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A B S T R A C T   

Our research seeks to expand existing knowledge of travel behavior and decision-making in avalanche terrain. 
We have done this by using GPS tracking to observe the travel behavior of out-of-bounds (OB) skiers and col-
lecting survey data to investigate their terrain choices. We sampled participants in the field by distributing hand- 
held GPS units and surveys along the southern boundary of Bridger Bowl Ski Area, Southwest Montana, USA. In 
total, we used data from 136 participants that volunteered over the course of 19 field days, from February 2017 
to February 2018. We analyzed the resulting GPS data using a GIS, and we derived terrain metrics from elevation 
and land cover data. We fit a multiple linear regression model using GPS track downhill starting distance from 
the ski area boundary as the response variable and survey responses, interaction with complex avalanche terrain 
(as defined using the Avalanche Terrain Exposure Scale), weather conditions, and avalanche hazard level as 
explanatory variables. This approach evaluates travel behavior as a function of human factors, terrain, weather, 
and snowpack, providing a holistic perspective on decision-making drivers. Our results show that gender (fe-
male), formal avalanche education, and perception of avalanche mitigation are statistically significant (p < 0.05) 
survey responses which indicate that participants travel further from the ski area boundary before descending 
Saddle Peak, which effects individuals avalanche terrain exposure. Downhill starting distance is also significantly 
correlated with time and distance in complex avalanche terrain (p < 0.05). Our results provide a case study of 
the terrain preferences and avalanche awareness of OB skiers and highlight specific “human factors” that are 
correlated with terrain selection. Two practical applications of this research are: 1) tailoring of targeted 
avalanche education outreach based on our results specific to the OB setting, and 2) designing new signage to 
illustrate the avalanche terrain near the ski area boundary for skiers who are inexperienced in the backcountry or 
unfamiliar with the specific area.   

1. Introduction 

Snow avalanches are a significant natural hazard in snowy, moun-
tainous areas (McClung & Schaerer, 2006). From 2007 to 2016 ava-
lanches killed an average of 28 people per year in the United States 
(Colorado Avalanche Information Center, 2018); most victims triggered 
the avalanche that killed them. In North America, avalanche danger is 
communicated to the public through regional forecasting centers which 
rate the likelihood, size, and distribution of avalanches on a five tier 
scale from low to extreme, with extreme being the highest danger level 
(Statham et al., 2018). Avalanches can only occur in areas with suitably 
steep terrain. One method to effectively convey the difficulty of safely 

managing avalanche terrain to skiers is by using the Avalanche Terrain 
Exposure Scale (ATES), which is used in North America and parts of 
Europe (e.g. Statham, Mcmahon, & Tomm, 2006; Gavaldà, Moner, & 
Bacardit, 2013; Larsen, Hendrikx, Slåtten, & Engeset, 2020). 

This paper focuses on recreational users, specifically Out-of-Bounds 
(OB) skiers, who expose themselves in potential avalanche terrain 
(Gunn, 2010; Haegeli, Gunn, & Haider, 2012). OB recreationists merge 
two disciplines of skiing, resort skiing and backcountry skiing, by uti-
lizing ski lifts before exiting ski resort boundaries and recreating in, and 
exposing themselves to, uncontrolled backcountry terrain. We consider 
the relative ease of access to this backcountry environment by OB skiers 
using ski lifts warrants this specific terminology as the users are likely in 
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a different mindset than traditional backcountry skiers that typically 
skin or walk uphill before descending. Avalanche control or mitigation 
refers to the use of explosive devices or physical alteration of the 
snowpack with the goal of minimizing avalanche size and controlling 
the timing of avalanche release to decrease risk within the ski area 
boundary. We utilize the term “out-of-bounds” over “sidecountry” 
terrain because the latter terms have generated some confusion in the 
public and have led to a misplaced belief by the public that sidecountry 
is somehow safer than backcountry (Chabot, Staples, Birkeland, & Knoff, 
2010; Fitzgerald, Kay, Hendrikx, & Johnson, 2016). We also do not use 
“off-piste” as this term, while recognized in avalanche fatality statistics, 
does not fully capture the nature of the users in this case study, or in 
other similar locations, especially in North America. 

In North America where ski areas typically have firm and well- 
demarcated boundaries, OB terrain is typically adjacent to an existing 
operating ski area boundary. Within the ski area boundary, regardless of 
being on a marked ski run or “piste” or not, all hazards are marked and 
mitigated, including avalanches, whereas immediately outside of the ski 
area boundary (the backcountry) none of the hazards are marked or 
mitigated. In the USA, some ski areas require avalanche equipment to 
board the lift that leads to an approved exit gate or a sign-out procedure, 
but most ski areas require none. Exit signs erected by ski areas typically 
indicate the area boundary is being crossed, that the snowpack is not 
controlled for avalanches, and that rescue is the responsibility of the 
skiers leaving the ski area so ski parties should adopt backcountry ski 
and avalanche practices. 

From 1983/1984 to 2015/2016 there were 83 avalanche fatalities of 
OB skiers in the US, which is 29% of the total number of fatalities (284) 
during that time period (Pfeifer, Höller, & Zeileis, 2018). In Canada OB 
skiers account for 8% (24 of 301) of avalanche accidents involving a full 
burial from 1980 to 2005 (Haegeli, Falk, Brugger, Etter, & Boyd, 2011). 
Many European ski areas have different avalanche mitigation standards 
than North American ski areas, with all un-groomed areas (“off-piste”) 
considered backcountry. While OB and off-piste skiing are similar, the 
term OB is more specific to lift accessed backcountry opposed to also 
including within ski area, off-piste skiing. The countries of Austria, 
France, Italy and Switzerland have had a total of 936 fatalities of 
off-piste skiers from 1983/1984 to 2015/2016, which represents 37% of 
the total avalanche fatalities (2544) (Pfeifer et al., 2018). 

Our research utilizes GPS tracking and survey responses to better 
understand the travel behavior and decision-making biases, commonly 
referred to as “human factors” in the avalanche literature, that influence 
a discreet subset of OB skiers who recreate at Saddle Peak, Bridger 
Mountains, Montana, USA. Specifically, for our case, we aim to address 
the question: What demographics and decision-making biases have the 
greatest influence on travel behavior and risk exposure of OB skiers? 

1.1. Background 

1.1.1. Avalanche terrain 
Avalanches are a function of the snowpack, the weather, the terrain, 

and a triggering mechanism. In some cases, this triggering mechanism is 
the addition of a new load (e.g. new snow or wind loading). In the case of 
avalanche accidents, in 90% of cases the victim or a member of the 
victim’s group is the triggering mechanism. While the snowpack, 
weather and triggering mechanism can change spatially and temporally, 
the terrain remains largely constant (in deep snow climates snow- 
loading can effectively alter the terrain over a season). Therefore, our 
theoretical framework for this research is to take a geospatial approach, 
and leverage the consistency of terrain as a critical response variable for 
decision-making and travel behavior in the context of avalanche risk. By 
using terrain as the key decision framing metric, we view the resulting 
track through that terrain as a geographic expression of the sum of the 
decisions in response to the avalanche hazard, as moderated by the in-
dividual human factors (i.e. gender, avalanche education, perception of 
avalanche mitigation etc.). This approach builds on the well-established 

techniques of geospatial analysis (e.g. De Smith, Goodchild, & Longley, 
2007). Taking this geospatial view on decision making is applicable to 
many other hazard scenarios and provides the overarching theoretical 
framework for this work. 

1.1.2. GPS tracking in backcountry skiing 
The introduction of GPS technology to cell phones and inexpensive 

recreational navigation devices has provided a means of data collection 
for land use planners and researchers interested in the impacts of rec-
reation on ecological systems (Beeco, Hallo, English, & Giumetti, 2013; 
Korpilo, Virtanen, & Lehvävirta, 2017; Olson et al., 2017; Stamberger, 
van Riper, Keller, Brownlee, & Rose, 2018). GPS tracking is a common 
tool for quantifying travel behavior of recreational users for evaluating 
trail use, land management, and environmental impacts (Beeco et al., 
2013; Beeco & Hallo, 2014; Bielański et al., 2018; Olson et al., 2017; 
Stamberger et al., 2018). 

GPS tracks are the actual decision footprints of backcountry skiers in 
real world avalanche conditions and provide a method to quantify 
avalanche risk while ski touring. This is in contrast to surveys where 
recall bias may be present. GPS tracking of winter recreationists has 
been conducted for backcountry skiers, helicopter ski guides, and rec-
reational snowmobilers and has been shown to be an effective method 
for understanding travel in hazardous terrain (Bielański et al., 2018; 
Hendrikx, Johnson, & Shelly, 2016; Hendrikx & Johnson, 2014, 2016; 
Techel, Zweifel, & Winkler, 2015; Thumlert & Haegeli, 2018). 

1.1.3. Decision-making by backcountry skiers 
Avalanche researchers have attributed flawed decision-making as 

the cause for a substantial portion of avalanche fatalities (Fesler, 1980; 
Fredston & Fesler, 1984; McCammon, 2004). Analysis of accident re-
ports and hypothetical decision-making surveys has assessed the 
concept of decision-making biases in backcountry recreationists (Fur-
man, Shooter, & Schumann, 2010; Haegeli, Haider, Longland, & 
Beardmore, 2010; Mannberg, Hendrikx, Landro, & Stefan, 2017, 2018; 
Marengo, Monaci, & Miceli, 2017; McCammon, 2004). Each have their 
own methodological problems. Accident reports are often based on 
survivor recall or incomplete information. Hypothetical 
decision-making surveys may suffer from social desirability bias where 
respondents may provide the answers they think are those sought by the 
researcher (Cording, Beggs Christofferson, & Grace, 2016). 

Field based observations and intercept surveys are used to collect in- 
situ information on group size, preparedness, and travel practices of 
backcountry skiers (Fitzgerald et al., 2016; Procter et al., 2014; Silver-
ton, McIntosh, & Kim, 2007, 2009; Zweifel, Procter, Techel, Strapazzon, 
& Boutellier, 2016). Zweifel et al. (2016) found that many skiers trav-
elled alone, a practice traditionally thought of as a high-risk activity due 
to the lack of self-rescue capability in case of an avalanche. Carrying 
essential rescue equipment (i.e. avalanche transceiver, probe, and 
shovel) and knowledge of the public avalanche forecast are considered 
fundamental to preparedness in backcountry skiing. However, Procter 
et al. (2014) found that while 80.6% carried standard rescue equipment, 
only 52.5% of backcountry ski groups knew the avalanche danger level. 

Fitzgerald et al. (2016) found OB skiers are less prepared with rescue 
equipment and more poorly informed on avalanche danger level 
compared to traditional backcountry skiers in southwest Montana. 
Similarly, Silverton et al. (2007) found that OB users in Utah were less 
likely to carry rescue equipment or participate in avalanche education 
courses compared to traditional backcountry skiers. Online survey data 
collected from OB skiers in Canada identified a lack of understanding of 
resort avalanche mitigation policies as a contributing factor to risk 
taking behavior (Gunn, 2010; Haegeli et al., 2012). While not equiva-
lent, off-piste skiers are similar to OB skiers in terms of their means of 
access to backcountry terrain, or partially managed terrain in the case of 
off-piste, and proximity to ski areas. Avalanche fatality research on 
off-piste skiers in Europe indicates a decreasing trend in fatalities in 
recent years (2000–2015) and a decrease in multiple victim fatalities, as 
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Fig. 1. Map of Saddle Peak backcountry ski area with slope angle shading derived from a 10 m DEM. Note the large cliff band adjacent to the ski area boundary at 
2400 m. GPS units were distributed on the ridgeline at the ski area boundary (A) and collected at the lower terminal of the ski lift (B). Inset map in bottom right shows 
location of study area in relation to Montana. The Schlasmans weather station is located at the upper lift terminal shown in this map. 
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well as a clear spatial pattern in the distribution of fatalities (Höller, 
2017; Pfeifer et al., 2018). 

1.1.4. Avalanche Terrain Exposure Scale 
ATES categorizes avalanche terrain into three levels (simple, chal-

lenging, and complex) based on eleven terrain variables (Statham et al., 
2006). The ATES levels communicate the difficulty of safely managing 
avalanche terrain and are widely used around the world. We use an 
updated ATES approach (Campbell & Gould, 2013) to create a GIS based 
ATES map for our region using a reduced set of parameters which in-
cludes forest density, slope angle, slope shape, and avalanche path 
density. Complex avalanche terrain contains multiple overlapping 
avalanche paths, a high percentage of avalanche capable slope angles, 
and terrain features that increase the risk of injury or death during an 
avalanche involvement. 

2. Methods 

2.1. Study area 

We collected data from Saddle Peak (2,791 m) (45.791314◦N, 
110.937614◦W), in the southern Bridger Mountains, Montana, USA. 
Saddle Peak is accessible via a short hike (15–30 min) from a ski lift and 
skiers can easily return to the base of the ski lift during their descent 
(Fig. 1). To access this ski lift it is mandatory to wear an avalanche 
transceiver, which is verified using an electronic transceiver check at the 
lower lift terminal. Skiable terrain has a vertical drop of 644 m from the 
peak back to the base of the lift. 

The Saddle Peak terrain is complex, with steep wind loaded slopes 
above cliff bands in many areas. A variety of ski runs are accessible by 
hiking from the ski lift, but all options involve travelling in avalanche 
terrain with slope angles of 30◦ or higher. The regional snowpack is 
categorized as intermountain, with some seasons more characteristic of 
a continental climate (Mock & Birkeland, 2000). Wind direction is 

predominantly westerly, resulting in frequent wind loading on the 
eastern aspect. Large cornices hang over the eastern aspect, creating an 
additional hazard to skiers entering the terrain from the ridgeline 
(Fig. 2). Numerous avalanche accidents have occurred on the OB terrain 
around Saddle Peak, with notable events in 2010 and 2018 (Chabot 
et al., 2010; Chabot & Knoff, 2018). Chabot et al. (2010) identified poor 
travel practices, misjudgment of the effect of skier compaction, and 
overreliance on familiarity with the terrain as critical issues of concern 
in the use of the terrain. 

2.2. Data collection 

We collected a total of 183 GPS tracks and survey responses from 
volunteer participants in the Saddle Peak backcountry area from 
February 2017 through February 2018 (MSU IRB approval #: JS030817- 
EX). During that time, we carried out nineteen field days, with fifteen 
days yielding data. We asked participants to carry a GPS unit when they 
exited the ski area boundary (marked by an “A” in Fig. 1) and return the 
GPS unit after their backcountry run, at the lower ski lift terminal 
(marked by a “B” in Fig. 1). After turning in their GPS unit, participants 
were asked to fill out a survey while riding the lift back up, and then 
place the completed survey in a drop box at the upper lift terminal 
(Appendix A). 

Our research design aimed to minimize the time required for 
participation and thereby maximize participation. The criteria for in-
clusion in the data set included only one GPS track and survey were 
collected from each participant for each day of data collection, therefore 
multiple tracks were never recorded from one person in the course of a 
single day. In addition, groups of skiers who travelled together were 
limited to carrying one GPS unit and one person from the group filled in 
the survey. Survey responses are representative of the individual car-
rying the GPS unit, however for participants travelling in groups travel 
behavior is certainly influenced by group decision-making. Several 
skiers provided repeat tracks/surveys on different days. Surveys were 

Fig. 2. Photograph of Saddle Peak, showing the complex terrain and relative lack of safe terrain options. All ski runs are generally east facing, with many options 
involving navigating above or through large cliff bands (lower middle). The Bridger Bowl Ski Area Boundary is shown in red with backcountry terrain to the left. 
Photograph: (Saly, Hendrikx, Birkeland, Challender, & Johnson (2020)). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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anonymous. The GPS units and surveys were numbered to enable pair-
ing the GPS track data and survey response for the individual 
participants. 

We used Garmin eTrex 20 GPS units which have a documented 
horizontal accuracy of 5 m with open sky, 7 m in young forest, and 10 m 
in closed canopy settings (Wing, Eklund, & Kellogg, 2005). On average, 
the land cover characteristics of GPS tracks were 40% open, 40% sparse 
forest or shrub, and 20% forested. GPS settings were optimized for 
battery life and high frequency GPS point data collection, with the 
recording interval set to ‘Most Often’ so that the GPS would alter the 
number of points collected based on the rate of travel for each partici-
pant. Between nine and eleven GPS units were used for each field day, 
with some units collecting multiple tracks per day from different 
individuals. 

We based our survey design on previous research which aimed to 
measure demographics and human factors in backcountry and OB ski 
populations (Fitzgerald et al., 2016; Hendrikx & Johnson, 2014). De-
mographic questions mirrored the response options from these previous 
surveys, while human factor questions were adjusted to reflect our hy-
potheses about specific OB decision-making biases (i.e. perception of ski 
area avalanche mitigation policies). The number of questions and layout 
of the survey were restricted by the fact that participants would com-
plete the survey in the field while riding up a ski lift (approx. 5min). The 
final product was a 20-question two-sided survey printed on weather-
proof paper that could be completed with gloved hands using a sharpie 
marker. Survey questions were roughly grouped into 4 sections: de-
mographics, preparedness, OB biases, and heuristic traps (Appendix A). 

Avalanche forecast and daily weather data were compiled from 

online archives at the Gallatin National Forest Avalanche Center 
(GNFAC) and Bridger Bowl Ski Area. The GNFAC avalanche forecast 
provided avalanche danger level and the primary avalanche problem. 
We used four Bridger Bowl Ski Area weather stations (Alpine 2255 m, 
Bridger 2260 m, Ridge 2595 m, Schlasmans 2645 m) to provide repre-
sentative data for the Saddle Peak OB area. The Schlasmans weather 
station is located at the upper terminal of Schlasmans ski lift, shown in 
Fig. 1. The remaining weather stations are north of this location within 
the ski area boundary. A workflow diagram for data collection and 
processing is shown in Fig. 3. Sampling days were selected to maximize 
participation but were not biased by specific weather and avalanche 
conditions except when conditions were too extreme to open the lift 
(Fig. 4). 

2.3. Data processing 

GPS Processing: Using ArcGIS 10.5 (ESRI, 2011), GPS tracks were 
clipped to exclude inbounds terrain and uphill travel. Terrain metrics of 
slope angle, cross slope curvature, down slope curvature, and aspect 
were derived from a USGS digital elevation model (DEM) with 1/3 arc 
second resolution (~10 m cell size). Land cover was extracted from the 
National Land Cover Dataset (NLCD) 2011 (30 m cell size). All raster 
layers and GPS tracks were stored in North American Datum 1983 (NAD 
83), with Universal Transverse Mercator Zone 12 N (UTM 12 N) pro-
jected coordinate system. 

Data Cleaning: A total of 136 of the 183 tracks collected provided 
adequate data for complete analysis. Forty-seven GPS tracks were 
removed from the dataset due to participants electing not to complete 

Fig. 3. Workflow diagram showing the process of analyzing data collected from intercept surveys and GPS tracks. Survey data and GPS tracks are processed 
individually and combined post-processing. 
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Fig. 4. Avalanche and weather history for Saddle peak 2016/2017 (Upper) and 2017/2018 (Lower). Note the x-axis limit differs between seasons. GNFAC avalanche 
danger is in the upper row. Seasonal snow height and daily snow height (Alpine 2250 m), wind gust and average (Ridge 2595 m), relative humidity (Ridge 2595 m), 
and temperature (Schlasmans 2645 m) collected from Bridger Bowl weather stations. Sampling days are highlighted with grey boxes with number of tracks and 
shown above and below. 
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the survey, travelling outside our defined study area, and GPS recording 
errors. Of these causes participants not completing the survey account 
for most of the omitted GPS tracks. 

Avalanche Terrain Exposure Scale: An ATES map was developed for 
the Saddle Peak backcountry area using the workflow presented in 
Campbell and Gould (2013), as summarized in Table 1. Terrain analysis 
was carried out in ArcMap 10.5 and zonal statistics were extracted to 
verify slope angle distribution for each land cover type based on ATES 
mapping standards. Avalanche experts from the GNFAC and National 

Avalanche Center were consulted to incorporate avalanche path density, 
interaction with avalanche paths, and terrain traps into our final ATES 
model. 

To implement the ATES model in our analysis, we extracted the ATES 
classification for each GPS point. We calculated the total distance and 
total time in ATES class 3 (complex) terrain, the most hazardous, for 
each track (Fig. 5). These variables approximate the risk due to ava-
lanches for each GPS track with the assumption that the probability of 
involvement with an avalanche is higher, and the consequences of that 

Table 1 
Adapted from Campbell and Gould (2013): Proposed model for zoning with the Avalanche Terrain Exposure Scale. Thresholds listed in bold-type are required for that 
particular zone classification. See original publication for specific parameter descriptions.   

Class 0 (optional) Class 1 Class 2 Class 3 

Slope Incline 
and Forest 
Density 

Open 99% ≤ 20◦ 90% ≤ 20◦

99% ≤ 25◦

90% ≤ 30◦

99% ≤ 40◦

<20% ≤ 25◦

45% > 35◦

Mixed 99% ≤ 25◦ 90% ≤ 25◦

99% ≤ 35◦

90% ≤ 35◦

99% ≤ 45◦

Forest 99% ≤ 30◦ 99% ≤ 35◦ 99% ≤ 45◦

Start Zone Density No start zones. No start zones with ≥ Size 2 
potential. Isolated start zones 
with < Size 2 potential. 

No start zones with > Size 3 potential. Isolated 
start zones with ≤ Size 3 potential, or several 
start zones with ≤ Size 2 potential. 

Numerous start zones of any 
size, containing several 
potential release zones. 

Interaction with 
Avalanche Paths 

No exposure to 
avalanche paths. 

Beyond 10-year runout extent 
for paths with ≥ Size 2 
potential. 

Single path or paths with separation. Beyond 
annual runout extent for paths > Size 3 
potential. 

Numerous and overlapping 
paths of any size. Any position 
within path. 

Terrain Traps No potential for 
partial burial or any 
injury. 

No potential for complete burial 
or fatal injury. 

Potential for complete burial but not fatal 
injury. 

Potential for complete burial 
and fatal injury. 

Slope Shape Uniform or concave Uniform Convex Convoluted  

Fig. 5. Example of three GPS tracks from 03/17/2017 overlaid on our ATES in Google Earth. Black indicates complex terrain, blue challenging terrain, and green 
simple terrain. ATES class was extracted for each GPS point along the track to summarize the severity of the terrain. The inset table refers to time (minutes) and 
distance (m) in ATES classes for the North Shoulder track (1), North Bowl track (2), and Football Field Track (3). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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involvement are higher, in complex terrain. 

2.4. Analysis 

We performed our statistical analysis using R (R Core Team, 2016) 
with the packages ‘MASS’ (Venables & Ripley, 2002), ‘GGally’ 
(Schloerke et al., 2017), ‘lmtest’ (Zeileis & Hothorn, 2002), ‘leaps’ 
(Lumley & Miller, 2017) and ‘car’ (Fox & Weisberg, 2011). We fit a 
multiple linear regression model, using the distance from the downhill 
starting point of each track to the ski area boundary as the response 
variable. Based on literature from the field of decision-making in 
avalanche terrain and our hypotheses regarding influences on travel 
behavior for OB skiers we selected nine variables from our survey 
questions to examine as explanatory variables in our regression models 
(Table 2). We also included observed weather variables and avalanche 
danger level to account for their influence on travel behavior (Table 2). 
The weather station data were selected from the Bridger Bowl Ski Area 
weather station network based on representative location and elevation 
in relation to our study area. This model provides a holistic view of the 
drivers of travel behavior for OB skiers by accounting for human factors 
(survey variables), terrain (ATES complex terrain exposure), weather 
conditions (weather station data), and snowpack (avalanche hazard). 

To fit the regression model, we started with a full model, including 
all the parameters shown in Table 2. We parsed the model in an iterative 
process using the residual sum of squares, Akaike Information Criterion, 
and coefficient of determination to remove variables and compare 
subsequent models. Collinearity and heteroscedasticity of each model 
were evaluated using the R functions ‘VIF’ and ‘bptest’ during the model 

fitting process. 

2.5. Heat maps 

To illustrate the changes in travel behavior we detected with our 
regression analysis we created heat maps from the GPS tracks. We used 
the ‘Kernel Density’ tool in ArcGIS 10.5 to calculate the density of GPS 
tracks within a 30 m buffer. This function fits a smoothly tapered surface 
to each GPS track which assigns a higher value to tracks that overlap 
directly than those that are near the edge of the 30 m buffer. The heat 
maps are shown in Section 3 and help to illustrate the spatial component 
of our statistical results. 

3. Results 

Over 19 field days, we collected an average of 7.2 useable tracks per 
day, with 9.8 useable tracks per day on moderate danger days and 3.3 
useable tracks per day on considerable danger days. We successfully 
recruited participants on 11 out of 12 field days under moderate danger 
(116 tracks), 4 out of 6 field days under considerable danger (20 tracks), 
and 0 out of 1 field days under low danger (0 tracks). We estimate that 
75% of all OB skiers in the area were sampled each day, regardless of the 
posted danger rating. Therefore, the difference in the number of tracks 
on considerable days versus moderate days reflect a lower population of 
users, rather than a difference in the proportional sample. Partial survey 
responses were included in the final dataset, so sample sizes vary 
depending on survey question. 

3.1. Demographics 

The median age of participants is 36 years old, with a median of 28 
years of skiing. The sample is composed of 91% males (n = 121) and 9% 
females (n = 12). Participants using alpine ski equipment comprise 51% 
(n = 68) of the sample, with 33% (n = 44) using backcountry ski 
equipment (i.e. with a walk-mode), and 16% (n = 22) using a snow-
board. Participant’s avalanche education varied from 17% (n = 22) with 
no avalanche education, 34% (n = 46) with awareness level, 34% (n =
46) with a U.S. recreational level one avalanche course, and 15% (n =
20) with U.S. level two or higher education. Self-rated backcountry 
experience is 6% (n = 8) novice, 15% (n = 20) intermediate, and 79% (n 

Table 2 
Explanatory variables considered for the linear regression model, their data 
structure, and survey response levels.  

Demographic Explanatory Variables 

Variable Class Value Range 

Age Continuous 18 to 66 
Years Skiing Continuous 1 to 58 
Gender M Male 

F Female 
Backcountry Experience Novice or 

Intermediate 
<5 Years 

Expert >5 Years 
Formal Avalanche 

Education 
No < Level One Course 
Yes ≥ Level One Course 

Heuristic & Preparedness Explanatory Variables 
Variable Class Value Range 

Rescue Perception None Likert score 1 
Yes Likert score 2 to 5 

Mitigation Perception None Likert score 1 
Yes Likert score 2 to 5 

Familiarity None to Some Likert score 1 to 3 
Very Familiar Likert score 4 to 5 

Herding No Likert score 1 
Yes Likert score 2 to 5 

Rescue Equipment Not Prepared No Probe or Shovel 
Prepared Beacon, Probe and Shovel 
Prepared + Prepared + Airbag or 

Avalung 
Forecast Knowledge Yes Knows Avalanche Hazard 

No Doesn’t Know Avalanche 
Hazard 

Environmental Explanatory Variables 
Variable Source Value Range 

Temperature Schlasmans (2645 m) − 16 to 6 C 
Wind Speed Ridge (2595 m) 4–58 km/h 
Wind Direction Ridge (2595 m) Eastness (− 1 to 1) 
48 h New Snow Bridger (2260 m) 0–66 cm 
Avalanche Danger GNFAC Moderate  

GNFAC Considerable  

Table 3 
Survey results for demographic variables. Note the sample size varies by variable 
due to inclusion of partial survey responses.  

Demographic Results 

Variable Class Frequency Proportion 

Gender, n = 133 Male 121 0.91 
Female 12 0.09 

Age, n = 134 <20 7 0.05 
20–29 38 0.28 
30–39 34 0.26 
40–49 26 0.19 
>50 29 0.22 

Years Skiing, n = 135 ≤5 4 0.03 
6–15 11 0.08 
16–25 46 0.34 
>25 75 0.55 

Mode of Travel, n = 134 Alpine Skis 68 0.51 
Backcountry Skis 44 0.33 
Snowboard 22 0.16 

BC Experience, n = 134 Novice 8 0.06 
Intermediate 20 0.15 
Expert 106 0.79 

Avalanche Education, n = 134 None 22 0.17 
Awareness 46 0.34 
Level One 46 0.34 
≥ Level Two 20 0.15  
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= 106) expert. Survey demographic results are summarized in Table 3. 
While in backcountry terrain, 71% (n = 94) of participants had an 

avalanche transceiver, probe, and shovel; 14% (n = 18) of participants 
carried either an airbag or Avalung™ as an additional safety measure. 
Group sizes ranged from 40% (n = 50) solo skiers, 39% (n = 49) groups 
of two, 14% (n = 18) groups of three, and 7% (n = 9) in groups of four or 
more. Our results indicate that 40% (n = 19) of solo skiers do not carry 
an avalanche transceiver, probe, and shovel compared to 21% (n = 16) 
of skiers who travel with partners. Fishers Exact Test revealed a signif-
icant association between solo skiers and not carrying basic rescue 
equipment (Odds Ratio 2.4, p 0.04). 

While travelling in backcountry terrain, 61% (n = 78) of participants 
carried out at least one instability test. Travelling tests (37%, n = 46) 
and ski cuts (32%, n = 40) were the most common form of instability 
test, with fewer participants performing cornice tests (18%, n = 22) and 
compression or beam instability test (3%, n = 4). Despite Bridger Bowl 
Ski Patrol posting the public avalanche forecast at the upper terminal of 
the ski lift, only 64% (n = 87) of participants could accurately report the 
current avalanche danger. Survey results for preparedness and group 
size are shown in Table 4. 

3.2. Survey responses and travel behavior 

Results from our multiple linear regression model, with distance 
from the downhill starting point of each track to the ski area boundary as 
response variable and survey responses as explanatory variables, show 
that gender, formal avalanche education, and perception of avalanche 

mitigation are significant. Gender (β 139.07, p 0.004) and formal 
avalanche education (β 70.26, p 0.010) are positively correlated with 
distance from ski area (Table 5). This indicates that female participants 
and those who have completed a formal avalanche education course are 
significantly more likely to travel further from the ski area boundary. 
Participants who believe that the ski area provides some level of 
avalanche mitigation in the backcountry terrain adjacent to the ski area 
have a negative correlation (β -70.56, p 0.045) with distance travelled 
from the ski area boundary. This indicates that participants who have an 
incorrect understanding of the ski area’s avalanche mitigation policies 
are significantly more likely to stay closer to the ski area boundary. 

Additionally, distance travelled from the ski area boundary is 
significantly correlated with distance travelled in complex terrain (β 
0.43, p < 0.001) and time spent in complex terrain (β -10.08, p 0.017). 
We find a positive correlation with distance travelled from the ski area 
boundary and distance in complex terrain and a negative correlation 
with time in complex terrain. This result shows that participants who are 
female, posses’ formal avalanche training, and have a correct perception 
of the ski area’s avalanche mitigation policies cover more distance in 
complex avalanche terrain but do so in less time, suggesting an aware-
ness of the risk and demonstrated actions to reduce this risk by reducing 
their exposure time. (See Table 5). 

To visualize changes in travel behavior based on survey responses, 
we created heat maps for the categorical explanatory variables that had 
significant results in our statistical model: gender, formal avalanche 
education, and perception of avalanche mitigation. The heat map color 
ramps are scaled proportionately to the size of each sub-sample 
considered, so like colors in adjacent panels do not equate to equal 
numbers, but rather equal proportions (Fig. 6). The male tracks show an 
area of heavy use along a prominent central ridge, known as ‘North 
Shoulder’, and moderate use along the ski area boundary (Fig. 6a). 
Overall the male tracks are very widespread across Saddle Peak. Female 
tracks are much more concentrated, with the majority of travel along the 
‘North Shoulder’ and adjacent run options. From the female partici-
pants, there is limited use along the boundary line and overall less 
widespread use of the terrain compared to males. One limitation of this 
approach is the small sample size for female skiers (n = 12, 9%). 

GPS tracks of participants with and without formal avalanche edu-
cation, defined as having taken any multi-day field and lecture-based 
avalanche course, show similar distribution across Saddle Peak 
(Fig. 6b). However, participants with no formal education have a much 
higher concentration of tracks along the ski area boundary. Both the 
male group and those without formal avalanche education exhibit a 
higher concentration of travel on runs that are exposed to a large cliff 
band extending from the resort boundary toward the center of the maps, 
which is visible in Figs. 1 and 2. 

Perception of avalanche mitigation measures whether participants 
think there is avalanche control performed outside the ski area bound-
ary. We compared GPS tracks between participants who perceived no 
avalanche control with those who perceived some level of avalanche 
control (Fig. 6c). The no avalanche control group has a widespread 
distribution with a concentrated zone of use along the North Shoulder. 
The group that perceived avalanche control shows a very strong con-
centration of tracks adjacent to the ski area boundary and generally 
stays closer to the boundary compared to the no avalanche control 
group. 

To visualize how our participants interacted with the terrain we 
color coded their tracks by total distance in complex avalanche terrain 
and total time in complex avalanche terrain (Fig. 7). To color code the 
GPS tracks we used a six class natural breaks (Jenks) classification based 
on the respective distributions. The maps support and clearly illustrate 
our statistical results, participants who travelled further from the resort 
boundary covered more distance in complex terrain but spent less time 
exposed to complex terrain. 

Table 4 
Survey results for preparedness and group size variables. Note the sample size 
varies by variable due to inclusion of partial survey responses.  

Preparedness and Group Size Results 

Variable Class Frequency Proportion 

Equipment Carried, n = 133 Shovel 94 0.71 
Probe 107 0.80 
Airbag or Avalung 18 0.14 

Observations, n = 124 Traveling Tests 46 0.37 
Snow Pit 4 0.03 
Cornice Test 22 0.18 
Ski Cut 40 0.32 

Avalanche Danger, n = 136 Knows forecast 87 0.64 
Doesn’t Know Forecast 49 0.36 

Group Size, n = 126 Solo 50 0.40 
2 people 49 0.39 
3 people 18 0.14 
≥4 people 9 0.07  

Table 5 
Multiple linear regression model showing the correlation between survey re-
sponses, weather conditions, travel in complex terrain, and avalanche variables 
with distance from the ski area boundary. Only participants who responded to 
all three survey questions were included in this model (n = 127).  

Predictors Distance from Ski Area Boundary 

Estimates Std. 
Error 

CI p 

Intercept 33.33 44.39 − 53.68–120.33 0.454 
Gender - Female 139.07 46.93 47.09–231.04 0.004 
Formal Avalanche 

Education 
70.26 27.02 17.30–123.22 0.010 

Perception of Avalanche 
Mitigation 

− 70.56 34.79 − 138.75–− 2.38 0.045 

Distance in Complex 
Terrain 

0.43 0.06 0.31–0.55 <0.001 

Time in Complex Terrain − 10.08 4.17 − 18.25–− 1.91 0.017 

Observations 127    
R2/adjusted R2 0.419/ 

0.395     

J. Sykes et al.                                                                                                                                                                                                                                    



Applied Geography 122 (2020) 102261

10

Fig. 6. Heat maps showing differences in travel behavior based on GPS track density for Gender (A), Avalanche Education (B), and Perception of Avalanche 
Mitigation (C). Heat map color ramps are scaled proportionately to the size of each sub-sample considered, so like colors in adjacent panels do not equate to equal 
numbers, but rather equal proportions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. Map of GPS tracks color coded by time and distance in complex terrain. ATES class 2 (challenging) and class 3 (complex) terrain are shown in blue and black 
respectively. These maps show that participants who travelled further from the ski area boundary covered more distance in complex terrain but did so in less time. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

4.1. Population demographics 

The demographics of the wider OB population are not well docu-
mented, so our demographic data add detail to the limited available 
data. Compared to prior research, the mean age of participants in this 
study is notably older than survey research on OB skiers in western 
Canada and Utah (Gunn, 2010; Silverton et al., 2007). Results of pre-
vious research, using online surveys, indicate the mean age of partici-
pants is late 20s, with the median age of our population in mid to late 
30s. This difference may be due to the tendency for younger skiers to 
participate in social media outlets that would utilize online surveys. 
Chabot et al. (2010) also described Saddle Peak as having a large 
contingent of longtime local skiers who represent an older demographic 
than the typical backcountry ski population. Our observations of the 
population on Saddle Peak support that conclusion. This could be due to 
the younger population being less confident in their ability to manage 
the Saddle Peak terrain under adverse weather and avalanche 
conditions. 

The proportion of female participants (9%) in this sample is consis-
tent with prior OB skier research. Gunn (2010) reports approximately 
10% of his sample was composed of female skiers. Prior research on 
backcountry skiers has shown a range between 20% females (Hendrikx 
& Johnson, 2014) and 30% females (Mannberg et al., 2017, 2018; 
Procter et al., 2014). Since the true gender distribution in backcountry 
and OB skiers is unknown, we cannot say whether these discrepancies 
are based on sampling strategy, regional differences, or variance be-
tween different sub populations of backcountry skiers. 

Group sizes on Saddle Peak were generally smaller than those found 
in backcountry research, with 81% of participants travelling in groups of 
one or two as contrasted with 60% in Zweifel et al. (2016). A larger 
proportion (40%) of our sample were solo skiers compared to 30% in 
previous work (Fitzgerald et al., 2016; Hendrikx & Johnson, 2014). The 
high incidence of solo skiers in OB terrain may be due to the close 
proximity of the ski area. When travelling inbounds, avalanche control 
and rescue services from professional ski patrol minimize the necessity 
to travel in groups compared to uncontrolled backcountry terrain. 
Backcountry or OB skiers with more backcountry experience may have a 
higher likelihood of travelling solo in avalanche terrain. Nearly 80% of 
participants in this study consider themselves expert level backcountry 
skiers, which could indicate high self-efficacy when travelling solo in 
avalanche terrain. 

The proportion of participants who knew the forecasted avalanche 
danger level is 64% in our sample, which is close to 67% reported in 
(Fitzgerald et al., 2016). Our number is greater than the 53% of Euro-
pean backcountry skiers who accurately reported the avalanche danger 
(Procter et al., 2014). The relatively low rate of forecast knowledge is 
surprising since the avalanche bulletin is posted in multiple locations in 
the ski area along the access route to Saddle Peak as well as being 
available on the internet and via social media subscription. 

In our sample 71.8% of participants had necessary rescue equipment, 
compared to 80% in (Fitzgerald et al., 2016) and 80.6% in (Procter et al., 
2014). By comparison, a study of OB skiers in the Wasatch Mountains, 
Utah, USA in 2007, had far lower adherence to carrying avalanche 
rescue equipment (36% Transceiver, 31% Shovel, 32% Probe) (Silverton 
et al., 2007). This could be due to increased communication about the 
hazards of OB skiing since the earlier research was carried out (11 years 
ago), and concentrated community outreach from the local avalanche 
forecasting and education network at Bridger Bowl Ski Area (Chabot 
et al., 2010). Bridger Bowl’s policy of requiring all skiers accessing their 
ridge terrain and Schlasmans lift to wear avalanche transceivers may 
also encourage skiers to include a shovel and probe in their equipment. 

4.2. Decision-making bias of OB skiers 

The main challenge to analyzing variation of decision-making out-
comes for this study is the relatively homogeneous terrain on Saddle 
Peak. While all terrain on Saddle Peak is potential avalanche terrain, 
some descent routes have higher consequences than others. Methods 
developed by Hendrikx and Johnson (2016) and Hendrikx et al. (2016) 
for analyzing differences in GPS tracks is not applicable because they 
only considered slope angle, which is too similar on all descent lines of 
Saddle Peak. ATES mapping methodology allows for a more compre-
hensive, and therefore realistic, summary of multiple terrain metrics. 

In the case of Saddle Peak, the ski runs closest to the boundary have 
the highest consequences, with all options involving travelling above 
large cliffs, on slopes steep enough to avalanche. Therefore, the false 
sense of safety that comes from staying closer to the ski area boundary 
comes with very high consequences if an avalanche incident should 
occur. An example of the decreased exposure to cliffs and complex 
terrain on ski runs further from the resort boundary is shown in Fig. 5, 
where the ‘north shoulder’ run has the least distance in complex terrain 
but is furthest from the resort boundary. This unique setting drove our 
use of downhill starting distance from the ski area boundary as the 
response variable in our analysis. Due to the higher risk closer to the 
boundary this variable captures a key metric for analyzing travel 
behavior at Saddle Peak. 

Factors that increased the likelihood that a skier would ski a run 
farther from the boundary are gender, avalanche education, and 
perception of avalanche mitigation. In order to shift the perceived de-
cision bias, more effective communication of the relative risks of descent 
routes outside the resort boundary could result in higher margins of 
safety. The message is: OB terrain is the same as backcountry terrain as 
far as avalanche danger, despite the complacent mindset fostered by 
skiing in-bounds terrain adjacent to OB areas. 

Overcoming the bias toward skiing in close proximity to the ski area 
boundary requires specific and targeted education and outreach 
regarding the nature of OB and the specific dangers of various descent 
routes. Our results support the fact that increased avalanche education 
can help OB skiers minimize their avalanche risk with careful terrain 
selection and managing (i.e. minimizing) their exposure to complex 
avalanche terrain. This could be facilitated through targeted avalanche 
education outreach and increased signage with clear imagery showing 
where they are relative to the terrain around them, and the hazards to 
which they are exposed. Publishing the ATES maps may be an effective 
decision aid and should be investigated. Some ski areas utilize a physical 
gate through which skiers exit where this information could be posted. 

Distance and time spent in complex terrain directly influences risk 
exposure for backcountry skiers. This risk exposure is enhanced in 
popular areas like Saddle Peak where it is common to have multiple 
parties on a slope simultaneously, increasing the potential for triggering 
avalanches. Our results show that skiers who travelled further from the 
ski area boundary covered more distance in complex terrain but did so in 
less time. This finding shows that, while there is no risk-free option for 
descending Saddle Peak, it is possible to decrease the degree of exposure 
by minimizing time spent in complex terrain. By travelling further from 
the ski area boundary and minimizing time in complex terrain avalanche 
risk is reduced due to less overall skier traffic (Fig. 7) and less time 
exposed to avalanche capable terrain. However, our results do not take 
into account the effect of repeated exposure to avalanche terrain from 
multiple runs per day. The increased exposure time from skiing more 
runs per day or more days per year could offset the advantage of 
spending less time in avalanche terrain per run. 

Weather and avalanche conditions certainly play a role in travel 
behavior of backcountry skiers. However, our analysis did not find any 
significant correlations between downhill starting distance from the ski 
area boundary and observed weather conditions or avalanche hazard 
level. This could be due to the limited terrain options available from the 
Saddle Peak ridgeline. In essence, if a skier is going to commit to Saddle 
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Peak then the terrain dictates their route selection, regardless of the 
weather and avalanche conditions. 

4.3. Limitations 

There are several limitations with our work. Our scope of inference is 
limited by the fact that our data is observational, and our sample is a 
convenience sample. Therefore, our results are limited to the population 
of skiers who recreate at Saddle Peak. The relatively small sample size 
we collected limits our ability to compare travel behavior across a wider 
range of avalanche danger levels and precluded comparison based on 
avalanche character (Statham et al., 2018). 

Our analysis was tailored for the unique terrain features of Saddle 
Peak. Because of the proximity of large cliff bands to the resort boundary 
downhill starting distance from the ski area boundary gave us a strong 
indication of participant’s degree of exposure to that feature. For OB ski 
areas with different terrain orientations evaluating travel behavior may 
require alternative analyses of GPS track data to capture risk exposure. 

All survey data collected for this research focused on individual 
participants, not group dynamics, apart from questions about group size 
and group terrain management. GPS tracks submitted by the same user 
on different days are not identifiable within the data set and could 
introduce cluster biases into the data. Despite these limitations, this 
research provides a case study of the travel behavior and decision- 
making tendencies of OB skiers, as well as demonstrating how GPS 
tracking can discern individual terrain use decisions in complex topog-
raphy. Our techniques are inexpensive, and they may be useful where 
terrain choice has potentially risky consequences and there is an 
educational value to pointing out terrain choices to users. 

For future research, data collection from multiple OB areas would 
help develop a more robust data set to analyze decision-making biases. 
In addition to the results presented in this paper, we analyzed GPS point 
data as a function of avalanche danger level. We found significant dif-
ferences among slope curvature variables based on avalanche danger 
level, but sample size limitations hindered these results (Sykes, 2018). 
Future work could examine GPS point analysis as a function of 
avalanche danger or avalanche character to provide a more detailed 
analysis of travel behavior in avalanche terrain (Statham et al., 2018; 
Thumlert & Haegeli, 2018). 

5. Conclusions 

By collecting GPS tracks and surveys responses via intercepting OB 
skiers in the field, we have broadened the scope of GPS tracking research 
in avalanche terrain to include participants who may not volunteer their 
time and energy to submit GPS tracks online or via social media or web- 
based platforms. 

Our results show a number of OB skiers on Saddle Peak who lack 
formal avalanche education, are unaware of the current avalanche 
danger, do not carry the necessary equipment to facilitate a companion 
rescue, and travel solo in the backcountry. The average number of skiers 
sampled on days with considerable danger was a third of the number 
collected on days with moderate danger. This change in overall number 
of skiers shows an avoidance strategy to decision-making under elevated 

avalanche danger. Saddle Peak does not afford a risk-free option to 
travel during days with elevated avalanche danger, therefore, many 
skiers choose to avoid the area entirely in those conditions, which is 
consistent with a fundamental concept in risk reduction – i.e. avoidance. 

We found significant differences in terrain use as summarized by 
downhill starting distance from the ski area boundary based on partic-
ipants’ gender, avalanche education, and perception of avalanche 
mitigation. Males, participants without formal avalanche education, and 
who think the ski area provides avalanche mitigation outside the ski 
area boundary are more likely to stay closer to the ski area boundary, 
which is correlated with spending more time in complex avalanche 
terrain. On Saddle Peak this travel behavior exposes skiers to very large 
cliffs, increasing the consequences of avalanche involvement, and 
higher skier traffic, increasing the potential for another party to trigger 
an avalanche above them. 

Broadening the scope of data collection to OB areas with different 
snowpack characteristics, terrain options, and avalanche safety cultures 
would help expand the scope of inference for this field of research. Our 
results could be helpful in targeting populations of OB skiers that need 
additional education on the hazards of Saddle Peak and developing new 
signage to communicate avalanche danger and hazardous terrain 
features. 
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