between this variable and the age of a fire scar.
Interestingly, in SP, this is the metric with the highest
explained variation from the quadratic regression
(R2 = 0.432).

For the percentage of water-filled troughs, we
observe contrasting regional trends with moderate
to good explanatory power (R2 = 0.412 in SP, R2 =
0.324 in NRV). For SP, we see a rapid decrease, fol-
lowed by a slow increase until the end of observations
(figure 4(d)). This pattern follows models and obser-
vations made by e.g. [5, 44], where landscapes with
higher network connectivity facilitate surface-water
drainage. Assuming a slow infilling of troughs over
time, the number of isolated subnetworks decreases
(as observed in SP, figure 4(c)), reducing drainage
pathways and promoting water retention. However,
this mechanism cannot explain the opposing trend
in NRV, where inundation increases until >17 years
post-fire, followed by less degradation until the end of
observations at 44 years post-fire. This trajectory also
diverges from the other network metrics in the same
region (figures 4(e)–(g)). These contrasting regional
responses, combinedwith the substantial within-class
variability (for all metrics), suggest that fire age alone
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Figure 4. Pseudo-temporal evolution of post-fire morphological and hydrological characteristics in the polygonal terrain of the
two study regions. Each point represents the value for an entire AOI. The gray curve denotes the quadratic fit, with the 95% con-
fidence interval as bands.

cannot fully explain post-fire landscape evolution
patterns.

So what drivers do influence the different path-
ways of landscape evolution and the high variability
within individual fire scars? Previous studies support
the narrative that the drainage conditions of soils and
burn severity of fires can have a significant impact on
the post-disturbance trajectories: In poorly drained
landscapes, disturbed permafrost ground can recover
faster, as wetter conditions promote easier peat
accumulation in troughs and vegetation regrowth,
effectively filling in the troughs and smoothing the

landscape once again [15]. An alternative explanation
may be that in poorly-drained soils the fires burned
less severe to begin with [27]. In these cases, less of the
insulating organic layer gets removed through the fire
and the thermal impact on the underlying permafrost
is smaller [45]. In the NRV study area, we observe the
AOIs of the oldest burns to show less elaborate trough
networks (on average) than the unburned plots do.
Here, the abundance of lakes in the southern NRV
study area (figure 1(a)), the percentage of inund-
ated troughs at these sites, and measurements by
[27] support local drainage conditions as a potential
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control. However, the absence of burn severity data,
especially for many older scars, limits definitive
attribution.

5.1. Detecting historical fires on the Alaskan North
Slope
Our observations of a general trend towards land-
scape stabilization and recovery over longer time
scales initially appear to be in contrast with some
studies made on the Alaskan North Slope [24, 46].
In [24], two large and previously undocumented
fire scars, the Meade River Fire and the Ketik River
Fire, were visually identified from aerial overflights
in 2011 and 2012. Through historical image ana-
lysis and radiocarbon dating of charcoal material, the
authors could date the fires to pre-1940 CE, imply-
ing them to be more than 70 years old at the time of
their investigation. From in-situ measurements, they
reported significant landscape differences between
burned ground and the neighboring unburned areas,
with different vegetation patterns and higher ter-
rain rugosity within the bounds of the fire scar.
In our studied regions, however, some of the old-
est fire scars exhibited fewer troughs than younger
burns, almost resembling unburned terrain charac-
teristics. Especially comparing to the SP, which is,
similar to the North Slope, also a Yedoma-rich terrain
[32], we would expect more similar observations.
One possible explanation for this discrepancy might
lie in the trajectory variability: the Meade River Fire
and the Ketik River Fire may represent the slowest-
recovering endmembers of a broader spectrum of
responses (i.e. the border cases, where trough net-
works remain visually recognizable for longer peri-
ods). This interpretation highlights an important
detectability bias: Historical fire scars that have fol-
lowed a more rapid trajectory of landscape stabil-
ization and surface smoothing are less likely to be
identified from aerial view or imagery. Even though
we observe a slight recovery trend throughout our
analysis, the large spread of landscape states after
40+ years suggests that various outcomes are pos-
sible: degraded polygonal landscapes may persist for
many decades, or the trough network may recover
to a state indistinguishable11 from unburned ter-
rain within the same time window. As a result, gen-
eral conclusions drawn solely from visually detect-
able historical fire scarsmay be subject to survivorship
bias.

5.2. The effect of climate warming
Considering the general trend of warming ground
temperatures and a decline in permafrost extent
induced by global warming, the slower pathways of

11 Indistinguishable in DTMs.

recovery (regardless of disturbance) are not necessar-
ily surprising and in line with observations described
by [47]. Burned permafrost terrain is particularly
sensitive to additional warming [15]; therefore, path-
ways of longer stabilization times observed are con-
sistent with accelerating regional climate change. It is
therefore also important to note that future recovery
trajectories may not necessarily resemble the patterns
inferred here, and that stabilization after disturbance
may become increasingly delayed.

5.3. Limitations from datasets andmethods
It is important to keep in mind that our
space-for-time substitution still only provides an
approximation of post-fire recovery rather than a
true reconstruction of temporal change. Although we
selected study sites with comparable soil and envir-
onmental conditions (section 2), it cannot be guar-
anteed that differences observed between unburned
areas and older burn scars are purely age-related.
Spatial heterogeneity can still also influence recov-
ery trajectories, as factors such as local topography
[47], snow distribution, surface characteristics [15,
48], or burn severity [49, 50]12 can impact the rate of
recovery post-disturbance.

Further, the graph-based methodology of trough
detection is only robust in high-centered polygonal
terrain [20], and as such, we can only investigate post-
fire landscape evolution in areas characterized by ice-
wedge trough networks in the first place. Our analysis
does not cover post-disturbance pathways in other
permafrost landscapes.

Finally, it is necessary to acknowledge that the
ALFD may contain errors in terms of exact fire
perimeters. Older fire scars were delineated more
coarsely based on lower-resolution imagery, or even
just through rough estimates in the field. Unburned
islands within a fire scar are also not necessarily
always captured in the database [40]. The ALFD
does not extend beyond 1950 and the authors fur-
ther do not guarantee the fire record since then to be
complete. These uncertainties introduce the possib-
ility that some AOIs were misclassified; for example,
placed in areas mapped as burned that may not have
experienced fire, vice-versa, or unknowingly sampled
within unrecorded unburned inclusions. Similarly,
AOIs positioned near mapped perimeter boundaries
could be affected by delineation errors. While there
is no straightforward way to fully account for such
issues without extensive manual validation using his-
torical imagery, our sampling strategy of selecting
multiple AOIs per fire scar helps reduce the adverse
effects of delineation biases.

12 According to [51] burn severity is only a significant factor in gla-
cial deposits, though.
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6. Conclusion

In this study, we applied a space-for-time substitution
based on high-resolution airborne lidar to quantify
the states of trough networks in polygonal perma-
frost landscapes across a chronosequence of fire scars
in Western Alaska. Our results demonstrate that tun-
dra fires can substantially influence trough expres-
sion in the years immediately following disturbance.
With increasing time since a burn, we observe a
general trend towards a reduced microtopographic
relief, which hints at partial stabilization and surface
smoothing on decadal time scales.

However, this trajectory is not uniform. The sub-
stantial spread of values within scars of similar age
suggests that post-fire evolution can proceed along
multiple pathways. Some older scars exhibit trough
networks that are less distinguishable from unburned
terrain, others retain pronounced trough networks.
This variability shows that fire age alone is not suf-
ficient to predict the evolution of polygonal networks
post-disturbance, but that additional factors, e.g. ver-
tical drainage, substrate conditions, or burn severity,
need to be considered for a full understanding of the
landscape response.

These varying pathways also have implications on
how we understand and detect past fire activity. Scars
that recover more rapidly may become topographic-
ally indistinct after several decades and thus remain
unrecognized in remote sensing datasets. As a result,
the long-term effects of tundra fires on the landscape
may be underestimated, especially for fire scars pre-
dating the satellite record.

Despite this variability, our lidar-based frame-
work provides a robust, scalable means to derive
microtopographic metrics across large spatial extents
and enables reproducible assessment of fire impacts
beyond the scale of prior field studies. With the
increasing availability of high-resolution airborne
lidar data, the approach introduced in this study
provides an important foundation for expanding fire
scar analyses across both space and time, and with
this, hopefully being able to deliver more robust
insights, given the large inter-year variability in both
fire scars and unburned ground. To ensure that such
scaling is computationally feasible, we implemented
our pipeline with Nextflow [52], a workflowmanager
that improves reproducibility, portability, and com-
putational efficiency (see supplementary material B
for details). By parallelizing across multiple CPUs, we
achieved substantial speed-ups, demonstrating that
even larger cluster deployments are technically viable.
This capacity to process greater volumes of data
opens the possibility of expanding future analyses
to include broader climatic, environmental, geomor-
phologic and geologic gradients, to investigate lar-
ger number of fire histories, and to conduct repeated

temporal observations in the same area. Such efforts
will be substantial for investigating the drivers behind
divergent recovery trajectories and for improving
projections of permafrost landscape evolution under
a rapidly changing fire regime in the Arctic.
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