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ABSTRACT: Avalanche hazard has been studied extensively in the context of human risk, but its role
in alpine wildlife ecology remains poorly understood. Long-term telemetry studies have revealed that
avalanches are an important source of mortality for some mountain ungulates. Investigating the
processes underlying these events is challenging because avalanche activity and snowpack conditions
are rarely monitored across the spatial and temporal extent of wildlife studies. Recent advances in
automated avalanche terrain mapping provide a new opportunity to address this knowledge gap by
quantifying wildlife exposure to modeled avalanche terrain across large landscapes. We demonstrate
this application using Dall's sheep (Ovis dalli dalli) in southcentral Alaska, where a 12-year study
identified avalanches as the leading known cause of adult mortality. We used GPS locations from 134
adult Dall’s sheep (385 sheep-years) collected between 2012 and 2024 across Chugach State Park and
the Talkeetna Mountains, Alaska, USA. We characterized seasonal patterns of terrain exposure using
the Automated Avalanche Terrain Exposure Scale and complementary metrics representing potential
release areas, runout terrain, slope, and aspect. Guided by previous studies of Dall’'s sheep habitat
selection, we developed a priori ecological expectations for seasonal exposure and used descriptive
summaries of GPS locations to examine patterns of sheep use. Sheep locations occurred almost
exclusively within avalanche terrain throughout the year, with Complex terrain accounting for 61-67%
of locations across seasons. Winter and spring locations occurred on slightly steeper slopes while
simultaneously having lower potential release area values and lower-value runout terrain than summer
and autumn locations. Use of south-facing terrain increased from 64% of locations in summer to 70% in
autumn and winter and 83% in spring—coinciding with the highest seasonal concentration of avalanche
mortality. These descriptive patterns illustrate how complementary avalanche-terrain metrics can reveal
patterns of wildlife exposure that would not be apparent from slope angle and aspect alone. Integrating
automated avalanche terrain mapping with wildlife telemetry provides a new approach for identifying
patterns of terrain exposure to guide further investigation into factors influencing wildlife avalanche risk.
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1. INTRODUCTION These same landscape features can coincide
with slope angles most conducive to avalanche

As climate change reshapes snow and weather
patterns across alpine and high-latitude
environments, understanding how  snow-
mediated processes influence wildlife has
become increasingly important. Previous
research has focused on the indirect effects of
snow on nutrition, movement, and predator-prey
dynamics (Hansen et al., 2011; Pedersen et al.,
2021; Sullender et al., 2023), but avalanches
represent a direct snow-driven disturbance that
has received comparatively little attention in
wildlife ecology. Avalanche-related mortality has
been observed in a wide range of wildlife species,
but only recently has long-term monitoring
revealed avalanches as a major source of
mortality in mountain ungulates (Hansen et al.,
2025; Thamm et al., 2026; White et al., 2024).

Alpine adapted ungulates may be especially
vulnerable because they rely on steep, rugged
escape terrain to detect and evade predators.

release, creating an inherent trade-off between
predator avoidance and exposure to avalanche
hazard (White et al., 2024). Evidence from long-
term monitoring of mountain goats (Oreamnos

americanus) in southeastern Alaska
demonstrates how this trade-off can have
important demographic consequences,

contributing to population declines that require
extended periods for recovery (White et al.,
2025). Individuals that died from avalanches
spent more time in avalanche terrain than
surviving animals (White et al., 2024). Avalanche
mortality spiked in early winter, with the highest
avalanche mortality occurring in  spring,
coinciding with greater avalanche terrain use
patterns across sampled populations. Similarly, a
long-term study of Alpine chamois (Rupicapra
rupicapra) found that avalanche-related mortality
was concentrated in late winter (March), and that
years with greater avalanche hazard were



associated with increased winter mortality (Jonas
etal., 2008). As expected, these patterns suggest
that seasonal avalanche mortality may reflect
changes in both animal terrain exposure and
avalanche hazard.

Disentangling these processes is challenging
because avalanche occurrence depends on
multiple interacting components related to terrain,
snow and weather characteristics. Wildlife
inhabiting avalanche terrain year-round may be
exposed to a broad range of avalanche types
caused by a variety of snowpack and weather
conditions, making it difficult to infer the most
impactful mechanisms underlying avalanche
mortality patterns. This challenge is compounded
by limited occurrences of known avalanche
mortality events and scarcity of direct
observations of alpine snowpack and avalanche
conditions.

Avalanche science provides a framework for
understanding these interactions through the
Conceptual Model of Avalanche Hazard, which
identifies terrain, snowpack, and weather as the
three fundamental components governing
avalanche hazard (Statham et al., 2018). Within
this framework, terrain determines where
avalanches are possible, whereas the interaction
of snowpack and weather determines the
magnitude, frequency and the type of avalanches
most likely to occur. Although these components
interact to produce avalanche hazard, they
operate across different spatial and temporal
scales. Terrain remains relatively constant over
ecological timescales, whereas snowpack varies
seasonally and among years, and weather
changes over hours to weeks (Birkeland, 2025;
McClung and Schaerer, 2022). Because
exposure to avalanche hazard is determined in
part by how animals use the terrain, quantifying
seasonal patterns of terrain exposure provides a
logical first step for evaluating broader, dynamic
influences of snowpack and weather.

Recent developments in automated avalanche
terrain mapping, particularly the Automated
Avalanche Terrain Exposure Scale (AutoATES
v2.0), now make it possible to quantify multiple
components of avalanche terrain across large
landscapes (Sykes et al., 2024; Toft et al., 2024).
AutoATES v2.0 extends the traditional Avalanche
Terrain Exposure Scale by automating terrain
classification within five categories (None,
Simple, Challenging, Complex, Extreme) and
generating terrain metrics for potential avalanche
release areas and avalanche runout paths.
Combined with GPS telemetry, these products
provide wildlife ecologists with an opportunity to
quantify exposure to multiple components of
avalanche terrain in ways that were previously
unavailable using digital elevation models alone.

Dall’'s sheep (Ovis dalli dalli) in southcentral
Alaska provides an ideal system for examining
the relationship between habitat use and
avalanche terrain. Our previous work identified
avalanches as the leading known cause of adult
mortality, accounting for 32.6% of documented
adult deaths, with estimated annual avalanche
mortality ranging from 0-25% (mean = 6.6%)
(Thamm et al, 2026). Of the confirmed
avalanche mortalities, 69% occurred during
spring (Mar—May) compared to only 10% in
winter (Dec—Feb) and 21% in autumn (Sept—
Nov). Mortalities of unknown cause showed a
similar seasonal pattern, with more than half
(56%) occurring during spring. Given the timing
of these deaths, observed avalanche mortality
rates likely generate a conservative estimate of
true avalanche-related mortality.

These seasonal mortality patterns led us to ask
whether seasonal changes in habitat use
influence exposure to different components of
avalanche terrain. Our predictions were guided
by two complementary lines of evidence: 1)
previous studies describing Dall’'s sheep habitat
selection and 2) the seasonal patterns of
avalanche mortality documented in both our
earlier work and other mountain ungulate studies.
Because Dall’s sheep consistently rely on steep
rugged escape terrain (Aycrigg et al.,, 2021;
Smith, 2020), we hypothesized that GPS
locations would occur predominantly within
Complex terrain classified by the Automated
Avalanche Terrain Exposure Scale (AutoATES
v2.0) regardless of season. Complex terrain
similarly comprises moderate- to high-angle
slopes (>35°) within intricate and varied terrain
(Sykes et al.,, 2024). Previous studies
documenting selection for solar aspects during
winter and spring led us to predict greater use of
south-facing terrain during these two seasons
(Aycrigg et al., 2021; Smith, 2020). We further
predicted that exposure to potential release areas
would vary seasonally, with the lowest exposure
occurring during winter and increasing during
spring. With little prior information on seasonal
use of avalanche starting zones, this prediction
was based on observations that sheep remain in
subalpine terrain throughout the year in this area
(Smith, 2020) but that avalanche mortality is
concentrated in spring, potentially reflecting
greater exposure to starting zones. Finally,
because Dall's sheep have been shown to favor
snow free areas (e.g., wind swept) and avoid
deep snow (Aycrigg et al., 2021; Mahoney et al.,
2018), we expected reduced exposure during
winter and spring to runout paths capable of
maintaining relatively higher snow depths and
receiving higher amounts of avalanche debris.



We evaluated seasonal avalanche terrain
exposure using GPS locations from 134 adult
Dall’'s sheep monitored between 2012 and 2024
across Chugach State Park and the Talkeetna
Mountains in Alaska, USA. We combined these
locations with terrain metrics derived from digital
surface models, including automated avalanche
terrain metrics generated using AutoATES v2.0,
to characterize the terrain component of
avalanche hazard. These metrics include
avalanche release potential, avalanche runout
paths, slope, and aspect. Here, we describe how
sheep exposure to these terrain characteristics
varies seasonally and provide a foundation to
support future investigations into how snowpack
and weather influence avalanche mortality risk.

2. METHODS

2.1 Study area

The Talkeetna Mountains (TLK; 3,100 km?) and
Chugach State Park (CSP; 2,100 km?), located
north and east of Anchorage, respectively,
comprise the two study areas in southcentral
Alaska (Figure 1). Elevation ranged from 300-
2,500 m in TLK and from sea level to 2,400 m in
CSP. Vegetation transitions from boreal and
mixed forests at lower elevations to subalpine
shrublands into alpine tundra and rock (Nowacki,
G.J. et al,, 2003). Mean annual temperature in
Palmer, Alaska, is 3.3 °C (winter mean low = -12
°C; summer mean high = 14 °C), and mean
annual precipitation averages approximately 320
mm (U.S. Climate Normals, 1991).
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Figure 1: Study area map showing the Chugach
State Park (CSP) and Talkeetna Mountains (TLK)
Dall's sheep monitoring areas in southcentral
Alaska.

The region has a transitional snow climate that
combines characteristics of continental and
maritime snowpacks (Carter, 2016; Hackett and
Santeford, 1980; Mock, 1996; Wagner, 2012)
with more continental-like conditions (i.e. colder

temperatures, less snow  accumulation)
occurring further inland within both study areas
(Hackett and Santeford, 1980). Winter
precipitation in the western Chugach and
Talkeetna Mountains is driven primarily by
southwesterly flow from the Gulf of Alaska that
tracks up Cook Inlet (Bailey et al., 2019). Direct
measurements of snow conditions within alpine
Dall's sheep habitat are limited. Consequently,
the Indian Pass SNOTEL station (~730 m
elevation) in Chugach State Park was used as a
regional indicator of snow accumulation (USDA
Natural Resources Conservation Service, 2026).
Snow cover persists for approximately 238 days
annually, and peak snow water equivalent (SWE)
averages 62 cm (range: 32-102 cm). Snow
accumulation typically occurs from September
through May, with the largest average SWE
increase occurring in December (USDA Natural
Resources  Conservation  Service, 2026).
Avalanches are common in steep alpine terrain
from October through May, with substantial
interannual and regional variation (Carter, 2016;
Hackett and Santeford, 1980).

Dall's sheep in this region occupy alpine and
subalpine habitats characterized by steep,
rugged terrain that provide escape terrain from
predators (Smith, 2020). Although the Dall's
sheep populations that occupy the Talkeetna
Mountains and Chugach State Park are
geographically separated, both have
experienced substantial long-term declines,
falling from more than 2,000 animals in the late
1990s to fewer than one-third of those historical
counts (Alaska Department of Fish and Game,
2023, 2024).

2.2 Spatial data

Seasonal avalanche terrain exposure was
evaluated using 509,415 GPS locations collected
from 134 adult Dall sheep (90 females, 44 males;
385 sheep-years) monitored by the Alaska
Department of Fish and Game between 2012 and
2024. Individuals were fitted with GPS collars that
recorded locations at several intervals that we
subsampled to a common 4-hour fixed interval.
GPS locations were assigned to four seasons
representing broad seasonal differences in
snowpack and weather processes: summer (1
June-31 August), autumn (1 September-30
November),  winter (1 December—28/29
February), and spring (1 March-31 May).
Seasonal sample sizes included 125,106 GPS
locations in summer, 118,476 in autumn, 113,149
in winter, and 152,684 in spring.

Terrain variables were derived from the U.S.
Geological Survey 5-m Alaska Interferometric
Synthetic Aperture Radar (IfSAR) digital surface
model (DSM), and resampled to 10-m digital



resolution for the Talkeetna Mountains and
Chugach State Park study areas. The DSMs
were used to calculate slope and aspect.
Avalanche terrain was characterized using
AutoATES v2.0, an automated implementation of
the Avalanche Terrain Exposure Scale (ATES)
that classifies terrain into five categories (0—4),
ranging from Non-avalanche terrain (0) to
Extreme avalanche terrain (4). In addition to the
categorical ATES classification, AutoATES v2.0
generates continuous raster layers describing
potential avalanche release areas (PRAs) and
avalanche runout simulations (D’Amboise et al.,
2022). PRA is a continuous index (0-1)
representing the modeled probability that a
location functions as a starting zone (or
avalanche release area). To capture overhead
avalanche exposure, we used a runout simulation
output called route flux area (RFA), which
represents the cumulative area (number of
pixels) of upslope avalanche starting zones
connected to a location through modeled
avalanche paths. Values of zero indicate
locations outside an avalanche path, whereas
larger values indicate progressively greater
cumulative upslope starting-zone pixels and
therefore greater potential exposure to avalanche
debris if avalanches occur. Values from slope,
aspect, ATES, PRA, and RFA raster layers were
extracted for each GPS location.

2.3 Terrain exposure

Descriptive summaries were developed for ATES
categories, PRA, RFA, slope and aspect to
characterize seasonal patterns in avalanche
terrain exposure. Because the objective of this
case study was to describe broad seasonal
patterns, summaries were calculated across all
individuals, years and study areas. Differences
among sexes, years and study areas were not
included in this study but plans are to evaluate
them wusing habitat selection analyses in
subsequent work.

Slope, PRA, and RFA at sheep GPS locations
were summarized using the mean, median,
standard deviation, and interquartile range (IQR).
Because RFA exhibited a strongly right-skewed
distribution with a substantial proportion of zero
values, summaries also included the proportion
of GPS locations with RFA = 0.

ATES was summarized as the proportion of GPS
locations within each terrain class (Non-
avalanche, Simple, Challenging, Complex and
Extreme). Seasonal aspect use was summarized
using compass rose histograms grouped into 15°
directional bins. To quantify seasonal changes in
south-facing exposure, GPS locations were
classified as occurring on southern (91-269°) or
northern (271-359° and 1-89°) aspects, and the

proportion of locations within each category was
calculated for each season. Compass rose
histograms were also generated for confirmed
avalanche and unknown-cause mortalities to
provide a descriptive comparison with seasonal
habitat use.

3. RESULTS

Across all seasons, Dall's sheep GPS locations
occurred predominantly within Complex terrain,
accounting for 61-67% of seasonal locations
(Table 1, Figure 2). Challenging terrain
comprised an additional 20-25% of locations,
whereas Simple, Extreme, and Non-avalanche
terrain  were used infrequently. Seasonal
differences were modest, with the proportion of
locations in Complex terrain declining slightly
during winter and increasing during spring.

Table 1: Percentage of Dall's sheep GPS
locations within each Avalanche Terrain
Exposure Scale (ATES) terrain class by season.

':I:‘;:ss Summer Autumn Winter Spring
Non-
0.1% 0.1% 0.1% <0.1%
avalanche
Simple 9% 12% 12% 8%
Challenging  25% 24% 24% 20%
Complex 62% 62% 61% 67%
Extreme 4% 2% 3% 4%
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Figure 2: Seasonal distribution and percentages
of Dall's sheep GPS locations among ATES
terrain classes.

Across all seasons, Dall's sheep occupied
moderately steep terrain, with mean slope angles
increasing from 31.4-31.5° during summer and
autumn to 33.6° in winter and 35.1° in spring
(Table 2). Median slope exhibited the same
seasonal pattern. In contrast, PRA declined from
summer (0.416) and autumn (0.410) to winter
(0.382) before increasing slightly in spring
(0.403), although spring values remained below
those observed during summer and autumn
(Table 3). Overall, sheep occupied progressively
steeper terrain during the snow season, yet those
locations
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Figure 3: Seasonal aspect distributions of Dall's sheep GPS locations (top) and mortality locations of
GPS collared sheep attributed to avalanches or unknown causes (bottom).

were characterized by modestly lower avalanche
release potential.

Table 2: Seasonal slope values at Dall’s sheep
GPS locations.

Season AS”I:: : :(?s D Median (IQR)
Summer 31.4+£10.1 32 (26-37)
Autumn 31.5+10.0 33 (25-38)
Winter 33.6+9.3 35 (28-40)
Spring 35.1+£9.2 36 (30—41)

Table 3: Seasonal potential release area (PRA)
values at Dall's sheep GPS locations.

PRA

Season Mean + SD Median (IQR)
Summer 0.416 +0.296 0.459 (0.105-0.667)
Autumn 0.410 +0.288 0.450 (0.110-0.652)
Winter 0.382 + 0.253 0.391 (0.164-0.584)
Spring 0.403 £ 0.254 0.410 (0.190-0.607)
GPS locations became progressively

concentrated on southern aspects throughout the
year (Figure 3). The proportion of locations on
southern aspects increased from 64% in summer
to 70% in autumn and winter, and 83% in spring
(Table 4). Confirmed avalanche mortalities and

mortalities of unknown cause were similarly
concentrated on southern aspects in the spring
(Figure 3).

Table 4: Seasonal distribution of Dall's sheep
GPS locations by aspect.

Season North-facing South-facing
Summer 35% 64%

Autumn 29% 70%

Winter 29% 70%

Spring 17% 83%

RFA exhibited a strongly right-skewed

distribution in all seasons, with mean values
substantially exceeding medians because
relatively few GPS locations occurred within
areas of very high avalanche-path connectivity
(Table 5). Median RFA declined from summer
and autumn to winter and spring, indicating that
sheep locations shifted toward lower-value
runout terrain associated with less potential
avalanche debris during the snow season.
Similarly, the proportion of locations outside of
runout terrain (RFA = 0) increased from 8.0-8.4%
during summer and autumn to 11.0% in winter.
To provide context for RFA values within typical
Dall’'s sheep habitat, we map RFA by order of
magnitude alongside sheep GPS locations within
a representative portion of the study area (Figure
4).



Table 5: Seasonal route flux area (RFA) values at
Dall's sheep GPS locations.

Season Mean Median (IQR) Zeros
Summer 3,306 843 (300-2,240) 8.4%
Autumn 4,126 766 (304-1,990) 8%
Winter 1,358 408 (173-864) 11%
Spring 1,434 457 (202-1,007) 9.7%
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Figure 4. GPS locations from Chugach State
Park illustrates Dall’'s sheep use of runout terrain
by season. Route flux area (RFA) binned by order
of magnitude to better visualize differences
across the highly right-skewed distribution of
runout-path values. The progressively darker
colors represent higher RFA values, the
cumulative area (number of pixels) of upslope
avalanche starting zones connected to a location
through modeled avalanche paths. Base terrain:
Hillshade derived from U.S. Geological Survey
Alaska IfSAR Digital Surface Model.
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(] Autumn

4. DISCUSSION

This case study demonstrates how recent
advances in automated avalanche terrain
mapping can be integrated with wildlife telemetry
to characterize animal exposure across multiple
components of avalanche terrain. Although Dall’s
sheep occupied predominantly = Complex
avalanche terrain throughout the year, important
differences in seasonal patterns among terrain
components were observed. Most notably, sheep
occupied progressively steeper terrain during
winter and spring while simultaneously occurring
in terrain characterized by lower avalanche
release potential and lower runout path exposure.
These findings demonstrate that seasonal
exposure to avalanche terrain is more nuanced
than would be inferred from terrain steepness
alone and highlights the importance of evaluating

complementary of avalanche

terrain.

components

The distribution of locations among the ATES
classes indicates a pattern of persistent use of
avalanche terrain throughout the year, with very
few locations occurring in Non-avalanche terrain.
Among the four avalanche-terrain classes,
Complex terrain consistently accounted for the
largest proportion of locations (61-67%), with the
lowest use in winter (61%) and highest use in
spring (67%). Although we expected Complex
terrain to account for the greatest use across
seasons based on a strong association between
sheep and escape terrain, the implications of this
finding are noteworthy. Complex terrain
represents highly consequential avalanche
terrain, characterized by steep slopes with
multiple or overlapping avalanche paths.
Because ATES was developed to support human
travel decisions in avalanche terrain, the
classification also considers the ability to manage
exposure. In Complex terrain, options for
reducing exposure or avoiding an avalanche are
limited (Statham and Campbell, 2025).

Seasonal exposure to the other avalanche terrain
features were more subtle. During winter and
spring, sheep occupied terrain characterized by
lower PRA and RFA values despite occurring on
increasingly steep slopes. Had seasonal
exposure been evaluated using slope alone, one
might conclude that sheep experienced greater
exposure to terrain with a higher likelihood of
avalanche release during the snow season.
Although differences in mean slope among
seasons were relatively modest, the distribution
progressively shifted toward steeper terrain. By
spring, locations had a median slope of 36° (IQR
= 30-41°), placing much of the distribution within
the 30—45° range most frequently associated with
slab-avalanche release (McClung and Schaerer,
2022; Schweizer and Jamieson, 2001).
Interestingly, the inclusion of PRA and RFA
revealed a more nuanced pattern in which
steeper terrain did not necessarily correspond to
greater local avalanche-release potential or
greater connectivity to upslope avalanche paths.
These patterns  suggest that different
components of avalanche terrain capture distinct
aspects of exposure and may offer somewhat
different ecological interpretations.

Despite modest seasonal reductions in exposure
to potential release areas and runout terrain,
sheep remained predominantly within
consequential Complex avalanche terrain
regardless of season. This persistent exposure
highlights a potential ecological trade-off:
reducing avalanche exposure may require sheep
to move away from the steep escape terrain they
rely on for security from predators. Even when



sheep moderate some components of terrain
exposure, their high use of Complex terrain may
limit their options to reduce exposure when
snowpack and weather produce elevated
avalanche hazard.

The seasonal increase in south-facing habitat
use provides equally important insight. Southern
aspects were used throughout the year but
became strongly dominant during spring,
coinciding with the seasonal concentration of
documented avalanche mortality. Unlike PRA
and RFA, which suggested modest reductions in
terrain exposure during the snow season,
increased use of southern aspects may place
sheep in terrain where snowpack conditions
change rapidly during spring. At this latitude,
solar radiation intensifies warming on south-
facing aspects predominantly in the spring
(Hackett and Santeford, 1980). This warming
follows a strong diurnal cycle, as overnight
freezing can temporarily stabilize the snowpack
before daytime warming reduces snow strength
and promotes wet-snow instability (Mitterer and
Schweizer, 2013).

Spring may be particularly important because
these constraints on terrain use coincide with a
rapidly changing snowpack and a more diverse
suite of avalanche problems. Winter avalanche
conditions within these two study areas are
largely shaped by dry snow storms, wind, and
persistent weak layer development (Hackett and
Santeford, 1980). By spring, these processes
may persist while increasing solar radiation,
periods above freezing, and rain introduce
additional pathways for destabilizing the
snowpack (Hackett and Santeford, 1980; Mitterer
and Schweizer, 2013). Storms may transition
between snow and rain, but solar warming varies
strongly with aspect and slope angle, creating
substantial spatial and temporal variability in
avalanche conditions.

This transition also coincides with a critical period
in Dall’s sheep ecology. Sheep enter spring after
the nutritionally restrictive winter period (Parker et
al., 2009), and access to emerging forage
remains closely tied to snowmelt and green-up
(Aycrigg et al., 2021; Rattenbury et al., 2018). For
females, these nutritional constraints coincide
with the energetic demands of late gestation and
lambing (Aycrigg et al., 2021; Rachlow and
Bowyer, 1998). Spring may therefore represent a
period when increasing nutritional and
reproductive needs alter habitat-use decisions
while the snowpack is transitioning through an
increasingly dynamic set of avalanche conditions.
These overlapping ecological and physical
processes, combined with persistent avalanche
terrain exposure, could be further investigated to

elucidate how spring snowpack and weather
conditions influence avalanche mortality risk.

Although these descriptive summaries revealed
apparent seasonal differences in exposure to
components of avalanche terrain, statistical tests
were not conducted to evaluate whether these
differences were meaningful. Consequently, the
seasonal differences reported here should be
viewed as exploratory. Patterns of use describe
where animals occur and provide important
information about their exposure in dangerous
terrain.  Habitat selection addresses a
complimentary question: whether terrain-use
patterns reflect behavioral choices after
accounting for the habitat available to them
(Avgar et al., 2017). Thus, the patterns reported
here should not be interpreted as evidence that
sheep are selecting or avoiding particular
features of avalanche terrain. A resource
selection analyses is underway to assess
behavioral responses after accounting for habitat
availability, individual variation, sex, and annual
variation. Together, patterns of use and selection
may provide complimentary insight into seasonal
exposure and behavioral responses to avalanche
terrain, establishing a foundation for investigating
how animal behavior interacts with snowpack and
weather to influence avalanche risk.

This case study demonstrates how automated
avalanche terrain products can be used to move
beyond traditional terrain metrics and evaluate
wildlife exposure across multiple components of
avalanche terrain. Rather than treating
avalanche terrain as a single characteristic of the
landscape, separating release areas, avalanche-
path runout terrain, slope, and aspect revealed
complementary patterns that invite new
hypotheses about Dall’s sheep habitat use and
seasonal avalanche exposure. This framework
has broader applications for mountain wildlife
inhabiting avalanche terrain. Changing snhow
conditions are increasingly recognized as
important drivers of alpine ecosystems, yet the
contribution of avalanches are not fully
understood. Combining automated terrain
mapping with ecological data can support
researchers in evaluating avalanche exposure
alongside other snow-mediated processes,
providing a more complete understanding of how
changing winter conditions influence mountain
ungulate populations.
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