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Abstract

In recent decades, the Arctic has warmed at a rate that significantly exceeds the global
mean, a phenomenon commonly referred to as Arctic amplification. Studies consistently
show that Arctic temperatures are increasing at a rate roughly two to four times the global
average, highlighting the exceptional sensitivity of northern environments to ongoing
climatic change. Permafrost thaw is increasingly destabilizing high-latitude and high-
altitude landscapes, giving rise to a range of slope failures with growing implications for
ecosystems, infrastructure, and human activity. This dissertation examines thaw-driven
mass-wasting processes across multiple spatial scales, focusing on retrogressive thaw
slumps (RTSs) and active-layer detachment failures (ALDs) as dominant expressions of
permafrost degradation under a warming climate. Integrating circumpolar susceptibility
modeling, regional comparative analysis, applied infrastructure exposure assessment,
and a tourism-focused case study, the thesis develops a multiscale framework for
understanding where thaw-related slope instability is likely to occur, how controlling
factors vary among permafrost landscapes, and why these processes matter for society.

At the circumpolar scale, statistical susceptibility modeling identifies consistent
hemispheric patterns in RTS occurrence associated with climatic conditions and
terrain settings commonly linked to ice-rich permafrost. Comparative regional analyses
demonstrate that RTSs occupy distinct environmental envelopes throughout cold
regions, highlighting pronounced environmental heterogeneity between regions.
Regional-scale modeling of ALDs across Alaska and northwestern Canada reveals
strong associations with slope morphology, cold-climate conditions, and fine-grained
soils and shows extensive overlap between susceptible terrain and critical infrastructure
networks. A local-scale synthesis in Yukon protected areas further illustrates that
thaw-driven geomorphic hazards intersect with tourism, heritage, and governance,
extending permafrost risk beyond infrastructure and settlements to transient human
presence.

Collectively, the results show that thaw-related slope failures are governed by
consistent classes of environmental controls, such as climate and topography, whose
expression and consequences are fundamentally scale-dependent. By linking physical
susceptibility with environmental heterogeneity and patterns of human use, this
dissertation advances an integrated perspective on permafrost thaw as a coupled
socioenvironmental phenomenon. The findings provide a scientific basis for anticipated
impacts of accelerating permafrost degradation and support the development of
multiscale adaptation strategies in rapidly changing cryospheric environments.

Keywords: retrogressive thaw slumps, active layer detachment failures, slope hazards,
statistical modeling, susceptibility modeling, permafrost disturbances
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| Introduction

The Arctic and high-altitude regions are warming at rates two to four times faster than
the global average, a trend that has intensified over the past four decades (IPCC 2021;
Rantanen et al. 2022). This accelerated warming is driving widespread permafrost
degradation, which represents one of the most pronounced indicators of climate
change in cold regions (Streletskiy et al. 2025). Permafrost, defined as ground that
remains at or below 0 °C for at least two consecutive years (Lewkowicz et al. 2024),
undetlies approximately 15% of the Northern Hemisphere’s land surface (Obu 2021).
Rising air temperatures and increased precipitation deepen the active layer, defined as
the neat-surface soil layer that thaws seasonally above permafrost and refreezes during
winter (Lewkowicz et al. 2024). Active layer deepening destabilizes ice-rich soils, while
climatic extremes further accelerate thaw-driven geomorphic change and the release
of previously frozen organic carbon through enhanced microbial decomposition and
erosion of organic-rich permafrost sediments (Schuur et al. 2015; Turetsky et al. 2020).
Together, these processes have cascading impacts on ecosystems, infrastructure, and
global climate feedbacks.

Among the most dynamic indications of permafrost thaw are retrogressive thaw
slumps (RTSs) and active-layer detachment failures (ALDs), which are the dominant forms
of thaw-induced mass wasting across Arctic, sub-Arctic, and high-altitude permafrost
landscapes, including major high-altitude upland regions such as the Tibetan Plateau.
RTSs initiate when destabilized slopes expose ice-rich permafrost through erosion,
mass wasting, wildfire, wave action, or anthropogenic disturbance, leading to ground-ice
melt, headwall retreat, and sustained retrogressive growth that can persist for decades
(Bartleman et al. 2001; Burn & Lewkowicz 1990). ALDs, in contrast, are shallow transla-
tional slides confined to the seasonally thawed active layer and are typically triggered by
elevated pore-water pressure during peak thaw periods (Dyke 2004; Harris & Lewkowicz
1993, 2000; Lewkowicz & Harris 2005). Both RTSs and ALDs tend to occur in spatial
clusters and exhibit strong sensitivity to summer temperature and precipitation regimes,
which makes them effective indicators of permafrost landscape vulnerability.

The significance of RTSs and ALDs extends well beyond localized slope instability.
At high densities, these disturbances reshape geomorphology, alter drainage networks,
and increase sediment and solute fluxes into rivers and lakes, affecting hydrological
and aquatic ecosystems at watershed scales (Kokelj et al. 2021a; Patton et al. 2021).
Vegetation removal and soil disturbance promote early successional plant communities
adapted to warmer and mineral-dominated soils with reduced organic matter, while
displacing cold-adapted tundra species and altering ecosystem structure (Bartleman et
al. 2001; Huebner & Bret-Harte 2019; Lantz et al. 2009). Both RTSs and ALDs expose
previously frozen organic matter to microbial decomposition, which enhances carbon
mobilization and contributes to positive climate feedbacks through increased CO, and
CH, emissions (Dai et al. 2025; Ramage et al. 2018; Schuur et al. 2015; Turetsky et al.
2020).

From a societal perspective, thaw-driven slope failures pose increasing risks to
northern infrastructure and human activities. Roads, pipelines, buildings, and access
corridors (airports/airstrips) constructed on permafrost are increasingly destabilized
by ground subsidence, debris deposition, and altered hydrological pathways (Hjort
et al. 2018, 2022; Streletskiy et al. 2019). Beyond infrastructure, thaw-related hazards
intersect with nature-based tourism, a rapidly growing economic sector in Arctic
regions. Summer, the peak season for outdoor recreation and tourism, coincides with
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maximum thaw instability, exposing visitors to unfamiliar hazards in remote parks and
protected areas (Saarinen & Varnajot 2019). In this broader context, recent transdisci-
plinary assessments emphasize that permafrost thaw generates interacting risks across
physical, ecological, and socio-economic systems, including infrastructure disruption,
water quality degradation, and food and supply insecurity, which underscores that thaw
impacts extend well beyond geomorphic processes (Gartler et al. 2025). Despite this
growing recognition, recent work shows that tourists constitute a distinct and largely
ovetlooked risk group in permafrost regions. A gap therefore exists in adaptation and
risk-governance frameworks, which remain focused primarily on infrastructure and
local communities (Varnajot & Makopoulou 2025).

Research on thaw-induced slope failures has evolved substantially over recent
decades. Previous work documented RTS morphology and dynamics in the Canadian
Arctic (Burn & Lewkowicz 1990; Lacelle et al. 2015) and ALD processes in Yukon and
the Mackenzie Valley (Lewkowicz & Harris 2005; Lipovsky et al. 2006). Swanson et
al. (2021) documented ALDs and RTSs in Alaska’s Arctic National Parks, while Jiao
et al. (2022) examined RTS and ALD development along the Qinghai—Tibet Highway,
highlighting the roles of ice content, slope gradient, and hydrological changes in slope
instability. In West Siberian Arctic, a high-resolution inventory by Nesterova et al. (2025)
revealed that over 75% of RTSs are concentrated along lakeshores. Ward Jones et al.
(2019) demonstrated rapid RTS initiation in response to ice-wedge degradation and
terrain controls in the Canadian High Arctic, while Lantz and Kokelj (2008) and Kokelj
et al. (2017) provided regional analyses of thaw-slump processes linked to warming.
Morte recently, Nesterova et al. (2024) provided a comprehensive review of RTS chat-
acteristics and terminology across Arctic and high-altitude environments, emphasizing
geomorphic controls and process variability. Short-term RTS dynamics captured in
high-frequency field observations by Ward Jones & Pollard (2021) complement the
broader temporal and spatial patterns identified by van der Sluijs et al. (2023), who
demonstrated that thaw slump growth follows consistent allometric scaling relation-
ships across seasonal to decadal timescales. These studies established the importance
of ice-rich sediments, slope gradients, and thawing degree days (TDD) as key controls
on slope stability.

Research has increasingly adopted statistical and machine-learning approaches to
predict the spatial distribution of thermokarst-related slope failures. Generalized linear
model (GLM) approaches have been applied at local to regional scales (Elia et al. 2023;
Nicu et al. 2023; Rudy et al. 2016; Yin et al. 2021), and they have identified RTS-prone
regions and the potential impacts on Arctic landscapes. Large-scale inventories and
advances in remote sensing have further transformed understanding of thaw-induced
slope processes. High-resolution satellite imagery, interferometric synthetic aperture
radar, and deep learning techniques now enable systematic detection and monitoring
of RTS activity across vast and previously under-sampled regions (Ardelean et al. 2020,
Bernhard et al. 2022b; Huang et al. 2020; Maier et al. 2025; Nitze et al. 2025; Yang et
al. 2025; Ying et al. 2025). Additionally, Nicu et al. (2021, 2022) offered a case study
of RTS hazard impacts on Arctic cultural heritage in Svalbard, underlining the societal
implications of terrain instability. These datasets reveal an accelerating rate of slope
activity in response to extreme summer warmth and precipitation, reinforcing carlier
findings on climate sensitivity (Lewkowicz & Way 2019; Segal et al. 2010).

This thesis investigates thaw-induced slope processes in permafrost regions by
examining the spatial distribution, environmental controls, and societal implications of
RTSs and ALDs across multiple spatial scales. The work combines circumpolar-scale
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susceptibility modeling, comparative regional analysis, regional infrastructure exposute
assessment, and risk interpretation to address both fundamental geomorphic questions
and the challenges associated with rapid permafrost degradation.

Specifically, the thesis has the following objectives:

1 Quantify the circumpolar distribution and susceptibility of RTSs under
current climatic and environmental conditions and identify the dominant factors
that control their spatial occurrence across the Northern Hemisphere permafrost
domain (Article I).

2 Assess regional contrasts in the environmental drivers of RTS occurrence
by comparing multiple Arctic and Tibetan Plateau high-altitude permafrost
regions (Article II).

3 Evaluate the susceptibility of ALDs and their spatial overlap with critical
infrastructure, with a focus on transportation and energy networks in Alaska and
northwestern Canada, to identify regions of high vulnerability to thaw-induced
slope instability (Article I11I).

4 Examine how permafrost degradation and thaw-related geomorphic
hazards are framed, perceived, and managed within nature-based tourism
contexts. The analysis synthesizes pathways through which physical permafrost
processes translate into operational, safety, and governance challenges in Arctic
protected areas (Article IV).

The four articles included in this thesis have complementary analytical approaches and
spatial extents (Figure 1). Articles I and I1I apply large-scale spatial modeling to quantify
susceptibility to RTSs and ALDs using harmonized geospatial datasets and statistical
learning techniques. Article II compares the environmental distributions associated with
RTS occurrence and evaluates the relative influence of climatic, topographic, and soil
variables across Arctic and high-altitude permafrost regions. While the geomorphic and
infrastructure-related impacts of permafrost thaw have received increasing attention,
the implications of thaw-driven hazards for tourism, protected-area management, and
visitor safety remain underrepresented in the permafrost hazard literature. This gap is
particularly notable given that peak tourism activity coincides with periods of maximum
thaw instability in Arctic environments. Article IV applies an integrative, risk-focused
perspective to examine how permafrost-related slope hazards intersect with nature-based
tourism and protected-area management at the regional scale. Together, these studies
address thaw-related slope hazards from hemispheric to site-specific perspectives and
link geomorphic process understanding with societal relevance.

This synthesis provides a comprehensive petspective on permafrost landscape
dynamics in a rapidly warming Arctic. By linking understanding of geomorphic
processes with applied hazard and risk considerations, the thesis advances both the
fundamental and the practical knowledge needed to anticipate future changes in
northern environments and to support adaptation strategies for communities, infra-
structure operators, and park managers.
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Figure |. The theoretical framework of the thesis is presented across the four spatially and
thematically distinct articles. This quadrant-based schematic illustrates the core structure and
contributions of each article within the dissertation’s overarching goal of assessing permafrost-
related slope hazards (retrogressive thaw slumps [RTSs] and active-layer detachment failures
[ALDs]). At the center lies the unifying focus.

4

2 Background
2.1 Permafrost landscapes

Permafrost landscapes are defined by the long-term presence of frozen ground, a
condition that steers geomorphic, hydrological, and ecological processes across vast
portions of Arctic, sub-Arctic, and high-altitude regions (French 2017; Lewkowicz
et al. 2024). Permafrost undetlies approximately 15% of the Northern Hemisphere’s
land surface and extends from continuous to sporadic zones, reflecting gradients in
climate, vegetation, snow cover, and topography (Obu et al. 2021). Rather than being
a static feature, permafrost is a dynamic component of the cryosphere that responds
sensitively to changes in surface energy balance, hydrology, and vegetation, making it a
key indicator of climate change in cold regions (Biskaborn et al. 2019).

A defining characteristic of permafrost landscapes is the presence of ground ice,
which exerts a primary control on terrain stability and thaw sensitivity. Ground ice
occurs in multiple forms, including pore ice, segregated ice, ice lenses, wedge ice,
and massive ice bodies, and its abundance and spatial distribution vary widely among
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geological settings and permafrost zones (French & Shur 2010; Kokelj & Jorgenson
2013). Ice-rich permafrost, particularly in fine-grained sediments, stores large volumes
of latent heat and undergoes substantial volume loss upon thaw, which leads to surface
subsidence, slope instability, and thermokarst development (Shur & Jorgenson 2007).
Recent syntheses emphasize that spatial heterogeneity in ground-ice content strongly
modulates permafrost landscape responses to warming, producing highly uneven
thaw impacts across regions subjected to similar climatic forcing (Gartler et al. 2025).
Consequently, ground-ice distribution is increasingly recognized as a fundamental
control on the magnitude, rate, and spatial clustering of permafrost-related disturbances.

Overlying the permafrost is the active layer, the near-surface zone that thaws
seasonally during summer and refreezes in winter. Active-layer thickness varies
spatially and temporally in response to air temperature, snow covet, vegetation, soil
properties, and moisture conditions (Romanovsky & Osterkamp 2000; Shiklomanov et
al. 2013). Warming air temperatures and increased precipitation have led to widespread
active-layer thickening across Arctic and alpine regions, increasing the depth of seasonal
thaw and altering subsurface hydrological pathways (Biskaborn et al. 2019; Nyland et
al. 2021; Strand et al. 2021). Thickening of the active layer reduces the mechanical
strength of neat-surface soils, increases pore-water pressutre during thaw, and enhances
the transmission of heat to underlying permafrost, thereby preconditioning landscapes
for slope failure and thermokarst processes (Lewkowicz & Harris 2005; Ward Jones et
al. 2019).

Interaction between permafrost, ground ice, and the active layer forms the physical
basis for many thaw-driven landscape disturbances. When warming or surface
disturbance disrupts the thermal equilibrium of ice-rich permafrost, thaw can trigger
abrupt and nonlinear geomorphic responses, including ground subsidence, thermokarst
lake formation, and mass wasting (Turetsky et al. 2020). These processes ate particulatly
pronounced where thick active layers overtlie ice-rich permafrost, as seasonal thaw
facilitates the exposure and melt of ground ice, leading to rapid landscape reorganiza-
tion (Kokelj et al. 2021a). Such disturbances not only reshape terrain morphology but
also alter hydrological connectivity, sediment transport, vegetation patterns, and bio-
geochemical cycling, reinforcing feedbacks between permafrost thaw and ecosystem
change (Ramage et al. 2018; Schuur et al. 2015).

Permafrost landscapes therefore function as tightly coupled cryo-hydro-geomorphic
systems in which small changes in climate or surface conditions can produce dispro-
portionately large impacts (Kokelj et al. 2021b; Rowland et al. 2010). Understanding
the spatial variability of permafrost thermal state, ground-ice content, and active-layer
dynamics is essential for interpreting the distribution and behavior of the thaw-related
hazards, such as RTSs and ALDs, examined in subsequent chapters of this thesis. By
framing permafrost as a dynamic and heterogeneous landscape component rather
than a uniform subsurface condition, this chapter provides the conceptual foundation
for assessing susceptibility, impacts, and risk associated with thaw-driven geomorphic
processes in a rapidly warming Arctic. Ground ice is a fundamental control on permafrost
stability and thaw-related mass wasting and is introduced here to provide conceptual
context for the processes examined in this dissertation. The diversity of geomorphic
and infrastructural responses associated with permafrost degradation in Yukon,
including slope failures, road deformation, and impacts on the built environment, is
illustrated in Figure 2, which provides representative field examples of the disturbances
discussed below.
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Figure 2. Compilation of field photographs documenting impacts of permafrost degradation
in Yukon. Panel a) shows roadside sign marking a high-risk slide area outside Dawson City in
Yukon. Panels b) and c) illustrate active-layer detachment slides adjacent to Alaska and Dempster
Highways respectively. Panel d) indicates the termination of a slide-affected road segment. Panels
e) & f) show road deterioration of the Dempster and Haines Highways respectively. Panels g) &
h) show buildings in Dawson City, affected by permafrost degradation. Panels i) & k) document
cracking and subsidence. Panel j) presents an exposed retrogressive thaw slump scarp. Photos:
Eirini Makopoulou.
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2.2 Permafrost disturbances

Abrupt thaw-related slope disturbances are among the most transformative geomorphic
processes in permafrost landscapes. RTSs and ALDs both result from the destabiliza-
tion of ice-rich permafrost, yet they exhibit distinct morphologies, mechanisms, triggers,
and environmental impacts. Together, these landforms play a pivotal role in reshaping
Arctic and high-altitude terrain, accelerating biogeochemical fluxes, and intensifying cli-
mate-permafrost feedbacks.

2.2.1 Retrogressive thaw slumps (RTSs)

RTSs (Figure 3) are among the most distinctive and geomorphically transformative
permafrost disturbances, reflecting the interaction between ice-rich permafrost, surface
processes, and climatic forcing. RTSs initiate when erosion, mass wasting, wildfire, wave
action, extreme rainfall, or anthropogenic disturbance exposes ground ice within ice-rich
permafrost, triggering thaw, loss of structural support, and headwall collapse (Bartleman
etal. 2001; Burn & Lewkowicz 1990). Once initiated, the exposed ice continues to melt,
causing progressive upslope retreat of the headwall and sustained downslope transport
of thawed sediments. This process links subsurface permafrost conditions directly to
surface geomorphic change, making RTSs highly sensitive indicators of permafrost
degradation.

Morphologically, RTSs are characterized by steep headwalls, extensive scar zones,
and debris tongues that can extend tens to hundreds of meters downslope (Huebner
& Bret-Harte 2019). They occur preferentially in fine-grained, ice-rich sediments such
as glaciomarine, glaciofluvial, and loess-derived deposits, where the melting of excess
ground-ice content generates subsidence that remains inherently unstable upon thawing
(Lacelle et al. 2010). RTSs are commonly concentrated along riverbanks, lake shores, and
coastal bluffs, where fluvial or coastal erosion provides the initial exposure necessary
for ground-ice melt (Jones et al. 2015; Swanson 2014). These spatial patterns reflect the
strong coupling between geomorphic setting and permafrost properties.

Figure 3. Oblique photos of retrogressive thaw slump (RTS) photos. Panel a) RTS in Takhini
River, about 28 km NW of Whitehorse and a fresh active-layer detachment failure (ALD) in the
lower left corner (photo taken in 2021); Panel b) same RTS in Takhini River and the ALD, which
subsequently transformed into an RTS (photo taken in 2025). Photos: a) Peter Von Gaza, Sep.2021;
b) Eirini Makopoulou, Jun.2025.
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Climatic controls play a central role in both RTS initiation and acceleration. Warm
and wet summers deepen the active layer, increase meltwater availability, and reduce
slope stability, creating favorable conditions for slump initiation and rapid growth
(Burn & Lewkowicz 1990; Kokelj et al. 2015; Lewkowicz & Way 2019). Recent studies
have documented intensification and clustering of RTSs across the Arctic under
contemporary warming, with many slumps remaining active for years to decades once
initiated (Ardelean et al. 2020; Segal et al. 2016). Through vegetation removal, sediment
redistribution, hydrological disruption, and carbon mobilization, RTSs represent a major
mechanism by which permafrost thaw reshapes Arctic landscapes and contributes to
broader environmental change.

2.2.2 Active-layer detachment failures (ALDs)

ALDs (Figure 4) represent a distinct yet closely related class of thaw-driven slope
disturbances, one fundamentally linked to seasonal thaw dynamics. ALDs occur when
the thawed active layer detaches and slides downslope over a relatively impermeable
frozen substrate, typically in response to elevated pore-water pressure during peak thaw
periods (Dyke 2004; Harris & Lewkowicz 1993, 2000). Unlike RTSs, ALDs are confined
to the active layer and do not initially requite the exposure of massive ground ice, which
makes them particularly sensitive to short-term climatic variability and hydrological
conditions.

ALDs often occur synchronously over large areas during exceptionally warm or
wet summers, producing widespread shallow landsliding across hillslopes and valley
sides (Kokelj & Jorgenson 2013; Lewkowicz & Harris 2005). Although individual
ALDs are generally smaller and shorter lived than RTSs, their cumulative impact can
be substantial. ALDs disturb vegetation, increase sediment and water fluxes to streams,
and alter hillslope hydrology, with effects observed at watershed scales (Swanson 2021).
In some cases, ALDs can dam streams or redirect flow paths, influencing sedimentation
processes and aquatic habitats (Ackerson et al. 2021).

Importantly, ALDs can act as precursors to deeper thermokarst development by
exposing underlying ice-rich permafrost layers to subsequent thaw (Clarke et al. 2024;
Lipovsky et al. 2006). This process creates a functional linkage between ALDs and
RTSs, positioning ALDs as eatly-stage indicators of permafrost instability in warming

Figure 4. Active-layer detachment failure (ALD) photo compilation. Panel a) recent ALDs on the
right side of Dempster Highway in Yukon at km 180-185 (photo taken Jun. 2025); Panel b) ALD
that occurred after a 2023 forest fire adjacent to Haggart Creek Road, north of Mayo, Yukon,
Canada (photo taken Aug. 2024); Panel c) ALDs on the side walls of the Donjek River Valley,
Kluane Ranges, Yukon, Canada (photo taken in Jun. 2025). Photos: a) Eirini Makopoulou; b) Yukon
Geological Survey 2024; c) Alix Varnajot.
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landscapes. Most ALDs stabilize within months, which allows vegetation recovery
relatively quickly and limits sediment export (Behnia & Blais-Stevens 2018). However,
their geomorphic importance lies in their potential to expose deeper ice-rich material and
create conditions for the transition toward RTS development (Figure 3). Observations
from Yukon, the Mackenzie Delta region, and the Canadian Arctic Archipelago show
that ALDs can act as precursors to larger, longer lived thaw slumps when failure scars
cut into massive ground ice (Lewkowicz & Harris 2005; Lipovsky et al. 2000).

From a societal perspective, ALDs pose immediate risks to infrastructure and access
corridors, as debris can be rapidly transported onto roads and other linear features,
particularly following wildfire or extreme precipitation events (Clarke et al. 2024).
Together, RTSs and ALDs represent complementary expressions of permafrost
disturbance, operating at different depths and timescales. While both are influenced by
climatic forcing and active-layer dynamics, they differ in their cryological requirements:
excess ground ice is a fundamental necessity for the initiation of RTSs, whereas ALDs
can occut in ice-poor substrates, where failures are instead driven by high pore-water
pressure, such as during intense rainfall or rapid seasonal thaw.

2.3 Susceptibility modeling

Susceptibility mapping identifies terrain prone to thaw-related slope failures and is
central to hazard management in permafrost regions. It assumes that conditions leading
to past disturbances will also produce instability under similar circumstances (Carrara
et al. 1991, 1995; Varnes et al. 1984). Susceptibility maps provide a spatial assessment
of disturbance likelihood without specifying temporal probabilities (JTCI 2004).
Susceptibility depends on terrain attributes such as lithology, soil properties, climate,
hydrology, vegetation, and solar radiation (van Westen 2000), which are commonly
grouped into intrinsic factors: slope, soil moisture, drainage, radiation, and extrinsic: for
example, trigger factors like deep thaw or extreme precipitation (Atkinson & Massari
1998; Wu & Sidle 1995). While extrinsic factors are important, they are difficult to
quantify and vary over short timescales, whereas intrinsic properties control long-term
susceptibility patterns (Carrara et al. 1995; Siddle et al. 1991).

Early assessments wetre qualitative, relying on expert interpretation of slope
morphology and surficial geology to derive ice-rich terrain (Jorgenson & Kreig 1988;
Mackay 1971). With the advent of high-resolution imagery and digital elevation models,
modeling evolved into quantitative approaches using disturbance inventories. Regression-
based statistical models, such as generalized linear and additive models (GLM, GAM,;
Hastie & Tibshirani 1990) were widely applied to predict thaw-related slope failures,
including ALDs and RTSs (Elia et al. 2023; Goetz et al. 2011; Petschko et al. 2014;
Rudy et al. 20106). Recent work, including this dissertation, adopts advanced statistical
modeling approaches that better handle nonlinearities and complex interactions.
Generalized boosting modeling (GBM) efficiently captures threshold behaviors
and multicollinearity among climatic, terrain, and soil predictors, offering predictive
performance for large and heterogencous landscapes (Friedman 2002; Karjalainen et
al. 2020; Leppiniemi et al. 2023; Rudy et al. 2016; Segal et al. 2016). Presence-only
algorithms such as MaxEnt remain valuable for biased inventoties (Leppiniemi et al.
2025; O’Banion & Olsen 2014; Phillips et al. 20006; Popescu et al. 2024; Xu et al. 2025),
while other frameworks (including decision trees and random forests) have shown
strong performance in permafrost regions like the Qinghai—Tibet Plateau (Ran et al.
2022; Shen et al. 2024; Yin et al. 2021).
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As Arctic regions continue to warm at accelerated rates (Rantanen et al. 2022),
susceptibility modeling plays a crucial role in forecasting landscape reorganization,
evaluating risks to infrastructure and communities, and supporting adaptation planning.
By quantifying the spatial patterns and environmental controls of thaw-induced mass
wasting, susceptibility models provide indispensable insights into the future trajectories
of permafrost landscapes under rapid climate change. They move beyond simple
observation to proactive hazard assessment, allowing nonlinear process interactions
to be represented more realistically (Marmion et al. 2009). This predictive capacity is
fundamental for evaluating the resilience and potential destabilization of periglacial
landforms in response to continued permafrost warming,

3 Materials and methods
3.1 Study areas

This thesis examines permafrost disturbances at two interconnected spatial scales
(Figure 5), circumpolar and regional, reflecting the environmental gradients that
govern thaw-related slope hazards across the Northern Hemisphere. The circumpolar
study (Article I; Figure 5a) spans the entite Northern Hemisphere permafrost region,
following the permafrost extent established by Brown et al. (2002). This domain covers
continuous, discontinuous, sporadic, and isolated permafrost extending across Alaska,
Arctic Canada, Greenland, the Eurasian Arctic, and the high-elevation permafrost of
the Tibetan Plateau. Mean annual air temperatures vary widely across this domain, from
values near 0 °C in sub-Arctic transition zones to below -5 °C in the high Arctic (AMAP
2017; Biskaborn et al. 2019; Rantanen et al. 2022). Over the past four decades, large
patts of this circumpolar region have warmed by approximately 2—4 °C, neatly four
times the global average rate, which has substantially accelerated the thaw of ice-rich
permafrost and amplified landscape sensitivity to geomorphic disturbance (AMAP
2017; Farquharson et al. 2019; Rantanen et al. 2022). This hemispheric scale captures
the full breadth of environmental variability, including contrasts in ground-ice content,
sediment types, terrain steepness, and hydrological regimes, and thus provides the
foundation for assessing where and why thaw-driven slope failures occur in cold-region
landscapes.

The circumpolar comparative study (Article II; Figure 5a) focuses on evaluating envi-
ronmental differences among multiple cold-region RTS landscapes distributed across
the Arctic and the Tibetan Plateau. The study area includes diverse geomorphic settings,
such as lowland coastal plains, mountain foothills, upland tundra plateaus, and high-al-
titude permafrost terrain. These landscapes exhibit strong contrasts in precipitation,
continentality, and snow cover persistence. Warming signals observed across these
regions are consistent with broader Arctic climate trends and the substantial warming
documented in high-elevation and mountain environments (Pepin et al. 2025; You
et al. 2020). However, the magnitude and seasonal expression of recent warming, as
well as associated active-layer deepening, vary among regions, creating distinct climatic
contexts relevant for RTS occurrence (AMAP 2017; Biskaborn et al. 2019). By situating
regions within a unified citcumpolar framework, the comparative study examines how
differing climatic and geomorphological conditions influence the occurrence of RTSs.
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Figure 5. Overview of study areas, a) circumarctic and locations of the available retrogressive
thaw slumps (RTSs) data used in Articles | & II; b) overview of the study area and the locations of
active layer detachment failures (ALDs) used in Article llI; ) overview of the Yukon region and the
RTSs & ALDs used in Article IV.The permafrost zones are based on Brown et al. (2002).

The regional study (Article I1I; Figure 5b) is located in Alaska and northwestern
Canada, an area underlain by continuous, discontinuous, sporadic, and isolated
permafrost and characterized by rapid contemporary warming. Across this region, annual
air temperatures range from near 0 °C in the southern discontinuous permafrost belt to
below —10 °C in the northern mountains (AMAP 2017; NOAA 2023). Recent decades
have seen marked thickening of the active layer, resulting in increased occurrence of
shallow slope failures, particularly where thaw-sensitive sediments coincide with steep
terrain or infrastructure (Farquharson et al. 2019; Lewkowicz & Way 2019). Intensifying
summer rainfall events, documented across Alaska and the western Canadian Arctic,
further destabilize weakening soils by increasing pore-water pressure and promoting
slope saturation (AMAP 2017; Farquharson et al. 2019). The regional scale, therefore,
enables investigation of high-resolution terrain-specific drivers of permafrost-related
hazards in landscapes where warming, geomorphic sensitivity, and human activity
intersect directly.

Finally, the regional study (Article IV; Figure 5¢) examines the Yukon region as a
key case in which pronounced geomorphic sensitivity, intensifying climate-driven
permafrost degradation, and increasing human presence intersect. This combination
creates a landscape in which environmental change directly intersects governance
challenges and tourism exposure and makes the region especially well-suited for
assessing risk management, decision-making frameworks, and adaptive capacity under
conditions of rapid transformation.
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3.2 Data
3.2.1 Retrogressive thaw slump and active-layer detachment failure observations

All four articles included in this thesis ate based on a compilation of permafrost
thaw-related slope failure datasets comprising RTSs and ALDs. Rather than constructing
independent inventories for each study, a common, harmonized dataset was established
for the specific objectives and scales of the individual articles. This approach ensures
internal consistency across analyses while allowing methodological flexibility.

For Article I, a citcumpolar RTS inventory (19,227 RTSs in total) was compiled by
integrating published inventories, online geospatial databases, and visual interpretations
of Arctic satellite imagery at 15 m resolution. For the visual interpretations, to ensure
homogeneity at the hemispheric scale, only RTSs visible at a minimum mapping scale
of 1:10,000 were retained. Article II uses the same RTS dataset but reorganizes it into
19 predefined study regions, 18 in the Arctic and 1 across the Tibetan Plateau.

The ALD dataset used in Article III was similarly compiled from previous
inventories. A total of 4,398 ALD observations were compiled from published studies,
geological survey reports across Alaska, Yukon, and parts of the Northwest Territories.
An independent dataset of 142 ALDs from Siberia was incorporated exclusively for
external model validation (Hjort & Luoto 2013). Article IV does not introduce new
geomorphic inventories but instead draws directly on the RTS susceptibility output and
RTS dataset from Article I and the ALD inventory from Article I11. A full description
of data sources, compilation procedures, and quality-control criteria is provided in the
data section of each article.

3.2.2 Geospatial data

The geospatial datasets used in this thesis were selected to represent climatic, topographic,
soil, and permafrost conditions across a multiscale set of study regions (Table 1). Owing
to the varying spatial objectives of the four articles, the native resolutions and data

Table I. Geospatial datasets used in the analysis of Articles |, Il, and Ill. Abbreviations in the table
refer to freezing and thawing degree days (FDD and TDD, respectively), site water balance (SVVB),
geomorphons (geom), profile curvature (pcurv), compound topographic index (CTI), and bulk
density (bd).

Article | Climatic data Topography data Soil data :g:ﬁ:;?fn

CHELSA v2.1 Geomorpho90m SoilGrids250m

| (FDD, TDD, rainfall), (slope angle), (fine sediments, bd), | km
Karger et al. (2017) Amatulli et al. (2020) Poggio et al. (2021)
CHELSA v2.1 Geomorpho90m S
(FDD,TDD, rainfall, (slope angle, geom, S0ilGrids250m

1 (fine sediments, bd), 250 m
SWB), peury, CTI), Poggio et al. (2021
Karger et al. (2017) Amatulli et al. (2020) 8 ’
CHELSA v2.1 Geomorpho90m S

. SoilGrids250m

i (FDD, TDD, rainfall, (slope angle, (silt, bulk density), 250 m
snowfall), geom, pcurv), Poggio et al. (2021)
Karger et al. (2017) Amatulli et al. (2020) ogslo et al
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sources differ substantially among the circumpolar and regional domains. All datasets
were harmonized to a consistent spatial resolution within each article to ensure com-
patibility among predictors.

For the circumpolar thaw-slump analysis (Article I), global climatologies from
CHELSA v2.1 (Karger et al. 2017) provided temperature and precipitation variables at
1 km resolution, while terrain predictors were derived from Geomorpho90m (Amatulli
et al. 2020). Soil properties from SoilGrids250m (Poggio et al. 2021) were similarly
upscaled to 1 km resolution. In the circumpolar comparative study (Article II), a finer
250 m resolution was used to evaluate environmental differences among 19 distinct
cold-region landscapes. Climatic variables were downscaled from CHELSA, terrain
predictors were produced from Geomorpho90m derivatives, and soil properties were
used at their native 250 m resolution. These harmonized datasets support consistent
environmental comparisons of geomorphically diverse regions.

For the regional analysis of Alaska and northwestern Canada (Article III), terrain
and climatic inputs were selected to match the 250 m modeling resolution required for
ALD susceptibility mapping, a resolution sufficient to characterize fine-scale terrain
controls. The 250 m resolution was selected as the optimal modeling scale for Article 111
because it provides the detail necessaty to intersect geomorphic hazards with infrastruc-
ture while remaining consistent with the native resolution of the underlying soil and
climatic datasets. This prevents the introduction of false precision through over-resam-
pling and ensures that the model captures regional environmental gradients rather than
local micro-topographic noise. Terrain predictors were obtained from Geomorpho90m
(Amatulli et al. 2020), climatic variables from CHELSA v2.1 (Karger et al. 2017), and
soil properties from SoilGrids250m (Poggio et al. 2021). Finally, for Article 1V, national
park and protected-area boundaries were obtained from GeoYukon Map Services
(https:/ /mapservices.gov.yk.ca/GeoYukon), which provides authoritative polygon
layers for parks and conservation areas managed by the Yukon government.

3.2.3 Infrastructure data

In Article 111, the regional-scale analysis of ALDs required spatially explicit and qual-
ity-controlled information on transportation and energy infrastructure across Alaska,
Yukon, and the Northwest Territories. Linear infrastructure included the Trans-Alaska
Pipeline, the Norman Wells Pipeline, and the primary and secondary road networks of
Alaska and western Canada. Pipeline geometries were obtained from the State of Alaska
Geoportal (2024) and the Government of Canada (2024), while road network data were
acquired from the Alaska Department of Transportation and Public Facilities (2024)
and the Government of Canada (2024). Representative examples of the linear infra-
structure elements considered in the vulnerability analysis, including major highways
and pipelines in Alaska and northwestern Canada, are shown in Figure 6.

In Article IV, the same road network in Article II1 is incorporated to reflect its central
role in regional accessibility, as roads often constitute the primary terrestrial access
option for visitors to reach remote parks, cultural heritage sites, and scenic destinations
in the Yukon. In many areas, this ground-based access is the most feasible alternative
to air travel, underscoring the dependence of tourism activity on transportation infra-
structure that traverses permafrost terrain, which is increasingly affected by thaw-related
slope instability.
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Figure 6. Visualizations of infrastructure elements. Panels a) & b) Alaska Highway and Trans-
Alaska Pipeline; panels c) & d) Norman Wells Pipeline and Dempster Highway, respectively. Photos:
a) Alix Varnajot; b) Peter Prokosch (https://www.grida.no/resources/1651); c) Al Grillo, Associated
Press File Photo; d) Eirini Makopoulou.

3.2.4 Other data

Distribution modeling requires absence or background data to provide an environmen-
tal contrast against presence observations (i.e., RTS and ALD locations). For Article
I, an absence dataset of 17,000 points was generated in ArcGIS Pro using a random
sampling strategy. To ensure spatial independence and minimize the risk of environ-
mental overlap, a minimum distance threshold of 1,000 m was enforced between the
sampled points and all presence locations. This dataset was verified using imagery
available in ArcGIS PRO and Google Earth Pro to ensure an unbiased representation
of the broad environmental gradients across the Northern Hemisphere permafrost
domain.

Articles II & III utilized a presence-only modeling approach (MaxEnt); thus,
background data were automated and produced by the MaxEnt software. In contrast
with Articles I, IT & 111, Article IV incorporated visitor number datasets for the Kluane,
Tombstone, Herschel Island—Qikigtaruk, and Ni’iinlii’Njik parks (Government of
Canada n.d.; Herschel Island—Qikiqtaruk Territorial Park Management Plan 2019;
Yukon Parks Strategy 2020).

3.3 Methods

The methodological framework (Figure 7) applied in this dissertation integrates geo-
morphologic inventories, spatially harmonized environmental predictors, and a
suite of predictive and exploratory statistical modeling techniques. Although each
article addresses distinct research aims, the analytical logic is consistent: (1) detect: a)
compilation of mass-wasting feature datasets, b) preparation and harmonization of
environmental variables at appropriate spatial resolutions; (2) analyze: a) statistical
modeling, b) evaluation of models’ predictive skill; and (3) contextualize: integration
of spatial data on infrastructure and protected areas to assess exposure to thaw-related
hazards. Below, the methodological choices for each article are described in detail.
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Figure 7. Conceptual framework of the methodology illustrating the integration of three
core components: detection, analysis, and contextualization in the assessment of thaw-related
slope hazards. Detection involves retrogressive thaw slump/active-layer detachment (RTS/
ALD) observations and environmental variable extraction; analysis refers to statistical modeling
of hazard potential; and contextualization involves overlaying societal exposure layers such as
infrastructure and national parks.

In Article I, a citcumpolar susceptibility model was developed to map the occurrence
of RTSs across the permafrost domain. A primary methodological challenge in this
scale modeling is the natural spatial clustering of RTS observations. When data points
are geographically concentrated, standard statistical models can become over-fitted to
local conditions, leading to an overestimation of performance (Schratz et al. 2019).
To ensure the model captured broad environmental drivers, a repeated distance-based
sampling strategy was employed. This approach involved running the model through
multiple independent iterations to reduce residual spatial structure and ensure that the
environmental characteristics of both presence and absence locations were represented
fairly across the citcumpolar region (Moreno et al. 2023). While the broad logic of this
approach is described here, a more detailed breakdown of the specific methodology is
provided in the Methods section of Article I.

To further ensure the integrity of the predictive results, the dataset underwent a
rigorous spatial filtering process. By enforcing a minimum distance threshold between
observations, the model was prevented from being over-influenced by high-density
clusters in a single landscape. Furthermore, a strict spatial separation was maintained
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between the data used for model calibration and the data used for evaluation (Hao et al.
2020; Valavi et al. 2021). By testing the model on locations geographically distant from
the training data, the study ensured that the model’s predictive power was representative
of its ability to generalize across the vast and varied Arctic region (Roberts et al. 2017).

The actual modeling was performed using GBM, a technique well-suited for capturing
the complex, nonlinear relationships between permafrostlandform occurrence and envi-
ronmental factors. Beyond binary classification, this method enabled deeper exploration
of the data through variable importance rankings and response curves. Response curves
were used to visualize how the probability of an RTS changes as a specific environmen-
tal factor increases or decreases, providing insight into the physical thresholds that lead
to terrain instability. The effectiveness of the models was evaluated using the area under
the curve and true skill statistic (AUC & TSS, respectively), supported by sensitivity and
specificity metrics (Allouche et al. 2006; Guisan et al. 2017).

Final susceptibility maps were produced by averaging predictions across ten runs and
classifying probabilities using the 50th, 75th, 90th, and 95th percentiles, representing
very low to very high susceptibility classes, following established practice (Goetz et al.
2015; Rudy et al. 2016; Yin et al. 2021).

Building on the circumpolar analysis from Article I, Article IT investigates whether
the environmental conditions driving RTS occurrence remain consistent for different
geographic regions. This study examines whether RTSs in one part of the Arctic occupy
a different “environmental envelope”-defined as specific climatic, topographic, and soil
conditions-than those in another, or how they compare to high-altitude permafrost
on the Tibetan Plateau. In it, the methodology shifted from a single global model to a
comparative framework focused on regional distinctiveness and variability.

The analysis began by quantifying the extent to which these regions differ from one
another using a multivariate dissimilarity index. By calculating an average environmen-
tal distance (mean Gower distance; Gower 1971) between regions, each landscape was
ranked based on its unique characteristics. This allowed for identification of highly
distinct tiers of RTS environments, ensuring that the subsequent modeling captured
most of the environmental variability associated with RTS occurrence. To ensure
that regions with more extensive data did not skew the results, a stratified random
subsampling approach was used. By selecting a balanced number of observations from
each study area, the analysis was forced to treat each landscape with equal importance,
regardless of the density of documented RTSs, thereby reducing regional sampling
bias. Subsequent analyses focused on high- and medium-tier regions, which capture the
majority of environmental variability associated with RTS occurrence.

Beyond looking at the environment as a whole, the research examined differences
between regions using Kruskal-Wiallis tests for continuous variables, adjusted using
the Benjamini—-Hochberg procedure (Benjamini & Hochberg 1995; Hollander &
Wolfe 1973). Differences in the categorical geomorphon variable were evaluated
using chi-square tests and Cramer’s V (Cohen 1988). To compare Arctic and Tibetan
Plateau RTS environments, the same analyses were repeated under both balanced and
unbalanced conditions.

To quantify regional environmental drivers of RTS occurrence, maximum entropy
(MaxEnt) models (Phillips et al. 2000) were developed separately for each Arctic region
and the Tibetan Plateau. To prevent the results from being biased by local data clusters,
a spatial thinning technique was applied, and randomly sampled background points
were used to characterize the broader environmental context of each region. Each
regional model was calibrated using 80% of the available data, with the remaining data
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reserved for independent evaluation of the model’s predictive accuracy. Finally, model
performance was assessed using the AUC, with interpretative thresholds following
Swets (1988) and Elith (2000). Predictor influence was quantified using permutation
importance, which measures the reduction in model performance when predictor
values are randomly permuted, providing an estimate of each variable’s independent
contribution to RTS suitability (Phillips et al. 2006; Phillips & Dudik 2008).

Article IIT shifts the focus to ALDs across Alaska, Yukon, and the Northwest
Territories. To map these features, the study implemented MaxEnt modeling to generate
probabilistic estimates of occurrence within the study area (Phillips et al. 2006). To
reduce spatial autocorrelation associated with clustered ALD observations, a repeated
tenfold distance-based resampling scheme was applied (Schratz et al. 2019).

Similarly to Articles I and II, ALD occurtrences were split into training and evaluation
datasets while a minimum distance was enforced to ensure spatial independence (Hao
et al. 2020; Valavi et al. 2021). To capture the full range of environmental gradients
across the western Arctic without overreaching the observed data, each model iteration
combined presence points with a large number of background points (Roberts et al.
2017). Variable importance was assessed from each predictor’s contribution to model
gain and averaged across ten runs to obtain stable estimates of environmental control
on ALD susceptibility (Thuiller et al. 2021). Model performance was evaluated using
AUC (Elith 2000; Swets 1988) and the seed cell area index (SCAI). The SCAI was used
for evaluation of potential predictive bias, specifically testing whether the model exhibits
a tendency to overestimate landslide susceptibility (Rabby et al. 2023; Stizen & Doyuran
2004). Model transferability was tested using an independent ALD dataset from central
Siberia (Kharuk et al. 20106), with identical predictors and evaluation metrics applied to
assess predictive robustness beyond the calibration region (Phillips et al. 2006; Steger
et al. 2022).

Final susceptibility maps wete generated by averaging predictions across model runs
and classifying probabilities using the 50th, 75th, 90th, and 95th percentiles, corre-
sponding to very low to very high susceptibility classes (Goetz et al. 2015; Rudy et al.
20106; Yin et al. 2021). Beyond susceptibility modeling, Article I1I included an infrastruc-
ture vulnerability assessment. By intersecting the final ALD susceptibility maps with the
road and pipeline networks, the study quantified the specific lengths of critical infra-
structure, such as the Trans-Alaska and Norman Wells pipelines and the Alaskan and
Dempster Highways, that traverse high-risk zones. This integrated approach translates
physical susceptibility into a practical tool for hazard management by identifying where
linear infrastructure is most at risk of slope failures.

Article IV employed a mixed qualitative—spatial analytical framework to contextual-
ize permafrost degradation within tourism and protected areas. Rather than developing
new statistical susceptibility models, the study synthesized environmental change
processes with institutional and experiential dimensions to identify governance gaps
and research needs. The methodological approach combined structured qualitative
content analysis of policy and management documents, targeted literature synthesis
on permafrost-related hazards, and spatial overlay analysis of thaw-sensitive terrain in
relation to visitor access points and protected-area boundaries. This integrative design
enabled a cross-disciplinary assessment of how geomorphic instability intersects with
tourism practices and governance structures in Arctic environments.

Spatially, an overlay analysis was conducted between the RTS susceptibility map
developed in Article I and the spatial boundaries of national parks in Yukon. Additionally,
visitor numbers for national parks (Kluane, Tombstone, Herschel Island-Qikiqtaruk,
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and N1'iinlii’Njik) were integrated to illustrate contrasting risk exposure scenarios. This
analysis examined the spatial co-occurrence of susceptibility zones with protected areas,
thereby contextualizing where geomorphic vulnerability intersects with park infrastruc-
ture and visitor routes. The overlay analysis did not involve new predictive modeling;
instead, it served an interpretative function by highlighting spatial relationships relevant
to exposure and governance.

4 Results and discussion

The four articles included in this dissertation collectively examine thaw-induced slope
failures across circumpolar and regional spatial scales. Although each article addresses a
distinct component of permafrost landscape dynamics, together they reveal consistent
environmental controls, that is, emergent geographical patterns such as the concen-
tration of RTSs in ice-rich permafrost and their topographic specificity. The findings,
along with their societally significant implications for infrastructure and tourism,
advance understanding of RTSs and ALDs. The results are organized below according
to the four research objectives guiding this thesis.

4.1 Circumpolar susceptibility and environmental controls of retrogres-
sive thaw slumps (Article I)

The circumpolar susceptibility model (Figure 8) developed in Article I demonstrates
that RTS occurrence is governed by a coherent set of environmental drivers that
operate across the Northern Hemisphere permafrost domain. Model results indicate
that RTS occurrence at the circumpolar scale is primarily controlled by thaw-season
climate conditions. TDD, freezing degree days (FDD), rainfall, and soil bulk density
consistently ranked as the most influential predictors, while slope and fine sediment
content played secondary roles. RTS probability peaked under intermediate ranges of
summer warmth and precipitation, highlichting nonlinear climatic thresholds rather
than monotonic responses. This pattern reflects the requirement that sufficient thaw
energy and moisture that are needed to mobilize ice-rich sediments, yet excessive levels
of these drivers can trigger a transition to alternative mass-wasting processes as rapid
debris flows (Lacelle et al. 2015; Lewkowicz & Way 2019).

Terrain and substrate characteristics further constrained RTS susceptibility. Elevated
probabilities were associated with gentle to moderate slopes, low to intermediate bulk
density, and high fine sediment fractions, consistent with the distribution of ice-rich,
fine-grained permafrost deposits prone to thaw-driven instability (French 2017; Kokelj
et al. 2017). Soil properties act as critical modifiers by governing ground-ice content,
drainage, and mechanical strength, thereby mediating the geomorphic tesponse to
climatic forcing (Hjort et al. 2014). The high importance of soil bulk density and fine
sediment fractions corroborates the material-based susceptibility frameworks proposed
by French (2017), emphasizing that ice-rich, glaciolacustrine, and fine-grained marine
deposits are the primary substrates in thaw-driven instability (Lantz & Kokelj 2008).
While the model does not explicitly account for excess ground ice or extreme events,
the spatial patterns suggest that these unrepresented factors likely drive local deviations
from predicted susceptibility (Obu et al. 2019; Ramage et al. 2021). In particular, the
inclusion of soil bulk density serves as a crucial proxy for ground-ice potential. However,
it is important to note that while fine-grained sediments are specifically required for the
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formation of segregated ice, low bulk density more broadly indicates high volumetric
ice content across various soil types, including features as wedge ice (Castagner et al.
2022).

Model performance was robust under spatially constrained validation, with
consistently high AUC values and stable sensitivity, although lower specificity indicates
some overprediction, which is a common outcome in large-scale susceptibility modeling
where true absences are uncertain (Goetz et al. 2015; Valavi et al. 2021).

The resulting susceptibility map highlights extensive zones of high to very high
RTS susceptibility across continuous permafrost regions, particularly northern Alaska,
northwestern Canada, eastern Siberia, Svalbard, and the Qinghai—Tibetan Plateau.
These patterns align with documented RTS hotspots in Peel Plateau (Kokelj et al.
2015) and Taymyr Peninsula (Bernhard et al. 2022a; Nitze et al. 2017; Nitze et al. 2018)
while identifying climatically suitable regions with sparse inventories, suggesting either
under-mapping or emerging risk under current climate conditions.

In contrast, lower susceptibility in discontinuous and sporadic permafrost zones
reflects lower ground-ice abundance and weaker thermal forcing. Although air
temperatures are higher in these southern latitudes, the presence of ecosystem-pro-
tected permafrost, where thick organic layers and vegetation insulate the ground,
muffles effective transfer of atmospheric heat to the frozen substrate (Shur &
Jorgenson 2007). Furthermore, as noted by Castagner et al. (2022), the lack of massive,
near-surface ice bodies in these zones means that available thermal energy typically
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Figure 8. Susceptibility map for retrogressive thaw slump occurrences based on a generalized
boosting model for the circumpolar permafrost area. Basemap: Esri, HERE, Garmin, USGS, FAO,
NOAA, and others.

(]
(%
w

suopyediqnd jesiydea8oas eip.aou

27



(9]
(%
w

nordia geographical publications

28

Makopoulou: Geospatial analysis of permafrost thaw-induced processes

triggers generalized subsidence rather than the high-energy headwall retreat character-
istic of an RTS. Despite inherent limitations (see section 4.5 Data and methodologi-
cal limitations), the framework provides a transferable basis for identifying regions of
elevated permafrost instability and supports broader assessments of infrastructure risk,
ecosystem disturbance, and carbon-cycle feedbacks under continued climate change.

4.2 Regional variation and environmental distinctiveness among
RTS-prone landscapes (Article Il)

While Article I established circumpolar patterns, Article II demonstrated that the envi-
ronmental envelopes associated with RTS occurrence vary substantially among Arctic
regions and differ even more markedly between Arctic and high-altitude permafrost
domains. Gower dissimilarity and PERMANOVA analyses revealed statistically
significant difference among the 19 regions included in the comparative study, driven
largely by contrasts in precipitation regimes, soil, and topographic context. The results
confirm that although RTS occurrence depends on a shared suite of environmental
factors, the relative strength and configuration of these drivers differ among landscapes
(Figure 9; Kokelj et al. 2015; Rudy et al. 2016).

Climate variables dominate regional differentiation, as FDD and TDD account for
most interregional contrasts, which underscores the primary role of thermal forcing in
RTS development. Site water balance (SWB) further structures RTS environments by
regulating moisture availability, while soil properties contribute a secondary but statis-
tically significant influence. Terrain predictors, such as geomorphons and slope angle,
play a modifying role, becoming more important in topographically complex regions.
Differences in multivariate dispersion among regions indicate that environmental dis-
tinctiveness is not simply a function of internal variability but reflects region-specific
combinations of controls (Anderson 2006). This implies that while regions like Lena
exhibit high environmental dispersion, Yakutia displays low intraregional variability.
This indicates that RTS initiation in Yakutia is constrained to a consistently unique
and narrow environmental envelope, reflecting its distinct unglaciated history and the
dominant role of ice-rich Yedoma deposits (Strauss et al. 2017).

Macro-regional comparison shows that RTS environments on the Tibetan Plateau
(see Figure 6 in Article II) occupy a narrower and more constrained environmental
space than those in the Arctic. PERMANOVA results indicate that macro-regional
context alone explains a substantial share of total environmental variation; for example,
Tibetan Plateau RTSs are characterized by steeper slopes, drier conditions, and distinct
thermal regimes. Despite receiving neatly double the annual rainfall of the Arctic (~400
mm/yt vs. ~200 mm/yr), the Tibetan Plateau maintains a consistently negative SWB.
This deficit is driven by intense solar radiation and extreme evapotranspiration rates
typical of high-altitude environments, which rapidly deplete surface moisture during the
summer months (Chen et al. 2023; Meng et al. 2024). Higher dispersion among Arctic
RTSs reflects the greater climatic and geomorphic diversity of high-latitude permafrost
landscapes.

Maximum entropy modeling corroborates these multivariate patterns. Across
regions, TDD consistently emerge as the most influential predictor of RTS occurrence
(Table 2), confirming the dominant role of summer conditions. Rainfall and SWB are
important in many regions, while terrain variables gain prominence in mountainous
settings. Model performance is generally good, although reduced AUC values in envi-
ronmentally distinct regions likely reflects unrepresented controls, such as ground-ice
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Figure 9. Geographic distribution and environmental distinctiveness of SCAI study regions
across permafrost extent (Brown et al. 2002). Panel a) shows the distribution of the 19 study
regions across the Arctic and the Tibetan Plateau, categorized by dissimilarity tiers after Gower
dissimilarity (purple: high, green: medium, and yellow: low tier). Panel b) shows the multivariate
dispersion for each region, categorized by dissimilarity tier.
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Table 2. Average variable importance in percentages. The abbreviated predictors are thawing
degree days (TDD), site water balance (SWB), gecomorphons (Geom), freezing degree days (FDD),
bulk density (Bd), compound topographic index (CTI), and profile curvature (Pcurv).

TDD | SWB | Rainfall | Slope | Geom | FDD | Fine Bd CTI | Pcurv

22.4 16.6 16 10.9 10.8 8.9 5.6 55 2.75 0.56

Average %

distribution, erosion processes, and short-term climatic extremes. These limitations are
consistent with the use of climate normals and harmonized predictors in large-domain
susceptibility modeling (Artcile I; Phillips et al. 20006; Phillips & Dudik 2008; Rudy et
al. 2010).

4.3 Environmental controls on active-layer detachment failure susceptibil-
ity and infrastructure vulnerability (Article II)

The MaxEnt-based susceptibility modeling identified clear and spatially coherent
controls on ALDs across Alaska, Yukon, and the Northwest Territories. Topographic
settings, expressed through geomorphons, emerged as the dominant predictor, FDD,
indicating that ALDs preferentially occur on slopes in cold, ice-rich permafrost
environments. This aligns with the established process understanding that sustained
freezing conditions promote excess ground-ice accumulation, preconditioning slopes for
detachment during thaw (Kokelj & Jorgenson 2013; Lewkowicz 2007). Soil properties,
particularly silt content and bulk density, further reinforce this interpretation, reflecting
the high frost susceptibility and low shear strength of fine-grained sediments commonly
associated with ALDs (Blais-Stevens et al. 2010; Lipovsky & Huscroft 2007).

The resulting susceptibility map (Figure 10) highlights extensive zones of high to
very high ALD susceptibility across the Brooks Range and Franklin Mountains in
Alaska, central Yukon around Dawson City and Mayo, and along the Mackenzie River
corridor in the Northwest Territories. These patterns are broadly consistent with earlier
local and regional studies (Behnia & Blais-Stevens 2018; Couture & Riopel 2008; Elia
et al. 2023) while extending susceptibility assessment to previously unmapped areas.
Conversely, low relief regions such as the Alaskan Coastal Plain and southern Yukon
are characterized by low susceptibility, which underscores the critical role of terrain
steepness and geomorphic setting in ALD initiation (Wilson et al. 2015).

Regarding variable importance (Table 3), the geomorphon variable emerged as the most
influential predictor in the model, indicating that geomorphon-based representations
of topographic features are well-suited to capturing local-scale variability in ALD sus-
ceptibility. This is the first application of this dataset for ALD susceptibility modeling,
although geomorphons have been widely employed in other landslide susceptibility studies
(Luo & Liu 2018). The findings are consistent with previous work showing that ALDs
occur across a broad range of slope gradients, from nearly flat to steep terrain, particularly
in fine-silty materials (Behnia & Blais-Stevens 2018; Blais-Stevens et al. 2010; Elia et al.
2023; Lipovsky & Huscroft 2007; Rudy et al. 2016). In agreement with Behnia and Blais-
Stevens (2018), profile and plan curvature display relatively low importance in the model.
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Figure 10. Infrastructure vulnerability assessment of active-layer detachment failure (ALD)
susceptibility within 500 m distance from linear infrastructure (pipelines and roads) for the study
area. Basemap: Digital Terrain Model (DTM) from Amatulli et al. (2019).

Table 3. Average variable importance in percentages.The abbreviated predictors are gecomorphons
(Geom), freezing degree days (FDD), bulk density (Bd), thawing degree days (TDD), and profile
curvature (Pcurv).

Geom | FDD | silt ::’gﬁ: Bd | TDD | Rainfall | Pcurv | Snowfall

3093 | 2592 | 159 13.56 823 4.3 0.68 0.47 0.02

Average %

Precipitation variables exhibited relatively low importance in the model. This does
not contradict field evidence linking ALDs to intense rainfall or wildfire disturbances
(Lewkowicz & Harris 2005; Patton et al. 2021) but rather reflects the study’s focus
on long-term susceptibility under climate-normal conditions rather than event-based
triggers. By prioritizing spatially consistent predictors, the model delineates environments
prone to ALDs, even if it cannot explicitly capture short-lived disturbances such as
extreme storms or post-fire slope failures. This trade-off is inherent in large-scale sus-
ceptibility mapping and is widely acknowledged in permafrost hazard assessments
(Hjort et al. 2013; Rudy et al. 2016).

Model evaluation demonstrated good to excellent predictive performance, with
AUC values near or above 0.9 for both the calibration area and an independent
validation dataset in central Siberia. The good transferability indicates that the identified
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environmental controls are not regionally idiosyncratic but reflect broader permafrost—
geomorphic relationships across the citcumarctic domain (Hjort et al. 2013; Steger
et al. 2022). Nevertheless, a subset of observed ALDs occurred in ateas classified as
low susceptibility, particularly along riverbanks and in regions affected by localized
disturbances. These mismatches likely reflect limitations in spatial resolution, unrepre-
sented ground-ice variability, and the inability of climate-normal predictors to capture
episodic triggers such as heatwaves or wildfire-induced thaw (Clarke et al. 2024; Li et
al. 2025).

Overlay analysis with linear infrastructure (Figure 10) revealed substantial exposure
of roads and pipelines to ALD-prone terrain. Approximately 12% of the Trans-Alaska
Pipeline and more than 20% of the Norman Wells pipeline traverse high to very high
susceptibility zones, with similar patterns observed along major highways, including the
Dalton, Dempster, and Mackenzie corridors. These findings underscore the growing
vulnerability of Arctic infrastructure to permafrost-driven slope instability and are
consistent with broader assessments of thaw-related infrastructure risk (Fatolahzadeh
Gheysari & Maghoul 2024; Hjort et al. 2022). Importantly, the spatial variability in
susceptibility suggests that risk is highly uneven, reinforcing the need for targeted
monitoring and adaptive management rather than uniform mitigation strategies.

Overall, the (integrated) results demonstrate that ALD susceptibility is governed by
a combination of cold-climate controls, fine-grained soils, and specific slope landforms
and that these conditions intersect extensively with critical infrastructure networks. While
the modeling framework is robust for regional-scale planning, further advances will
depend on improved representation of active-layer thickness and on climate extremes.
Such refinements are essential for translating susceptibility maps into operational risk
assessments under accelerating Arctic warming (Burn et al. 2024; Patton et al. 2021).

Article 111 therefore extends the more process-oriented findings of Articles I and
1T into a societal domain, illustrating how geomorphic hazard potential interacts with
essential human systems across the western Arctic. By situating geomorphic suscepti-
bility within the context of infrastructure exposure and risk, Article 111 bridges process
understanding with real-world implications. These cascading effects are particularly
acute in Arctic communities, where infrastructure disruptions can compromise access
to land-based hunting, fishing, and hatrvesting activities, thereby exacerbating food
insecurity and increasing health vulnerability (Ford et al. 20006). This intersection of
physical susceptibility with patterns of human use emphasizes the urgent need for
proactive planning and targeted monitoring to mitigate permafrost-related hazards in
high-use socio-economic systems.

4.4 Permafrost hazards and nature-based tourism vulnerability in Yukon
protected areas (Article 1V)

Whereas the first three articles focus on susceptibility modeling and environmental
factors, Article IV examines how these thaw-driven geomorphic hazards intersect with
tourism environments, management practices, and visitor experiences. Thaw-driven
hazards increasingly coincide with the peak season for nature-based tourism, creating
an emerging risk domain in Arctic wilderness areas. While permafrost-related hazards
are well documented in relation to infrastructure and permanent settlements (Hjort
et al. 2022; Streletskiy et al. 2019), their implications for transient human presence,
including tourism, remain weakly represented in climate-risk research and policy (Kajan
& Saarinen 2013; Varnajot & Makopoulou 2025).
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Overlay analysis of circumpolar RTS susceptibility with protected-area boundaries in
Yukon (Table 4) reveals substantial spatial ovetlap between highly susceptible areas and
prominent tourism destinations. Northern Yukon, particularly the Arctic Coastal Plain,
exhibits extensive zones of very high RTS susceptibility, reflecting ice-rich sediments,
low relief, and strong coastal and fluvial controls (Kokelj et al. 2015; Lewkowicz & Way
2019). Patks such as Herschel Island—Qikiqtaruk and Ni’iinlii’Njik are almost entirely
situated within high susceptibility zones. Although visitor numbers in these parks
are relatively low due to their remoteness, the magnitude, unpredictability, and rapid
evolution of RTS activity imply disproportionately high exposure for those who do visit
(Bernhard et al. 2022a ; Lacelle et al. 2015).

In contrast, parks such as Tombstone Territorial Park and Kluane National Park and
Reserve have substantially higher visitor numbers, with Kluane alone exceeding 47,000
visitors annually (Government of Canada n.d.), but display more heterogeneous suscep-
tibility patterns, with generally low to moderate background susceptibility interspersed
with localized hotspots. This contrast points to two distinct tourism risk profiles in
a warming Arctic: infrequent but high-severity exposure in remote, highly unstable
landscapes, and frequent exposure to localized hazards in more accessible destinations.
In both contexts, risk emerges from the interaction between geomorphic susceptibility,
accessibility, and visitor behavior rather than from hazard magnitude alone (Scott et al.
2019; Steiger et al. 2021).

The results highlight a growing mismatch between accelerating permafrost degradation
and existing tourism governance frameworks. Current park management plans and
toutism strategies in the Yukon, as well as in other permafrost regions across the Arctic
and sub-Arctic, rarely explicitly address thaw-related geomorphic hazards, despite clear
evidence of increasing permafrost instability under climate change (Obu et al. 2019; Ramage
et al. 2021). Moreover, most Arctic tourists originate from outside the region and typically
lack familiarity with permafrost terrain, which increases vulnerability through limited
hazard awareness and risk literacy (Kajan & Saarinen 2013; Pashkevich et al. 2016). This
gap suggests that climate-change adaptation in Arctic tourism has lagged behind infra-
structure-focused adaptation, despite compatable exposure pathways (Hjort et al. 2022).

Table 4. Summary of retrogressive thaw slump (RTS) susceptibility, active-layer detachment
failure (ALD) presence, and nature-based tourism exposure risk for key parks and reserves in the
Yukon, Canada. Visitor numbers are categorized by annual density: High (>10,000 visitors), Low
(100-1,000 visitors), and Very Low (<100 visitors).

Protected Area RTS Susceptibility ;‘lllsn:or Tourism Exposure Risk
umbers

Tombstone Territorial Localized hotspots with Hi High — frequent RTS/ALD

- o igh
Park high susceptibility exposure
Kluane National Park & | Localized hotspots for Hich Moderate-High — ALD-prone
Reserve RTS but ALD-dominant g trails
Herschel Island- Low — severe hazards/
glrl.(llqtaruk territorial Very High Low frequent RTS, few visitors
Ny’iinlii Njik ecological High Very Low Very Low. - high susceptibility
reserve but few visitors
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Conceptually, the analysis demonstrates the value of integrating susceptibility
mapping with tourism and governance research to identify climate-driven risks to
human presence in protected areas. Although RTS susceptibility maps cannot predict
individual events, they provide a spatial framework for anticipating where tourism-haz-
ard interactions are most likely to intensify as warming continues (Aalto et al. 2018;
Goetz et al. 2015). Such approaches can support targeted risk communication, visitor
management, and adaptive planning within protected areas.

Opverall, the Yukon case illustrates a broader Arctic challenge. Climate-driven
permafrost degradation is reshaping not only landscapes and ecosystems but also
the safety and sustainability of nature-based tourism and the livelihoods of local and
Indigenous communities who live on and travel across these lands. Addressing this
challenge requires moving beyond infrastructure-centered risk assessments toward
interdisciplinary frameworks that explicitly consider both transient human exposure
and everyday local use in rapidly changing cryospheric environments (AMAP 2017,
Gartler et al. 2025; Turetsky et al. 2020).

4.5 Data and methodological limitations

This dissertation is subject to data and methodological constraints inherent to large-scale
permafrost research. Susceptibility modeling in Articles I-I1I relies on climatic, terrain,
and soil proxies to infer conditions favorable for thaw-related slope failures. However,
several critical limitations regarding data quality and statistical assumptions must be
acknowledged. The absence of spatially explicit ground-ice and cryostratigraphic
data limits process attribution and contributes to regional uncertainty, particularly in
landscapes characterized by high internal environmental heterogeneity, for example, in
areas with different ice content (Obu et al. 2019; Ramage et al. 2021).

Furthermore, the models are based on aggregated inventories and climate normals
and therefore characterize long-term susceptibility rather than short-term triggering
associated with individual events. Consequently, factors such as extreme rainfall,
heatwaves, wildfire disturbance, and localized coastal or fluvial erosion are not explicitly
represented, and model outputs should be interpreted as indicators of relative suscep-
tibility rather than event-level predictions (Goetz et al. 2015; Lewkowicz & Way 2019).

Spatial resolution further constrains interpretation. Predictor variables were
harmonized to coarse resolutions to ensure consistency across large domains, which
smoothed fine-scale controls such as local hydrology and microtopography. Converting
polygon-based observations to centroid points also reduces information on failure
geometry. Inventory completeness and spatial heterogeneity in mapping efforts
introduce additional uncertainty. Although distance-based and balanced resampling
strategies were applied to reduce the influence of spatial clustering, the presence of
spatial autocorrelation remains a persistent challenge. While these strategies ensure a
degree of spatial independence, residual autocorrelation is an inherent property of geo-
graphically continuous environmental data (Legendre 1993) that can result in ovetly
optimistic measures of model performance (Aratjo et al. 2019).

The use of geospatial data also introduces risks of multicollinearity, where high
correlation among climatic and terrain predictors can obscure the individual contribution
of specific drivers and inflate the importance of certain variables (Hjort & Luoto 2013).
Moteover, these models often assume spatial stationarity, but the physical processes
governing thaw slumps may vary across vast Arctic domains, meaning a single statistical
structure may not capture localized geomorphic sensitivities (Hjort & Luoto 2013).
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Finally, the statistical and machine-learning approaches employed capture large-scale
patterns but do not explicitly represent physical processes. Variable importance
therefore reflects statistical association rather than causation, and model transferability
depends on similarity in environmental space between regions (Anderson 2001; Phillips
et al. 2000). Considering these constraints, the results presented here identify broad
susceptibility patterns while highlighting the need for higher resolution, process-based
validation.

5 Future research on thaw-related hazards

The articles included in this dissertation identify several priority directions for future
research that emerge directly from their results and analytical scope. Across all studies,
the identification of coherent large-scale susceptibility patterns highlights the need for
improved representation of permafrost properties. While the use of climatic, terrain,
and soil proxies is appropriate for large-domain analyses, integrating higher resolution
and better-constrained datasets describing ground-ice content, sedimentary history,
and soil physical properties would allow future studies to better resolve the subsurface
controls on thaw-driven mass wasting and reduce regional uncertainty.

Current global products, such as SoilGrids (Poggio et al. 2021), provide spatially
continuous information on soil texture and organic carbon but remain limited in their
representation of the vertical structure of permafrost-affected soils (Hengl et al. 2017).
Integrating borehole syntheses, geophysical observations, and emerging circumpolar
ground-ice products would allow future studies to better resolve subsurface controls
on thaw-related hazards (Lacelle et al. 2015; Lewkowicz & Way 2019). Specifically,
the distribution of massive ice and Yedoma deposits is a fundamental control on the
initiation and magnitude of RTSs, but these remain difficult to map at hemispheric
scales (Kokelj et al. 2017; Nesterova et al. 2025).

A second key research direction concerns the temporal dimension of permafrost
slope instability. By design, the modeling frameworks applied in Articles I-III
characterize long-term susceptibility rather than event triggering. Building on their
results, future research should focus on time-resolved inventories and explicit incot-
poration of climatic extremes, such as anomalously warm summers, intense rainfall
events, and wildfire disturbance (Farquharson et al. 2019; Huscroft et al. 2004; Segal
et al. 20106). These episodic triggers should be analyzed further with more persistent
and cumulative geomorphic drives, such as coastal or fluvial erosion, for better undet-
standing of the initiation mechanisms. Furthermore, integrating data on near-historical
bioclimatic trends would significantly enhance the predictive capacity of RTS and ALD
models, as these trends capture the intensification of Arctic environmental extremes
that often lead mass-wasting events (Aalto et al. 2026). While RTSs are often driven by
cumulative thermal denudation, ALDs are more directly linked to short-lived extremes
and disturbances like wildfire, which remove insulating organic layers and trigger rapid
failure (Jones et al. 2015; Lantz & Kokelj 2008; Patton et al. 2021). Linking susceptibility
patterns to time series of climatic forcing and disturbance history represents a critical
step toward dynamic assessments of permafrost-related risk.

Closely related to this temporal dimension is the issue of organic carbon and nutrient
mobilization. Thaw-driven mass wasting can rapidly expose deep, previously frozen
organic material, acting as efficient pathways for carbon export to aquatic systems and
the atmosphere (Abbott et al. 2016; Turetsky et al. 2020; Vonk et al. 2012). Although
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individual thaw slumps have been identified as local hotspots of biogeochemical fluxes,
the cumulative regional contribution of expanding mass-wasting activity to Arctic
carbon budgets remains poorly constrained (Kokelj et al. 2021a; Ramage et al. 2017).
Increasing sediment delivery to river systems also carries implications for water quality
and downstream communities located along fluvial corridors (Lamoureux & Lafreniére
2018).

Crucially, these geomorphic changes translate into significant socioenvironmental
risks. Increasing sediment delivery from thaw-affected slopes to river systems alters
water quality and channel morphology, threatening the food security and water safety
of communities located along fluvial corridors (Lamoureux & Lafreniere 2018).
Furthermore, the intersection of thaw-related hazards with existing and planned infra-
structure, such as pipelines, roads, and buildings, poses a direct threat to Arctic economic
stability and safety (Hjort et al. 2018, 2022). Future studies should not only identify
where hazards occur but also quantify who and what is at risk by integrating engineering
perspectives on matetial strength with indigenous knowledge and local governance to
support effective adaptation and resilience strategies (Chen et al. 2023; Swanson 2021).

Taken together, these directions point toward the need for integrated, multiscale
research frameworks that combine improved subsurface characterization, temporal
process understanding, and modeling innovation with socioenvironmental perspectives
(Gartler et al. 2025; Varnajot & Makopoulou 2025). Advancing along these lines will be
essential for anticipating the evolution of rapidly changing permafrost landscapes and
supporting effective adaptation and resilience strategies in northern and high-altitude
regions.

6 Conclusions

This dissertation demonstrates that thaw-driven slope failures are governed by coherent
environmental constraints that manifest differently and carry different implications
depending on spatial scale. By integrating circumpolar susceptibility modeling, regional
comparative analysis, applied infrastructure assessments, and a tourism-focused
synthesis, the thesis shows that scale is not merely a matter of spatial extent but a critical
analytical dimension shaping how permafrost degradation is detected, interpreted, and
managed.

More specifically, at the circumpolar scale, RTSs are primarily controlled by climatic
conditions such as TDD, FDD, and rainfall in combination with soil properties such
as bulk density. The comparative regional analysis further shows that RTSs occupy
distinct environmental envelopes across Arctic regions and high-altitude permafrost on
the Tibetan Plateau. While climate remains the dominant driver, the relative importance
of topographic and soil properties varies regionally. At the regional scale, susceptibil-
ity modeling of ALDs reveals extensive areas of high susceptibility across Alaska and
northwestern Canada, with substantial spatial ovetlap between thaw-prone terrain and
critical transportation and energy infrastructure.

Collectively, the first three articles establish that RTSs and ALDs are associated
with consistent environmental controls, particularly climatic conditions and terrain
context, while exhibiting pronounced regional variability. This variability may limit the
universal transferability of susceptibility relationships, as modeled process—tresponse
linkages may differ by climatic, geomorphic, and permafrost setting. This underscores
the need to interpret large-scale models within their environmental and geographical
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contexts. The results confirm that susceptibility modeling is effective for identifying
where thaw-related instability is likely to intensify, even as local expression and impacts
remain highly heterogencous.

Beyond geomorphic patterns, Article IV of this dissertation demonstrates that
permafrost degradation is increasingly a socioenvironmental issue. The intersection
of thaw-prone terrain with infrastructure networks and protected areas shows that
thaw-driven mass wasting affects not only landscapes and ecosystems but also transpoz-
tation systems, tourism, cultural values, and governance practices. Risk emerges through
the interaction of physical susceptibility, spatial context, and patterns of human use,
rather than from hazard magnitude alone. Thaw-related hazards intersect with protected
areas and visitor access routes, yet they remain weakly addressed in current tourism
management frameworks, indicating a gap between accelerating environmental change
and institutional risk awareness.

By linking physical susceptibility with regional heterogeneity and human exposure
across scales, this dissertation provides an integrated framework for understanding
permafrost thaw as a coupled socioenvironmental process under continued climate
warming, In doing so, it advances the scientific basis for anticipating and managing the
consequences of rapid permafrost change in northern and high-altitude regions.

References

Aalto ], Karjalainen O, Hjort ] & Luoto M (2018) Statistical forecasting of current and future circum-
Arctic ground temperatures and active layer thickness. Geophysical Research Letters 45(10): 4889—4898.
https://doi.org/10.1029/2018GL078007

Aalto J, Kdmiriinen M, Rantanen M, Niittynen P, Phoenix G, Lenoir |, Maclean I & Luoto M (20206)
A new era of bioclimatic extremes in the terrestrial Arctic. Science Advances 12: eadw5698. https://
doi.org/10.1126/sciadv.cadw5698

Abbott BW, Jones JB, Schuur EAG, Chapin FS III, Bowden WB, Bret-Harte MS, et al. (2016)
Biomass offsets little or none of permafrost carbon release from soils, streams, and wildfire:
An expert assessment. Environmental Research Letters 11: 034014. https://doi.org/10.1088/1748-
9326/11/3/034014

Ackerson JP, Smith SL & Lewkowicz AG (2021) Active-layer detachments and their influence on stream
blockage and sediment redistribution in permafrost terrain. Geomorphology 382: 107680. https://doi.
org/10.1016/j.geomorph.2021.107680

Alaska Department of Transportation and Public Facilities (2024) Road network. Alaska DOT Open
Data (assessed 1 March 2024)

Allouche O, Tsoar A & Kadmon R (2006) Assessing the accuracy of species distribution models:
Prevalence, kappa and the true skill statistic (TSS). Journal of Applied Ecology 43(6): 1223—1232.
https://doi.org/10.1111/}.1365-2664.2006.01214.x

AMAP (2017) Snow, water, ice and permafrost in the Arctic (SWIPA) 2017. Arctic Monitoring and Assessment
Programme (AMAP), Oslo, Norway.

Amatulli G (2019) Geomorpho90m - Global high-resolution geomorphometry layers [dataset].
PANGAEA, https://doi.otg/10.1594/PANGAEA.899135

Amatulli G, McInerney D, Sethi T, Strobl P & Domisch S (2020) Geomorpho90m, empirical evaluation
and accuracy assessment of global high-resolution geomorphometric layers. Scientific Data 7: 162.
https://doi.org/10.1038/541597-020-0479-6

Anderson MJ (2001) A new method for non-parametric multivariate analysis of variance. Austral Ecology
26(1): 32—46. https:/ /doi.org/10.1111/}.1442-9993.2001.01070.pp.x

Anderson MJ (2006) Distance-based tests for homogeneity of multivariate dispersions. Biometrics 62(1):
245-253. https://doi.org/10.1111/§.1541-0420.2005.00440.x

Aradjo MB, Anderson RP, Marcia Barbosa A, Beale CM, Dormann CF, Early R, et al. (2019) Standards
for distribution models in biodiversity assessments. Science Advances 5: eaat4858. https://doi.
org/10.1126/sciadv.aat4858

(]
(%
w

suopyediqnd jesiydea8oas eip.aou

37


https://doi.org/10.1029/2018GL078007
https://doi.org/10.1126/sciadv.eadw5698
https://doi.org/10.1126/sciadv.eadw5698
https://doi.org/10.1088/1748-9326/11/3/034014
https://doi.org/10.1088/1748-9326/11/3/034014
https://www.google.com/search?q=https://doi.org/10.1016/j.geomorph.2021.107680
https://www.google.com/search?q=https://doi.org/10.1016/j.geomorph.2021.107680
https://data-soa-akdot.opendata.arcgis.com/
https://data-soa-akdot.opendata.arcgis.com/
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1594/PANGAEA.899135
https://doi.org/10.1038/s41597-020-0479-6
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1126/sciadv.aat4858
https://doi.org/10.1126/sciadv.aat4858

(9]
(%
w

nordia geographical publications

38

Makopoulou: Geospatial analysis of permafrost thaw-induced processes

Ardelean F, Onaca A, Chetan M-A, Dornik A, Georgievski G, Hagemann S, et al. (2020) Assessment
of spatio-temporal landscape changes from VHR images in three different permafrost areas in the
western Russian Arctic. Remote Sensing 12(23): 3999. https://doi.org/10.3390/1s12233999

Atkinson PM & Massari R (1998) Generalized linear modelling of susceptibility to landsliding in the
central Apennines, Italy. Computers & Geosciences 24(4): 373-385. https://doi.org/10.1016/S0098-
3004(97)00117-9

Bartleman J, Kokelj SV & Burn CR (2001) Retrogressive thaw slumps and vegetation change in the
Mackenzie Delta region, Northwest Territories. Aretic, Antarctic, and Alpine Research 33(2): 173-182.
https://doi.org/10.1080/15230430.2001.12028616

Behnia P & Blais-Stevens A (2018) Landslide susceptibility modelling using the quantitative random
forest method along the northern portion of the Yukon Alaska Highway Corridor, Canada. Nazural
Hazards 90(3): 1407-1426. https:/ /doi.org/10.1007/s11069-017-3099-z

Benjamini Y & Hochberg Y (1995) Controlling the false discovery rate: A practical and powerful
approach to multiple testing, Journal of the Royal Statistical Society: Series B 57(1): 289-300.

Bernhard P, Nitze I, Grosse G & Jones BM (2022a) Mapping retrogressive thaw slumps using object-
based image analysis and deep learning, Remote Sensing of Environment 268: 112777. https://doi.
org/10.1016/j.rse.2021.112777

Bernhard P, Zwieback S & Hajnsek I (2022b) Accelerated mobilization of organic carbon from
retrogressive thaw slumps on the northern Taymyr Peninsula. The Cryosphere 16(7): 2819-2835.
https://doi.org/10.5194/tc-16-2819-2022

Biskaborn BK, Smith SL, Noetzli ], Matthes H, Vieira G, Streletskiy DA, et al. (2019) Permafrost is
warming at a global scale. Nature Communications 10(1): 264. https://doi.org/10.1038/s41467-018-
08240-4

Blais-Stevens A, Couture R & Riopel S (2010) Landslide inventory mapping and susceptibility analysis
along the Alaska Highway corridor, Yukon. Geological Survey of Canada Open File 6391.

Brown J, Ferrians OJ, Heginbottom JA & Melnikov ES (2002) Circum-Arctic map of permafrost and ground-
ice conditions. U.S. Geological Survey, Boulder, CO.

Burn CR & Lewkowicz AG (1990) Canadian landform examples: Retrogressive thaw slumps. Canadian
Geographer 34(3): 273-276. https://doi.org/10.1111/j.1541-0064.1990.tb01092.x

Burn CR (2013) Thermokarst. I# Shroder JF (ed.) Treatise on geomorphology, 220-235. Elsevier, San
Diego, CA.

Burn C%, Bartsch A, Chakraborty E, Das S, Frauenfelder R, Girtner-Roer I, et al. (2025) Developments in
permaftrost science and engineering in response to climate warming in circumpolar and high mountain
regions, 2019-2024. Permafrost and Periglacial Processes 36: 167188 https:/ /doi.org/10.1002/ppp.2261

Carrara A, Cardinali M, Detti R, Guzzetti F, Pasqui V & Reichenbach P (1991) GIS techniques and
statistical models in evaluating landslide hazard. Earth Surface Processes and Landforms 16(5): 427-445.
https://doi.org/10.1002/esp.3290160505

Carrara A, Cardinali M & Guzzetti F (1995) Uncertainty in assessing landslide hazard and risk. ITC
Journal 1995(2): 172—183.

Castagner A, Brenning A, Gruber S & Kokelj SV (2022) Vertical distribution of excess ice in icy sediments
and its statistical estimation from geotechnical data (Tuktoyaktuk Coastlands and Anderson Plain,
Northwest Tertitoties). Arctic Science 9(2): 374-398. https:/ /doi.org/10.1139 /as-2022-0010

Chen SY, Wei PJ, Wu TH, Wu QB & Luo FD (2023) Effect of permafrost degradation on carbon
sequestration of alpine ecosystems. Science of the Total Environment 899: 165642. https://doi.
org/10.1016/j.scitotenv.2023.165642

Clarke J, Lewkowicz AG & Smith SI. (2024) Contemporary controls on active-layer detachment failures
in discontinuous permafrost. Permafrost and Periglacial Processes 35(1): 1-15. https:/ /doi.org/10.1002/

.2208

Daip (I;)’P Ward Jones MK, van der Sluijs J, Nesterova NB, Howat IM, Liljedahl AK; et al. (2025) Volumetric
quantifications and dynamics of areas undergoing retrogressive thaw slumping in the Northern
Hemisphere. Nature Communications 16: 6795. https:/ /doi.org/10.1038/s41467-025-62017-0

Dyke L (2004) Stability of frozen and thawing slopes in the Mackenzie Valley, Northwest Territories:
GeoQuebec 2004. In Demers D, Leahy D, Lefebvre R, Martel R & Leroueil S (eds.) Proceedings of
the 57th Canadian Geotechnical Conference, 31-38. Quebec, PQ, Canada.

Elia L, Castellaro S, Dahal A & Lombardo L (2023) Assessing multi-hazard susceptibility to cryospheric
hazards: Lesson learnt from an Alaskan example. Science of the Total Environment 898:165289. https://
doi.org/10.1016/j.scitotenv.2023.165289

Farquharson LM, Romanovsky VE, Cable WL, Walker DA, Kokelj SV & Nicolsky D (2019) Climate
change drives widespread and rapid thermokarst development in very cold permafrost in the Canadian
High Arctic. Gegphysical Research Letters 46: 6681-6689. https://doi.org/10.1029/2019GL082187

French H (2017) The periglacial environment (4™ ed.). Wiley, Chichestet.


https://doi.org/10.3390/rs12233999
https://doi.org/10.1016/S0098-3004(97)00117-9
https://doi.org/10.1016/S0098-3004(97)00117-9
https://www.google.com/search?q=https://doi.org/10.1080/15230430.2001.12028616
https://www.google.com/search?q=https://doi.org/10.1007/s11069-017-3099-z
https://www.google.com/search?q=https://doi.org/10.1016/j.rse.2021.112777
https://www.google.com/search?q=https://doi.org/10.1016/j.rse.2021.112777
https://doi.org/10.5194/tc-16-2819-2022
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1111/j.1541-0064.1990.tb01092.x
https://doi.org/10.1002/ppp.2261
https://doi.org/10.1002/esp.3290160505
https://www.google.com/search?q=https://doi.org/10.1139/as-2022-0010
https://doi.org/10.1016/j.scitotenv.2023.165642
https://doi.org/10.1016/j.scitotenv.2023.165642
https://doi.org/10.1002/ppp.2208
https://doi.org/10.1002/ppp.2208
https://doi.org/10.1038/s41467-025-62017-0
https://doi.org/10.1016/j.scitotenv.2023.165289
https://doi.org/10.1016/j.scitotenv.2023.165289
https://doi.org/10.1029/2019GL082187

Makopoulou: Geospatial analysis of permafrost thaw-induced slope processes

French H & Shur Y (2010) The principles of cryostratigraphy. Earth-Science Reviews 101(3—4): 190-206.
https://doi.org/10.1016/j.carscirev.2010.04.002

Ford JD, Smit B & Wandel J (2006) Vulnerability of Arctic communities to climate change: A case study
from Arctic Bay, Canada. Global Environmental Change 16(2): 145-160. https://doi.org/10.1016/].
gloenvcha.2005.11.003

Gartler S, Scheer |, Meyer A, Abass K, Bartsch A, Doloisio N, et al. (2025) A transdisciplinary,
comparative analysis reveals key risks from Arctic permafrost thaw. Communications Earth &
Environment 6: 21. https://doi.org/10.1038/s43247-024-01883-w

Goetz JN, Guthrie RH & Brenning A (2011) Integrating physical and empirical landslide susceptibility
models using generalized additive models. Geomorphology 129(3—4): 376-386. https://doi.
org/10.1016/j.geomorph.2011.03.001

Goetz JN, Brenning A, Petschko H & Leopold P (2015) Evaluating machine learning and statistical
prediction techniques for landslide susceptibility modeling. Computers & Geosciences 81: 1-11. https://
doi.org/10.1016/j.cageo.2015.04.007

Government of Canada (2024) National road network - NRN - GeoBase series. A#ps:/ / open.canada.ca/
data/ en/ dataset/ 57¢69cfi-1e85-495b-9eef-555a08404034  resonrce/ 020bfd16-2079-4fa7-839f-Hcc8c19851¢
(accessed 1 March 2024).

Grau HM, Hawkings JRC, Vogl S, Llusia |, Pefiuelas |, Canadell JG, et al. (2017) Widespread seasonal
compensation effects of spring warming on northern plant productivity. PL.oS ONE 12: ¢0169748.
https://doi.org/10.1371/journal.pone.0169748

Harris C & Lewkowicz AG (1993) Form and internal structure of active-layer detachment slides,
Fosheim Peninsula, Ellesmere Island, Northwest Territories. Canadian Journal of Earth Sciences 30(8):
1708-1714. https://doi.org/10.1139/¢93-150

Harris C & Lewkowicz AG (2000) An analysis of the stability of thawing slopes, Fosheim Peninsula,
Ellesmere Island, Nunavut. Canadian Geotechnical Journal 37(2): 449-462. https:/ /doi.org/10.1139/
t99-122

Hengl T, Mendes de Jesus J, Heuvelink GBM, Ruiperez Gonzalez M, Kilibarda M, Blagoti¢ A, et al.
(2017) SoilGrids250m: Global gridded soil information based on machine learning. PLoS ONE
12(2): €0169748. https://doi.org/10.1371/journal.pone.0169748

Herschel Island—Qikiqtaruk Territorial Park Management Plan (2019) Management plan for Herschel
Island—Qikiqgtaruk Territorial Park. https:/ /yukon.ca/sites/yukon.ca/files/env/env-herschel-island-
qikiqtaruk-territorial-park-management_plan.pdf (accessed 3 December 2024).

Hjort ] & Luoto M (2011) Novel theoretical insights into geomorphic process—environment relationships
using simulated response curves. Earth Surface Processes and Landforms 36(3): 363-371. https://doi.
org/10.1002/esp.2048

Hjort ] & Luoto M (2013) 2.6 Statistical methods for geomorphic distribution modeling. In Shroder
JF (ed.) Treatise on geomorphology, 59—73. Academic Press, San Diego, CA.

Hjort J, Ujanen ], Parviainen M, Tolgensbakk ] & Etzelmuller B (2013) Transferability of
geomorphological distribution models: Evaluation using solifluction features in subarctic and Arctic
regions. Geomorphology 201: 42-58. https:/ /doi.org/10.1016/j.geomorph.2013.08.002

Hjort ], Karjalainen O, Aalto ], Westermann S, Romanovsky VE, Nelson FE, Etzelmiiller B & Luoto M
(2018) Degrading permafrost puts Arctic infrastructure at risk by mid-century. Nature Communications
9: 5147. https://doi.org/10.1038/s41467-018-07557-4

Hjort ], Streletskiy D, Doré G, Wu Q, Bjella K & Luoto M (2022) Impacts of permafrost degradation
on infrastructure. Nature Reviews Eartl) & Environment 3(1): 24-38. https:/ /doi.org/10.1038/s43017-
021-00247-8

Huang L, Luo J, Lin H, Wang L, Zhao X & Hu J (2020) Deep learning-based automatic retrogressive
thaw slump detection from remote sensing images. Remote Sensing 12(11): 1841. https://doi.
org/10.3390/rs12111841

Huebner DC & Bret-Harte MS (2019) Microsite conditions in retrogressive thaw slumps may facilitate
increased seedling recruitment in the Alaskan low Arctic. Ecology and Evolution 9(4): 1880—-1897.
https://doi.org/10.1002/ece3.4881

Huscroft CA, Lipovsky P & Bond JD (2004) Permafrost and landslide activity: Case studies from
southwestern Yukon Territory. Iz Edmond DS & Lewis LL (eds.) Yukon Exploration and Geology
2003, Yukon Geological Survey, p. 107-119.

IPCC (2021) Climate change 2021: The physical science basis. Contribution of working group 1 to the sixth
assessment report of the intergovernmental panel on climate change. Masson-Delmotte V, Zhai P, Pirani A,
Connors SL, Péan C, Berger S, et al. (eds.). Cambridge University Press, Cambridge.

Jiao C, Niu E He P, Ren L, Luo ] & Shan Y (2022) Deformation and volumetric change in a typical
retrogressive thaw slump in permafrost regions of the Central Tibetan Plateau, China. Remote Sensing
14: 5592. https://doi.org/10.3390/1s14215592

(]
(%
w

suopyediqnd jesiydea8oas eip.aou

39


https://doi.org/10.1016/j.earscirev.2010.04.002
https://www.google.com/search?q=https://doi.org/10.1016/j.gloenvcha.2005.11.003
https://www.google.com/search?q=https://doi.org/10.1016/j.gloenvcha.2005.11.003
https://doi.org/10.1038/s43247-024-01883-w
https://doi.org/10.1016/j.geomorph.2011.03.001
https://doi.org/10.1016/j.geomorph.2011.03.001
https://doi.org/10.1016/j.cageo.2015.04.007
https://doi.org/10.1016/j.cageo.2015.04.007
https://open.canada.ca/data/en/dataset/57c69cfc-fc85-495b-9eef-555a08404034/resource/020bfd16-2079-4fa7-839f-f4cc8c19851c
https://open.canada.ca/data/en/dataset/57c69cfc-fc85-495b-9eef-555a08404034/resource/020bfd16-2079-4fa7-839f-f4cc8c19851c
https://doi.org/10.1371/journal.pone.0169748
https://www.google.com/search?q=https://doi.org/10.1139/e93-150
https://www.google.com/search?q=https://doi.org/10.1139/t99-122
https://www.google.com/search?q=https://doi.org/10.1139/t99-122
https://doi.org/10.1371/journal.pone.0169748
https://yukon.ca/sites/yukon.ca/files/env/env-herschel-island-qikiqtaruk-territorial-park-management_plan.pdf
https://yukon.ca/sites/yukon.ca/files/env/env-herschel-island-qikiqtaruk-territorial-park-management_plan.pdf
https://doi.org/10.1002/esp.2048
https://doi.org/10.1002/esp.2048
https://doi.org/10.1016/j.geomorph.2013.08.002
https://doi.org/10.1038/s41467-018-07557-4
https://doi.org/10.1038/s43017-021-00247-8
https://doi.org/10.1038/s43017-021-00247-8
https://doi.org/10.3390/rs12111841
https://doi.org/10.3390/rs12111841
https://www.google.com/search?q=https://doi.org/10.1002/ece3.4881
https://doi.org/10.3390/rs14215592

(9]
(%
w

nordia geographical publications

Makopoulou: Geospatial analysis of permafrost thaw-induced processes

Jones BM, Grosse G, Arp CD, Miller E, Liu L, Hayes D] & Larsen CF (2015) Recent arctic tundra fire
initiates widespread thermokarst development. Scientific Reports 5: 15820. https://doi.org/10.1038/
srep15820

Kajan E & Saarinen J (2013) Tourism, climate change and adaptation: A review. Current Issues in Tonrism
16(2): 167-195. https://doi.org/10.1080/13683500.2013.774324

Karger DN, Conrad O, Béhner |, Kawohl T, Kreft H, Soria-Auza RW, Zimmermann NE, Peter Linder
H & Kessler M (2017) Climatologies at high resolution for the earth’s land surface areas. Scientific
Data 4: 170122. https://doi.org/10.1038/sdata.2017.122

Karjalainen O, Luoto M, Aalto J, Etzelmiller B, Grosse G, Jones BM, et al. (2020) High potential for
loss of permafrost landforms in a changing climate. Environmental Research Letters 15(10): 104065.
https://doi.org/10.1088/1748-9326/abafd5

Kokelj SV & Jorgenson MT (2013) Advances in thermokarst research. Permafrost and Periglacial Processes
24(2): 108-119. https://doi.org/10.1002/ppp.1773

Kokelj SV, Tunnicliffe ], Lacelle D, Lantz TC, Chin KS & Fraser R (2015) Increased precipitation drives
mega slump development and destabilization of ice-rich permafrost terrain, northwestern Canada.
Global and Planetary Change 129: 56—68. https:/ /doi.org/10.1016/j.gloplacha.2015.02.008

Kokelj SV, Lantz TC, Tunnicliffe J, Segal R & Lacelle D (2017) Climate-driven thaw of permafrost
preserved glacial landscapes, northwestern Canada. Geology 45(4): 371-374. https://doi.org/10.1130/
(G38626.1

Kokelj SV, Tunnicliffe ], Lacelle D, Lantz TC, Chin KS & Fraser R (2021a) Thaw-driven mass wasting
couples hillslopes to downstream systems. Nature Communications 12: 1-11. https:/ /doi.org/10.1038/
s41467-021-22676-2z

Kokelj SV, Kokoszka J, van der Sluijs J, Rudy ACA, Tunnicliffe ], Shakil S, Tank SE & Zolkos S (2021b)
Thaw-driven mass wasting couples slopes with downstream systems, and effects propagate through
Arctic drainage networks. The Cryosphere 15(7): 3059-3081. https:/ /doi.org/10.5194/tc-15-3059-2021

Lacelle D, Brooker A, Fraser RH & Kokelj SV (2015) Distribution and growth of retrogressive thaw
slumps in the Richardson Mountains and Peel Plateau region, northwestern Canada. Geomorphology
235: 40-51. https://doi.org/10.1016/j.geomorph.2015.01.024

Lamoureux SF & Lafreniere M] (2018) More than just snowmelt: Integrated watershed science for
changing climate and permafrost at the Cape Bounty Arctic Watershed Observatory. WIREs Water
5(1): €1255. https://doi.org/10.1002/wat2.1255

Lantz TC & Kokelj SV (2008) Increasing rates of retrogressive thaw slump activity in the
Mackenzie Delta region, N\W/T., Canada. Gegphysical Research Letters 35: 1.06502. https://doi.
org/10.1029/2007G1.032433

Lantz TC, Kokelj SV, Gergel SE & Henry GHR (2009) Relative impacts of disturbance and temperature
on vegetation change in Arctic tundra. Global Change Biology 15(5): 1239-1253. https://doi.
org/10.1111/j.1365-2486.2009.01847 x

Leppiniemi OH, Karjalainen O, Aalto J, Luoto M & Hjort J (2023) Environmental spaces for palsas and
peat plateaus are disappeating at a circumpolar scale. The Cryosphere Discussions 17: 1-37. https://
doi.org/10.5194/tc-17-4889-2023

Leppiniemi O, Karjalainen O, Aalto J, Luoto M & Hjort ] (2025) Environmental drivers of palsa and
peat plateau occurrences: A regional comparison across the northern hemisphere. Permafrost and
Periglacial Processes 36(1): 37-50. https:/ /doi.org/10.1002/ppp.2253

Lewkowicz AG & Harris C (2005) Frequency and magnitude of active-layer detachment slides.
Geomorphology 69(1—4): 59-79. https://doi.org/10.1016/j.geomorph.2005.01.005

Lewkowicz AG & Way RG (2019) Extremes of summer climate trigger widespread permafrost
disturbance. 10: 1291. https://doi.org/10.1038/s41467-019-09314-7

Lewkowicz AG, Wolfe SA, Roujanski V, Hoeve E, O’Neill HB, Gruber S, et al. (2024) Axn illustrated
permafrost dictionary. Canadian Permafrost Association. https://doi.org/10.52381/CPA.
permafrostdictionary.1

Lipovsky PS, Burn CR & Smith SL (2006) Active-layer detachments in discontinuous permafrost.
Canadian Journal of Earth Sciences 43(10): 1431-1444. https://doi.org/10.1139/¢06-107

Lipovsky P & Huscroft C (2007) A reconnaissance inventory of permafrost-related landslides in the
Pelly River watershed, central Yukon. Iz Emond DS, Lewis LL & Weston LH (eds.) Yukon exploration
and geology 2006, 181-195 Yukon Geological Survey, Whitehorse, Y'T.

Marmion M, Luoto M, Heikkinen RK & Thuiller W (2009) The performance of state-of-the-art
modelling techniques depends on geographical distribution of species. Ecological Modelling 220(24):
3512-3520. https://doi.org/10.1016/j.ecolmodel.2008.10.019

Meng X, Deng M, Shu L, Chen H, Wang S, Li Z, Zhao L. & Shang L. (2024) An evaluation of
evapotranspiration products over the Tibetan Plateau. Journal of Hydrometeorology 25(11): 1665-1677.
https://doi.org/10.1175/JHM-D-23-0223.1


https://doi.org/10.1038/srep15820
https://doi.org/10.1038/srep15820
https://www.google.com/search?q=https://doi.org/10.1080/13683500.2013.774324
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1088/1748-9326/abafd5
https://www.google.com/search?q=https://doi.org/10.1002/ppp.1773
https://doi.org/10.1016/j.gloplacha.2015.02.008
https://doi.org/10.1130/G38626.1
https://doi.org/10.1130/G38626.1
https://www.google.com/search?q=https://doi.org/10.1038/s41467-021-22676-z
https://www.google.com/search?q=https://doi.org/10.1038/s41467-021-22676-z
https://doi.org/10.5194/tc-15-3059-2021
https://doi.org/10.1016/j.geomorph.2015.01.024
https://doi.org/10.1002/wat2.1255
https://doi.org/10.1029/2007GL032433
https://doi.org/10.1029/2007GL032433
https://doi.org/10.1111/j.1365-2486.2009.01847.x
https://doi.org/10.1111/j.1365-2486.2009.01847.x
https://www.google.com/search?q=https://doi.org/10.5194/tc-17-4889-2023
https://www.google.com/search?q=https://doi.org/10.5194/tc-17-4889-2023
https://doi.org/10.1002/ppp.2253
https://www.google.com/search?q=https://doi.org/10.1016/j.geomorph.2005.01.005
https://doi.org/10.1038/s41467-019-09314-7
https://www.google.com/search?q=https://doi.org/10.1139/e06-107
https://doi.org/10.1016/j.ecolmodel.2008.10.019
https://doi.org/10.1175/JHM-D-23-0223.1

Makopoulou: Geospatial analysis of permafrost thaw-induced slope processes

Nesterova N, Sidorova O & Kritsuk L (2024) Geomorphic controls on retrogressive thaw slumps in
West Sibetia. Earth Surface Processes and Landforms 49(1): 1-17. https://doi.org/10.1002/esp.5683

Nesterova N, Tarasevich I, Leibman M, Khomutov A, Kizyakov A, Nitze I & Grosse G (2025) High-
resolution mapping of retrogressive thaw slumps and uncertainty implications. Scientific Data 12:
1-14. https://doi.org/10.5194/essd-17-5707-2025

Nicu IC, Lombardo L. & Rubensdotter I (2021) Preliminary assessment of thaw slump hazard to
Arctic cultural hetitage in Notrdenskiold Land, Svalbard. Landslides 18(12): 3791-3804. https:/ /doi.
org/10.1007 /s10346-021-01684-8

Nicu IC, Tanyas H, Rubensdotter I. & Lombardo L (2022) A glimpse into the northernmost thermo-
erosion gullies in Svalbard Archipelago and their implications for Arctic cultural heritage. Catena
215: 106321. https://doi.org/10.1016/j.catena.2022.106321

Nicu IC, Elia L, Rubensdotter I, Tanyas H & Lombardo L (2023) Multi-hazard susceptibility mapping
of cryospheric hazards in a high-Arctic environment: Svalbard Archipelago. Earth System Science Data
15(1): 447-464. https:/ /doi.org/10.5194/essd-15-447-2023

Nitze I, Grosse G, Jones BM, Arp CD, Ulrich M, Fedorov A & Veremeeva A (2017) Landsat-based trend
analysis of thermokarst disturbances. Remote Sensing 9(7): 640. https://doi.org/10.3390/1s9070640

Nitze I, Grosse G, Jones BM, Romanovsky VE & Boike ] (2018) Remote sensing quantifies widespread
abundance of permafrost region disturbances across the Arctic and Subarctic. Nazure Communications
9: 5423. https://doi.org/10.1038/s41467-018-07663-3

Nitze I, Heidler K, Nesterova N, Kiipper |, Schiitt E, Hélzer T, et al. (2025) DARTS: Database of Al-
detected Arctic retrogtressive thaw slumps. Seientific Data 12: 1-18.

Nyland KE, Shiklomanov NI, Streletskiy DA, Nelson FE, Klene AE & Kholodov AL (2021) Long-term
Circumpolar Active Layer Monitoring (CALM) program observations in northern Alaskan tundra.
Polar Geography 44(3): 167-185. https://doi.org/10.1080/1088937X.2021.1988000

O’Banion M & Olsen M (2014) Predictive seismically induced landslide hazard mapping in Oregon
using a maximum entropy model (MaxEnt). 70#) U.S. National Conference on Earthquake Engineering,
Anchorage, AK.

Obu J, Westermann S, Bartsch A, Berdnikov N, Christiansen H H, Dashtseren A, et al. (2019) Northern
Hemisphete permafrost map based on TTOP modelling for 2000-2016 at 1 km? scale. Earth-Science
Reviews 193: 299-316. https://doi.org/10.1016/j.carscirev.2019.04.023

Obu J (2021) How much of the Earth’s surface is underlain by permafrost? Journal of Geophysical Research:
Earth Surface 126(5): €2021JF006123. https://doi.org/10.1029/2021JF006123

Patton Al Rathburn S & Friedman JM (2021) Landslide response to climate change in permafrost
regions. Geomorphology 384: 107725. https:/ /doi.org/10.1016/j.geomorph.2021.107725

Pepin N, Apple M, Knowles |, Terzago S, Arnone E, Hianchen L, Napoli A, Potter E, Steiner J, Williamson
SN, Ahrens B, Dhar T, Dimri AP, Palazzi E, Rameshan A, Salzmann N, Shahgedanova M, Vidal Jr
JD, & Zardi D (2025) Elevation-dependent climate change in mountain environments. Nazure Reviews
Earth & Environment 6: 772-788. https://doi.org/10.1038/43017-025-00740-4

Phillips SJ, Anderson RP & Schapire RE (2006) Maximum entropy modeling of species geographic
distributions. Ecolgical Modelling 190(3—4): 231-259. https://doi.otg/10.1016/j.ecolmodel.2005.03.026

Phillips S & Dudik M (2008) Modeling of species distributions with MaxEnt: New extensions
and a comprehensive evaluation. Ecography 31(2): 161-175. https://doi.org/10.1111/.0906-
7590.2008.5203.x

Poggio L, De Sousa LM, Batjes NH, Heuvelink G, Kempen B, Ribeiro E & Rossiter D (2021) SoilGrids
2.0: Producing soil information for the globe with quantified spatial uncertainty. SOIL 7(1): 217—
240. https://doi.org/10.5194/s0il-7-217-2021

Popescu R, Filhol S, Etzelmiiller B, Vasile M, Plesoianu A, Virghileanu M, et al. (2024) Permafrost
distribution in the southern Carpathians, Romania, derived from machine learning modeling.
Permafrost and Periglacial Processes 35: 243-261. https://doi.org/10.1002/ppp.2232

Ramage JI, Irrgang AM, Morgenstern A & Lantuit H (2017) Contribution of coastal retrogressive
thaw slumps to the nearshore organic carbon budget along the Yukon coast. Biogeosciences. https://
doi.org/10.5194/bg-2017-437

Ramage JL, Irrgang AM, Morgenstern A & Lantuit H (2018) Increasing coastal slump activity impacts
the release of sediment and organic carbon into the Arctic Ocean. Biggeosciences 15(5): 1483—1495.
https://doi.org/10.5194/bg-15-1483-2018

Ramage J, Jungsberg I, Wang S, Westermann S, Lantuit H & Heleniak T (2021) Population living on
permafrost in the Arctic. Popaulation and Environment 43(1): 22-38. https:/ /doi.org/10.1007/s11111-
021-00378-4

Ran Y, Li X, Cheng G, Che J, Aalto |, Karjalainen O, et al. (2022) New high-resolution estimates of
the permafrost thermal state and hydrothermal conditions over the Northern Hemisphere. Earzh
System Science Data 14(2): 865-884. https://doi.org/10.5194/essd-14-865-2022

(]
(%
w

suopyediqnd jesiydea8oas eip.aou

4l


https://www.google.com/search?q=https://doi.org/10.1002/esp.5683
https://doi.org/10.5194/essd-17-5707-2025
https://doi.org/10.1007/s10346-021-01684-8
https://doi.org/10.1007/s10346-021-01684-8
https://www.google.com/search?q=https://doi.org/10.1016/j.catena.2022.106321
https://doi.org/10.5194/essd-15-447-2023
https://doi.org/10.3390/rs9070640
https://doi.org/10.1038/s41467-018-07663-3
https://doi.org/10.1080/1088937X.2021.1988000
https://doi.org/10.1016/j.earscirev.2019.04.023
https://doi.org/10.1029/2021JF006123
https://doi.org/10.1016/j.geomorph.2021.107725
https://doi.org/10.1038/s43017-025-00740-4
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.5194/soil-7-217-2021
https://doi.org/10.1002/ppp.2232
https://doi.org/10.5194/bg-2017-437
https://doi.org/10.5194/bg-2017-437
https://doi.org/10.5194/bg-15-1483-2018
https://www.google.com/search?q=https://doi.org/10.1007/s11111-021-00378-4
https://www.google.com/search?q=https://doi.org/10.1007/s11111-021-00378-4
https://doi.org/10.5194/essd-14-865-2022

(9]
(%
w

nordia geographical publications

42

Makopoulou: Geospatial analysis of permafrost thaw-induced processes

Rantanen M, Karpechko AY, Lipponen A, Nordling K, Hyvirinen O, Ruosteenoja K, et al. (2022)
The Arctic has warmed nearly four times faster than the globe since 1979. Communications Earth &
Environment 3: 168. https://doi.org/10.1038/s43247-022-00498-3

Rowland JC, Jones CE, Altmann G, Bryan R, Crosby BT, Geernaert GL, et al. (2010) Arctic landscapes
in transition: Responses to thawing permafrost. Eos, Transactions American Geophysical Union 91(26):
229-230. https://doi.org/10.1029/2010EO260001

Rudy AC, Lamoureux SE, Treitz P & Short N (2016) Predicting retrogtressive thaw slump occurrence
using statistical models. Permafrost and Periglacial Processes 27(2): 162-177. https:/ /doi.org/10.1002/

.1871

SaaIr)iiEnJ & Varnajot A (2019) The Arctic in tourism research. Polar Geography 42(2): 1-14. https://
doi.org/10.1080/1088937X.2019.1578332

Shur YL & Jorgenson MT (2007) Patterns of permafrost formation and degradation in relation to climate
and ecosystems. Permafrost and Periglacial Processes 18(1): 7-19. https:/ /doi.org/10.1002/ppp.582

Schuur E A G, McGuire A D, Schidel C, Grosse G, Harden ] W, Hayes D J, et al. (2015) Climate change
and the permafrost carbon feedback. Nature 520: 171-179. https://doi.org/10.1038/nature14338

Scott D, Hall CM & Géssling S (2019) Global tourism vulnerability to climate change. Annals of Tourism
Research 77: 49—61. https:/ /doi.org/10.1016/j.annals.2019.05.007

Segal RA, Lantz TC & Kokelj SV (2016) Acceleration of thaw slump activity in glaciated landscapes of the
Western Canadian Atctic. Environmental Research Letters 11(3): 034025. https://doi.org/10.1088/1748-
9326/11/3/034025

Shen T, Jiang P, Ju Q, Zhao J, Chen X, Lin H, et al. (2024) Permaftrost on the Tibetan Plateau is degrading:
Historical and projected trends. Journal of Hydrology 628: 130501. https://doi.org/10.1016/j.
jhydrol.2023.130501

State of Alaska Geoportal (2026) Pipeline dataset. https:/ / gis.data.alaska.gov/datasets/SOA-DNR::trans-
alaska-pipeline/about (assessed 1 March 2024)

Steiger R, Scott D, Abegg B, Pons M & Aall C (2021) A critical review of climate change risk for tourism.
Tourism Management 83: 104217. https://doi.org/10.1016/j.tourman.2020.104217

Strand SM, Christiansen HH, Johansson M, Aketman] & Humlum O (2021) Active layer thickening
and controls on interannual variability in the Nordic Arctic compared to the circum-Arctic. Permafrost
and Periglacial Processes 32(1): 47-58. https:/ /doi.org/10.1002/ppp.2088

Strauss J, Schirrmeister I, Grosse G, Fortier D, Hugelius G, Knoblauch C, et al. (2017) Deep Yedoma
permafrost: A synthesis of depositional characteristics and carbon vulnerability. Earth-Science Reviews
172: 75-86. https://doi.org/10.1016/j.carscirev.2017.07.007

Streletskiy DA, Suter L], Shiklomanov NI, Porfiriev BN & Eliseev DO (2019) Assessment of climate
change impacts on buildings, structures and infrastructure in the Russian regions on permafrost.
Environmental Research 1etters 14(2): 025003.

Streletskiy DA, Maslakov A, Grosse G, Shiklomanov NI, Farquharson L, Zwieback S, et al. (2025)
Thawing permafrost is subsiding in the Northern Hemisphere—review and perspectives. Environmental
Research Letters 20(1), 013006. 10.1088/1748-9326/ada2ff

Swanson DK (2014) Mapping of erosion features related to thaw of permafrost in the NPS Arctic Inventory and
Monitoring Network, Alaska. Natural Resource Technical Report NPS/ARCN/NRTR —2014/912.

Swanson DK (2021) Active-layer detachments in tundra landscapes. Permafrost and Periglacial Processes
32(3): 456-470. https://doi.org/10.1002/ppp.2113

Turetsky MR, Abbott BW, Jones MC, Walter Anthony K, Olefeldt D, Schuur EAG, et al.(2020) Carbon
release through abrupt permafrost thaw. Nazure Geoscience 13(2): 138-143. https:/ /doi.org/10.1038/
s41561-019-0526-0

van der Sluijs J, Kokelj SV, Rudy ACA & Lewkowicz AG (2023) Allometric scaling of retrogressive thaw
slumps. The Cryosphere 17(10): 4511-4531. https://doi.org/10.5194/tc-17-4511-2023

Varnajot A & Makopoulou E (2025) Tourism in the Arctic is at risk due to intensifying permafrost
degradation. Communications Earth & Environment 6: 983. https://doi.org/10.1038/s43247-025-
02944-4

Vonk JE, Sanchez-Garcfa L, van Dongen BE, Alling V, Kosmach D, Charkin A, et al. (2012) Activation
of old carbon by erosion of coastal and subsea permafrost in Arctic Sibetia. Nazure 489: 137-140.

Ward Jones MK, Pollard WH & Jones BM (2019) Rapid initialization of retrogressive thaw slumps in
the Canadian high Arctic and their response to climate and terrain factors. Environmental Research
Letters 14(5): 055006. https://doi.org/10.1088/1748-9326/ab12fd

Ward Jones MK & Pollard WH (2021) Daily field observations of retrogressive thaw slump dynamics
in the Canadian High Arctic. Arctic 74(2): 181-198. https://doi.org/10.14430/arctic73377

Xu X, Qiang Y, Li L, Liang S, Chen T, Yang W, et al. (2025) A MaxEnt-TRIGRS hybrid model with
dynamic safety factor mapping for enhanced debris flow susceptibility assessment in rainfall-triggered
terrains. Scientific Reports 15: 26209. https://doi.org/10.1038/541598-025-11284-4


https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1029/2010EO260001
https://www.google.com/search?q=https://doi.org/10.1002/ppp.1871
https://www.google.com/search?q=https://doi.org/10.1002/ppp.1871
https://www.google.com/search?q=https://doi.org/10.1080/1088937X.2019.1578332
https://www.google.com/search?q=https://doi.org/10.1080/1088937X.2019.1578332
https://doi.org/10.1002/ppp.582
https://doi.org/10.1038/nature14338
https://doi.org/10.1016/j.annals.2019.05.007
https://doi.org/10.1088/1748-9326/11/3/034025
https://doi.org/10.1088/1748-9326/11/3/034025
https://doi.org/10.1016/j.jhydrol.2023.130501
https://doi.org/10.1016/j.jhydrol.2023.130501
https://gis.data.alaska.gov/datasets/SOA-DNR::trans-alaska-pipeline/about
https://gis.data.alaska.gov/datasets/SOA-DNR::trans-alaska-pipeline/about
https://doi.org/10.1016/j.tourman.2020.104217
https://doi.org/10.1002/ppp.2088
https://doi.org/10.1016/j.earscirev.2017.07.007
https://www.google.com/search?q=https://doi.org/10.1002/ppp.2113
https://doi.org/10.1038/s41561-019-0526-0
https://doi.org/10.1038/s41561-019-0526-0
https://doi.org/10.5194/tc-17-4511-2023
https://doi.org/10.1038/s43247-025-02944-4
https://doi.org/10.1038/s43247-025-02944-4
https://doi.org/10.1088/1748-9326/ab12fd
https://doi.org/10.14430/arctic73377
https://doi.org/10.1038/s41598-025-11284-4

Makopoulou: Geospatial analysis of permafrost thaw-induced slope processes

Yang Y, Rodenhizer H, Rogers BM, Dean ], Singh R, Windholz T, et al. (2025) A collaborative and
scalable geospatial data set for Arctic retrogressive thaw slumps with data standards. Scientific Data
12: 18. https://doi.org/10.1038/s41597-025-04372-7

Yin G, Luo J, Niu F, Lin Z & Liu M (2021) Machine learning-based thermokarst landslide susceptibility
modeling across the permafrost region on the Qinghai—Tibet Plateau. Landslides 18(7): 2639-2649.
https://doi.org/10.1007/s10346-021-01669-7

You Q, Chen D, Wu I, Pepin N, Cai Z, Ahrens B, et al. (2020) Elevation dependent warming over the
Tibetan Plateau: Patterns, mechanisms and petspectives. Earth-Science Reviews 210: 103349. https://
doi.org/10.1016/j.carscirev.2020.103349

Yukon Parks Strategy (2020) A system-wide strategy for Yukon parks. https:/ /yukon.ca/sites/yukon.ca/
files/env/env-yukon-parks-strategy.pdf (accessed 3 December 2024).

(]
(%
w

suopyediqnd jesiydea8oas eip.aou

43


https://doi.org/10.1038/s41597-025-04372-7
https://doi.org/10.1007/s10346-021-01669-7
https://doi.org/10.1016/j.earscirev.2020.103349
https://doi.org/10.1016/j.earscirev.2020.103349
https://yukon.ca/sites/yukon.ca/files/env/env-yukon-parks-strategy.pdf
https://yukon.ca/sites/yukon.ca/files/env/env-yukon-parks-strategy.pdf

	Abstract
	List of original publications
	Contributions
	Acknowledgements
	List of abbreviations
	1 Introduction
	2 Background
	2.1 Permafrost landscapes
	2.2 Permafrost disturbances
	2.2.1 Retrogressive thaw slumps (RTSs)
	2.2.2 Active-layer detachment failures (ALDs)

	2.5 Susceptibility modeling

	3 Materials and methods
	3.1 Study areas
	3.2 Data
	3.2.1 Retrogressive thaw slump and active-layer detachment failure observations
	3.2.2 Geospatial data
	3.2.3 Infrastructure data
	3.2.4 Other data

	3.3 Methods

	5 Results and discussion
	5.1 Circumpolar susceptibility and environmental controls of retrogressive thaw slumps (Article I)
	5.2 Regional variation and environmental distinctiveness among RTS-prone landscapes (Article II)
	5.3 Environmental controls on active-layer detachment failure susceptibility and infrastructure vulnerability (Article III)
	5.4 Permafrost hazards and nature-based tourism vulnerability in Yukon protected areas (Article IV)
	5.5 Data and methodological limitations

	6 Future research on thaw-related hazards
	7 Conclusions
	References

