December 8, 2017
Dear GMUG Planning Team,

Colorado Mountain Club, High Country Conservation Advocates, The Wilderness Society, Ridgeway
Ouray Community Council, Western Colorado Congress, Sheep Mountain Alliance, Rocky Mountain
Wild, and the Great Old Broads for Wilderness” Grand Junction and Northern San Juan chapters submit
the following comments for consideration and incorporation in the Grand Mesa, Uncompahgre and
Gunnison (GMUG) National Forest Land and Resource Management Plan revision. This submission
addresses Draft Assessment 9: Recreation.

We appreciate the opportunity to review this very important chapter. Recreation is the most popular and
prolific use of the GMUG, and is an economic engine for the western region of Colorado. Millions of
people travel and reside in the GMUG region to enjoy the unique recreational assets of the area and their
tourism dollars are the lifeblood of local communities. We hope the feedback below helps to supplement
existing data and encourage the forest to gather better metrics in order to inform a robust and sustainable
forest plan.

Information Gaps

While the report is relatively comprehensive, there are some crucial information gaps that should be
recognized. Comprehensive data on dispersed recreation trends do not appear to be included in this
assessment. Activities that take place off-trail, such as rock climbing, backcountry skiing, and boating are
hardly mentioned in the draft assessment, yet the GMUG is home to world-class opportunities and
frequented by locals and visitors seeking these types of recreation. Furthermore, both rock climbing and
undeveloped skiing are among the top five activities expected to grow in popularity over the next 50
years, according to the 2012 Cordell report cited in the recreation assessment.* We understand that it is
difficult to capture data on these types of recreation, but hope you acknowledge their importance and seek
to gather more input from these user groups throughout the planning process.

In addition, information on recreation settings and associated experiences is missing. We were
disconcerted to read that the GMUG was “unable to locate a complete set of maps” for the existing ROS.2
In the meantime, as discussed below, we recommend that you add a section to this chapter of the final
report that delineates as best you can current recreation settings, and the experiences and benefits that
they offer. This will help the public and planners identify desired settings and strategies to work towards
them. In addition, we hope that any data that is available will be digitized and made available to the
public as soon as possible. We ask that the GMUG correlate any future reports and analysis with
comprehensive maps made available on the planning website and with links from the appropriate
narrative sections within the PDF planning documents.

Fourteeners

It is not clear what data the forest is using when listing 14er peak elevations. Most current topo maps
including the Forest Service's Uncompahgre National Forest (Mountain Division) still use “the old
standard elevations” as do most of the popular climbing sites on the internet. Therefore, the elevation of
Mount Sneffels; should be 14,150 ft., not 14,158 ft.; Wetterhorn-14,015 ft., not 14,021 ft.; San Luis Peak
is 14,014 ft., not 14,021 ft., Uncompahgre Peak is 14,309 ft., not 14,321 ft., and Wilson Peak is 14,017 ft.,

! Cordell, H.K. (2012). Outdoor recreation trends and futures: A technical document supporting the Forest Service
2010 RPA Assessment. A recreation research report in the Internet Research Information Series (IRIS).
http://www.treesearch.fs.fed.us/pubs/40453
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not 14,023 ft. For some reason Castle Peak is correct at 14,279 ft. which seems odd given the
discrepancy in the listed elevation of the other 14ers. Please clarify and cite where peak elevation data is
coming from. Also please clarify that there are in fact six “Fourteeners” located on the GMUG
(Uncompahgre, Wetterhorn, Castle, San Luis, Sneffels, and Wilson), some sections only note five.

In addition to the 14ers, there should be mention of the number of ranked peaks over 13,000 feet
(thirteeners). While they certainly don’t see the use that the 14ers do, and most will remain obscure, it
would be a mistake to believe they aren’t growing in popularity and seeing more use. There are a lot of
recreational users who actively pursue thirteeners in Colorado, and many of these peaks have use trails,
rock cairns, summit registers, and the like on them. In the San Juan Geographic Area, there are several
“Centennial Peaks” (part of the highest 100 peaks in the State) including Dallas Peak (13,809 ft.) and
Teakettle Mountain (13,819 ft.). These two peaks are some of the most difficult to climb of the
Centennial Peaks (by the standard route). As the number of people who complete their goal of climbing
the fourteeners rises, many are expanding their hiking and climbing goals to include the centennial
thirteeners and many other thirteeners in the GMUG. This of course could lead to increasing impacts to
fragile terrain from increased visitation. We recommend also that the GMUG document to the degree data
is available (and where it is not document the information gap) the condition of trails and routes on these
peaks, and the trends related to use and condition of these peaks. This will help the public and planners in
the plan revision to identify desired conditions and strategies to achieve them.

Key Issues for Recreation on the GMUG
Recreational Infrastructure. The draft identifies “Trails” as a key issue. We recommend that you modify
this to be “Recreational Infrastructure” and highlight the issue of Trails under this header as follows:

Recreational Infrastructure Frails

« Trail opportunities may not be aligned to recreational settings, public desires, and resource
conditions-meterized-routes-and-looproutes-are-desired-by the public

» The condition of existing trails, recreational roads, and facilities are declining because of budget
shortfalls and are not sustainable.

ik : irod bned "

Well-maintained and planned infrastructure for recreation (facilities and transportation infrastructure) is
fundamental to a quality experience and a sustainable setting, as the draft report notes. The significant
funding backlogs and anticipated annual shortfalls is a major issue for the GMUG where recreational use
is on the rise and recreational funding is in decline, and thus should be identified as a key issue in the final
report.

Resource impacts from dispersed camping. For dispersed recreation, the Draft Assessment states that
“dispersed camping demand and impacts are increasing, and may be reaching unacceptable levels.”?
Dispersed camping in many areas has already reached unacceptable levels. Also, the GMUG states that
“...campgrounds and designated dispersed sites may be needed” and “additional and updated toilet
facilities may be needed.”* Again, many areas on the GMUG, notably around the Crested Butte and
Taylor Park areas, are beyond the “may be needed” stage. The Assessment should recognize the absolute
needs to inform the need for change and plan revision and, to the degree possible, document the “hot
spots”, their condition, and the scope and magnitude of required management attention.

3 Recreation Assessment Page 2.
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Sustainable settings. The planning rule requires the GMUG to provide for sustainable settings,
opportunities, and access.®> Under the current plan, the GMUG is not managing for sustainable settings,
and may not even have clear inventory of the existing settings and experiences and benefits those settings
provide. We therefore recommend that you modify the language in the Key Issue sections related to
settings so that it is more comprehensive and robust as follows:

Re%eaﬂen—@ppeﬁum%yépeet—mnq—Sustamable Recreational Settings
The Forest Plan strategic direction for recreation settings is outdated
e We do not have a current spatial inventory of current recreational settings, and lack an
understanding of their sustainability, and a strategy to ensure sustainability reflective of
current recreation and budget trends.

Connecting forests to communities. In developing the 2012 planning rule, the Forest Service incorporated
the concept of connecting people with nature®, and recognized that there are populations that are
traditionally underserved by the agency and the lands it administers. These include economically
disadvantaged and culturally diverse populations. To the GMUG’s credit, the GMUG included a
discussion of this issue in this chapter of the draft assessment report’ and recognized that there are
significant barriers to participation for certain populations on the GMUG.® Yet the section on key issues
does not recognize that inequities exist and the agency is not effectively connecting specific populations
to the national forest lands and nature. We recommend that this issue be added to the list of key issues as
it will take a substantial shift in thinking and management to begin to address these inequities over the life
of the plan.

Developed Recreation Opportunities and Activities

Please describe what constitutes a “Snowpark,” how it is managed, and how it is distinguished from other
trailhead facilities. For example, the Uncompahgre Geographic Areas notes there are “several winter
trailheads for both snowmobiling and cross country skiing” but there are no Snowparks listed in Table 6.
Please provide a list and map of all “Snowpark’ locations on the forest.

It is unclear whether backcountry huts and yurts are captured in the Recreation Assessment as either
developed sites or dispersed activities. Several hut and yurt operators utilize forest service land and
permits and their status and use patterns should be reflected in the assessment.

The undersigned organizations encourage the GMUG to complete an updated Recreation Facility
Analysis (RFA) during this planning process to more adequately understand the infrastructure needs and
costs on the forest. Given the decline in budgets and current maintenance backlog, this information should
inform the development of new facilities to ensure they can be maintained appropriately.

Dispersed Recreation and Trails.

Appendix A — Summary of Recreation Activities by Geographic Area. The description of dispersed
recreation opportunities by geographic area seems heavily weighted towards motorized use (listed as one
of the most common activities in each area) and yet, according to 2014 visitor use data, it accounts for

®36 CFR 219.10(b)(2)(i)

636 CFR 219.8(b)(6)

" Recreation Assessment Pages 46-47.

8 For instance, page 29 states that 98% of all visits to the GMUG were by Caucasions. Yet, demographics for the
GMUG counties shows that the Hispanic population, for example, is 17% of the general population. See Appendix
1, page 96.
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only 20% of overall summer use. Winter recreation is also under-represented as a common use in the
Gunnison and San Juan Geographic Areas.

Trails. The issue of trail placement, management and maintenance is significant. It would be helpful to
include a breakdown of trail miles and types by settings. So, for example, it would be helpful to know if
there are motorized trails in non-motorized ROS settings, as well as the miles and types of trail
experiences in each type of setting. It would also be helpful to include a description of the current trail
system in terms of its physical condition, and known specific impacts to resources. Lastly, maps showing
these metrics would help considerably.

The Recreation Assessment mentions that some users are advocating parallel trails for different users.
While it is fine to include the idea as a possible strategy in the report, you might also want to mention that
doing so would require significant more funding and could have negative impacts on resources.

Dispersed recreation pursuits. Rock climbing is not listed as a dispersed recreation activity. We
recommend that the forest incorporate data provided by the Access Fund and other climbing organizations
to better understand where this activity is occurring and how it may be impacting surrounding resources.

Dispersed camping. Although high-use dispersed camping was indicated as a concern with regard to
resource degradation and sanitation issues, little quantified data was presented to quantify the current
impacts across the forest. If you have an inventory of dispersed camping “hotspots” please include the
information in the draft report. Otherwise please list the inventory as an information gap. This data is
useful for evaluating the impacts of this recreational use and implement forest-wide direction and
adaptive management techniques to manage it.

Regarding the 300-foot off-road driving buffer, does the Forest Service have data on impacts resulting
from this buffer? If so, please include the information in this report. If not, please cite it as an information
gap. Also, the Forest Service should consider reducing the 300-foot off-road driving distance (or where it
is applied) in places where its allowance is leading to resource damage or proliferation of user-created
routes.

Jeep trails. The assessment does not include any data on the numbers off-road vehicles that are using the
popular jeep roads or the impacts that result. This information is needed to assess the future management
of these areas. For example, there is very little mention of the traffic jams and safety hazards from having
so many vehicles on narrow shelf roads.

Recreational Desires

The draft report in the section on key issues states that “Additional motorized routes and loop routes are
desired by the public” as are more front country hiking trails and mountain biking challenge routes.® Can
the GMUG document the source of this information? Is it from surveys or anecdotal? Is it
comprehensive? For instance, do we know the types of trail recreation that minority populations seek?
Do we know the types of opportunities birdwatchers seek? If the information is anecdotal, you should say
so, and identify as an information gap the need to gain a scientifically-based understanding of public
desires for recreation. If the information is based off surveys, the forest should cite the survey and its
statistical underpinnings.

Recreation Opportunities on Other Federal and State Lands

% Recreation Assessment Page 3
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Thank you for recognizing that recreation management is a regional endeavor. It would be helpful to add
more detail to this section to describe the magnitude, scope, and extent of different types of recreation
settings and opportunities in the greater GMUG region. For instance, do the surrounding BLM lands
provide extensive dispersed opportunities and what types?

It would also be helpful to describe the recreational niches of each of the major recreational providers in
the GMUG region, including the GMUG’s recreational niche. This is fundamentally important to
developing desired condition statements in the plan revision, and, while ensuring that the region is
providing a mix of opportunities, recognizing that the GMUG may not offer recreational settings for some
types of recreation.

Winter Recreation and Travel Management

Winter travel management planning. In 2015, the Forest Service promulgated subpart C of the travel
management rule at 36 CFR 212 that requires each forest to restrict oversnow vehicle (OSV) use to a
designated system of routes and areas displayed on an oversnow motorized vehicle use map (OSVUM).
Designations must be designed to minimize impacts to resources and other recreational uses.° If
implemented properly, the rule presents an important opportunity to enhance quality recreation
opportunities for both motorized and non-motorized users, protect wildlife during the vulnerable winter
season, prevent avoidable damage to air and water quality, and restore balance to the winter backcountry.

The rule does allow forests to adopt previous decisions made with public involvement that restrict OSV
use to designated areas and routes. 36 C.F.R. § 212.81(b). However, prior to adopting such decisions on
an OSVUM, the Forest Service must ensure: (a) the administrative record for those decisions documents
compliance with the minimization criteria; (b) there are no changed circumstances that warrant additional
environmental analysis and/or re-application of the minimization criteria; and (c) the existing allocations
comply with the required “closed unless designated open” approach by restricting OSV use to discrete,
specifically delineated open areas and routes.

We are happy to see that the GMUG on Page 49 of the draft report acknowledges that the GMUG will
need to evaluate existing winter use management plans for compliance with subpart C, and take the steps
necessary to achieve full compliance with subpart C. While the draft report states that travel planning is
completed for two of the three forests, it does not provide more information on those plans (e.g., dates
completed, zones covered). In addition, it does not provide an overview of the winter use management
situation. For example, by our calculation, approximately 79 percent of the forest (over 2 million acres) is
open to cross-country OSV travel and only about 70,000 acres outside of designated Wilderness are
closed (about 2 percent of the forest outside of Wilderness). We request that this information be included
in the final report as it will help inform the need for change and plan revision.

We investigated the administrative winter use situation on the GMUG with the information we could find
online and in our files. This is what we found:

Grand Mesa National Forest OSV Designation Decisions (1994 Travel Management plan)
e This plan changed general travel management on the Grand Mesa NF from “travel
anywhere” to “travel on designated routes only” but explicitly exempts OSV travel from
this restriction: “Snowmobile travel on snow will not be restricted over most of the
Forest.” 11

1036 C.F.R. 88 212.55(h), 212.81(d). The rule’s requirements flow from Exec. Order No. 11,644, 37 Fed. Reg. 2877
(Feb. 8, 1972), as amended by Exec. Order No. 11,989, 42 Fed. Reg. 26,959 (May 24, 1977).
11 FOREST SERVICE, Grand Mesa Travel Decision Notice, 3 (1994)
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o Eleven percent of Grand Mesa NF is closed yearlong to all motorized travel including
OSV travel for various reasons such as protecting public safety, municipal watersheds
and big game winter range. Additionally, Certain areas are closed from Nov. 15 - May 1
to protect big game on their winter range.

e We did not find consideration or application of the minimization criteria in the relevant
NEPA documents, and no indication that the forest is operating under the required
“default closed unless designated open position.”

Uncompahgre National Forest OSV Designation Decisions (2002 Travel Plan)

e 61% of the forest is open to “all modes of travel...both on and off routes yearlong.”*2
While certain areas are subject to seasonal motorized travel restrictions to protect elk
calving and bird nesting, the ROD specifically states that the responsible official
“stopped short of making area-wide, or route-specific decisions specifying type/category
of use for the remainder of the forest” regarding winter travel.*®

e We did not find consideration or application of the minimization criteria, and the plan
appears to operate under a default open management system.

Gunnison National Forest OSV Designation Decisions (2010 Travel Management plan and
special orders)
e This forest does not have a winter motorized use plan or direction except for the Crested
Butte area where there is a dispersed winter recreation strategy in the Crested Butte
Areal, a special order for Washington Gulch Winter Recreation Management?®, seasonal
area closures to protect wildlife in Flattop Mountain and Almont Triangle,® and five
special orders restrict OSV use.!” These are:

Area/Trail Date Reason

West Brush Creek!8 Dec. 29, 2015 - Dec. 31, 2020 | Prevent conflicts of

West Brush Creek

winter uses within the

Analysis Area
East Brush Creek?!® “ “ s

Middle Brush Creek “ «

Cement Creek

Upper East River Area

e The special orders affect only a small portion of the forest and do not apply the
minimization criteria even though they address conflicts between uses.

Lastly, Subpart C requires designation of areas and routes for OSV use “on administrative units or Ranger
Districts, or parts of administrative units or Ranger Districts, of the National Forest System where

12 FOREST SERVICE, Uncompahgre National Forest Travel Plan. At 4. (2002).

1¥1d. at 9.

14 FOREST SERVICE, Dispersed Winter Recreation in the Crested Butte Area: Decision Notice Finding of No
Significant Impact (1995).

15 FOREST SERVICE, Decision Memo Washington Gulch Winter Recreation Management, (2005).

16 This is listed on the website, but I could not find any decision documents supporting these closures

17 http://www.fs.usda.gov/detail/gmug/landmanagement/projects/?cid=fseprd488168.

18 FOREST SERVICE, GMUG-2015-22, WEST BRUSH CREEK WINTER RECREATION ANALYSIS AREA, 1 (2015).
19 FOREST SERVICE, GMUG-2015-24, EAST BRUSH CREEK WINTER RECREATION ANALYSIS AREA (2015).
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snowfall is adequate for that use to occur.”?° None of the planning documents for GMUG indicate that
minimum snow depths have been implemented.

There are two articles (attached) relevant to winter recreation suitability and planning that should be
incorporated into the assessment report, and considered best available science. These are:

e Hatchett, Ben. May 15, 2017. Evaluation of Observed and Simulated Snow Depths for
Commencing Over Snow Vehicle Operation in the Sierra Nevada, Prepared for the Winter
Wildlands Alliance. The author is developing a method for land managers to estimate trailhead
snow depth by correlating SNOWTEL data with snow conditions at trailheads.

e Lucretia E. Olson, John R. Squires, Elizabeth K. Roberts, Aubrey D. Miller, Jacob S. Ivan, and
Mark Hebblewhite, 2017. Modeling large-scale winter recreation terrain selection with
implications for recreation management and wildlife. In Applied Geography, VVolume 86, Pages
66-91. The authors modeled terrain selection of motorized and non-motorized recreationists,
including snowmobile, backcountry ski, and snowmobile-assisted hybrid ski to better understand
the environmental characteristics favored by winter recreationists, and thus predict areas of
potential conflict or disturbance. Field locations were Vail Pass and the San Juan Mountains.
Areas predicted to have only motorized recreation were more likely to occur further from
highways, with greater forest road densities, lower canopy cover, and smoother, less steep terrain,
while areas with only non-motorized recreation were closer to highways, with lower forest road
densities, more canopy cover and steeper terrain. This work provides spatially detailed insights
into terrain characteristics favored by recreationists, allowing managers to maintain winter
recreation opportunities while reducing interpersonal conflict or ecological impacts to sensitive
wildlife. This study will aid the GMUG in identifying areas suitable for various types of winter
recreation in the plan revision, especially because it was conducted in the two adjacent forests to
the GMUG.

Winter ROS. We agree with the need to complete a Winter Recreation Opportunity Spectrum inventory
and include it in the final assessment report. We encourage you to reach out to Winter Wildlands
Alliance who has done the most thinking regarding what a winter ROS should look like, and can provide
some examples.

Winter activities. There is very limited discussion of ‘“hybrid use’ for snowmobile access backcountry
skiing in the Assessment but should be a major item to discuss, particularly in the Crested Butte Area.

Impacts of OSVs. Although the conflict between motorized and non-motorized winter use references
safety concerns, many of the user experience and environmental impacts attributed to summer OHVs (e.g.
noise, pollution, soil impacts) apply to snowmobiles as well. Additionally, snow or fresh powder, should
be considered as a recreational resource in need of management. There is a finite amount of prime terrain
for winter recreation and the resource can be degraded (tracked-out) with over-use. A snowmobiler can
“consume” the resource much faster than a skier or snowshoer so it is important to note that the carrying
capacity of one acre of terrain is far higher for non-motorized users but may be quickly exceeded with just
one motorized user.

Developed Ski Areas

While Monarch Ski Area is listed as a developed recreation site within the Gunnison Geographic area, it
is not listed as one of the three permitted ski resorts on the GMUG. Monarch operates under a permit
with the Pike-San Isabel National Forest just adjacent to the GMUG along the continental divide. It is

2036 C.F.R. § 212.81(a) (emphasis added).
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important to note that Monarch Ski Area now authorizes side-country ski/snowboard access through a
gate which directs backcountry skiers onto GMUG forest lands.

Potential Need for Change

We recommend the following modifications to the need for change related to recreational settings:

o Inorder to ensure that desired recreation settings in the winter and the summer are maintained, a
spatial map of desired recreation settings is needed. Consider direction to manage toward those
desired conditions for recreation, integrated with the full spectrum of multiple use activities that
occur on the GMUG.

e Consider a landscape-scale strategy to provide adequate motorized recreation opportunities as
well as acceptable levels of noise in hon-motorized areas.

e In order to sustain quality recreational settings and opportunities in the winter, there is a need to
develop a winter-specific recreational opportunity settings system for the GMUG.

We recommend the following modifications to the need for change related to dispersed recreation:

o Consider strategic direction to manage dispersed camping and use.

o Consider strategic direction to provide the-desired-oppertunities-and sustainable recreational
settings and opportunities for the diverse types of dispersed recreation on the GMUG, taking into
account the recreational niche of the GMUG and proximal recreation providers.

e There is a need to provide direction for subsequent winter travel management planning, including
identifying suitable lands for winter motorized recreation, winter recreational opportunity
spectrum settings, and management direction related to minimum snowpack and conflict.

e There is a need to provide direction for managing on-the-ground motorized recreation, including
identifying suitable lands for on-the-ground motorized recreation, and management direction
related to conflict and sustainability.

We also recommend adding the following need for change:

o Consider strategic direction to enhance the connections of people to nature with an emphasis on
currently underserved populations.

Geographic Areas

Gunnison Basin Geographic Area

The recreation assessment does not mention Brush Creek, near Crested Butte which sees highly
concentrated dispersed camping with no facilities. Please include Brush Creek as another valley in the
Crested Butte area that is heavily impacted by campers all summer and fall. A similar situation to
Musicians Camp exists about five miles up, where there is no facility.

San Juan Geographic Area

The Recreation Assessment needs to include winter activities that include backcountry skiing, alpine
skiing, heli-skiing, ice climbing, snow shoeing, snowmobiling, and cross country skiing. In the Lake
City-Ouray-Telluride Triangle, backcountry skiing (alpine touring) is more common than cross country
skiing. In the Ouray region, summer activities should indicate more emphasis on hiking as the
predominant use. It should also be noted that there are summer-use backcountry huts that connect Last
Dollar Pass to Ouray. Also in the Ouray region, backcountry skiing is at least, if not more, popular as
crosscountry skiing. These uses require different terrain, topography, elevation, aspect, and snow cover
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and should be analyzed separately. Parking at the top of Red Mountain Pass is becoming an issue but
also helps keep the number of users at appropriate levels so too many parties are not skiing or riding on
top of each-other. A Port-O-Pottie has been added at the top of the pass and this has been well used.
Additionally, Ouray has been an ice-climbing destination for quite some time, not just ‘recently’. In the
Telluride and Mountain Village/Greater Telluride Region: This seems to be the only section of the
assessment where the terminology for skiing, cross country skiing, Nordic skiing, back country skiing,
alpine skiing, and heli-skiing are used correctly. It also documents both Heli Tracks and the Telluride Ski
Area.

A large omission in this area is failure to mention San Juan Huts as key recreation resource. Backcountry
skiers have been using these huts and accessing terrain on the North Side of the Sneffels Range from
Telluride for many years. The forest should also note the history of conflict and incompatible use
between winter motorized use in close proximity with non-motorized hut visitors. In general, the
assessment also does not accurately reflects the volume of backcountry skiers in the Red Mountain Pass
and Ophir areas.

Uncompahgre Plateau

The recreation assessment fails to recognize that mountain bike use has occurred on the Plateau for 30
years. The sentence that states "Two long distance mountain bike trails, the Tabeguache and Paradox
Trails, provide multi-day opportunities from Telluride to Moab" is not accurate. Neither of these trails go
from Telluride to Moab, although there is a different bike route that does.

Conclusion

We hope that the Forest Service will incorporate this feedback into a more comprehensive recreation
assessment report, complete with maps, in order to gain a clearer picture of current recreation trends and
conditions on the forest.

Thank you for your consideration of these comments.

Julie Mach

Conservation Director
Colorado Mountain Club
710 10™ St. Suite 200
Golden, CO 80401
juliemach@cmec.org

Matt Reed

Public Lands Director

High Country Conservation Advocates
PO Box 1066

Crested Butte, CO 81224

(970) 349-7104

Vera Smith

Forest Planning and Policy Director
The Wilderness Society

1660 Wynkoop St., Suite 850
Denver, CO 80202
Vera_smith@tws.org

Additional partners below...
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Jim Stephenson, Public Lands Chairman
Ridgway Ouray Community Council
PO Box 272

Ridgway, CO 81432

(970)626-5594

Steve Allerton

President

Western Colorado Congress
134 N 6th St

Grand Junction, CO

Lexi Tuddenham
Executive Director
Sheep Mountain Alliance
PO Box 389

Telluride, CO 81435

Alison Gallensky

GIS and IT Director

Rocky Mountain Wild

1536 Wynkoop St., Suite. 900
Denver, CO 80202

(303) 546-0214
alison@rockymountainwild.org

Robyn Cascade & Laurie Shannon, co-leaders
Northern San Juan Broadband

Great Old Broads for Wilderness
greatoldbroads.org

Sherry Schenk, leader

Grand Junction Area Chapter,
Great Old Broads for Wilderness
sherryleeschenk@gmail.com

Attachments:

e Hatchett, Ben. May 15, 2017. Evaluation of Observed and Simulated Snow Depths for
Commencing Over Snow Vehicle Operation in the Sierra Nevada, Prepared for the Winter
Wildlands Alliance. The author is developing a method for land managers to estimate trailhead
snow depth by correlating SNOWTEL data with snow conditions at trailheads.

e Lucretia E. Olson, John R. Squires, Elizabeth K. Roberts, Aubrey D. Miller, Jacob S. Ivan, and
Mark Hebblewhite, 2017. Modeling large-scale winter recreation terrain selection with
implications for recreation management and wildlife. In Applied Geography, VVolume 86, Pages
66-91.

e Appendix 1: Sample reports from Headwater Economics EPS-HDT Application, available at
http://headwaterseconomics.org/tools/eps-hdt
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Evaluation of Observed and Simulated Snow Depths for Commencing Over Snow Vehicle
Operation in the Sierra Nevada

Prepared for the Winter Wildlands Alliance
Benjamin Hatchett, Ph.D.

Draft Report Submitted: May 1, 2017
Revised Final Report Submitted: May 15, 2017

Executive Summary:

Over-snow vehicle (OSV) recreation represents a significant component of winter season
recreation in the Sierra Nevada. In order to minimize negative impacts on natural resources such
as vegetation damage and soil compaction during OSV operation, a minimum snow depth must
be present, however to our knowledge no specific minimum value has been defined. Winter
Wildlands Alliance suggests 46 cm (18 in) while some National Forest Special Orders require 30
cm (12 in). The minimum depth requirement is further complicated by the mechanical properties
of snow that vary as a function of snow density. Nonetheless, resource managers tasked with
opening and closing OSV trailheads over large spatial areas do not have the capability to visit
each trailhead to obtain a snow depth measurement. Instead, they often must rely on remote
measurements or historic opening dates. This study evaluates the use of station measurements
and a process-based, semi-distributed snowpack model to inform OSV trailhead decision
making. Using a conservative rule-of-thumb estimate of a minimum depth of 90 cm (12 in.) of
compacted snow at a snow density of 0.3 g/cm?, daily snow water equivalent measurements from
38 SNOwpack TELemetry (SNOTEL) weather stations are used to develop a relationship to
determine when sufficient snow depths exist to open areas to OSV usage. Under an assumption
of lower density snow (0.2 g/cm?), the evaluated depth (45 cm) is consistent with the policy
suggestion of Winter Wildlands Alliance (approximately 18 in). Output of snow depth anomalies
(deviations from average conditions) from the SNOwpack Data ASsimilation (SNODAS) model
is examined for the northern, central, and southern Sierra Nevada to demonstrate how this readily
available model can be incorporated into decision making. Last, a protocol for citizen-science
based depth measurements at OSV trailheads was developed for subsequent use that can provide
additional data to complement SNOTEL and SNODAS estimates.

Analysis of SNOTEL data identified that median timing of achieving sufficient snow
depths for OSV operation during the past 15 years (2003-2017) varied by elevation (R? = 0.39)
from mid-October to late December. The long period of record (1981-2017) of SNOTEL stations
enabled an analysis of long-term trends in opening dates. Since 1981, opening dates have
increased at a rate of approximately 0.6 day per year, which today means that opening dates are
nearly three weeks later. Linear relationships (0.25 > R? > 0.66) between snow depth and station
elevation over four latitudinal bands were satisfactory to inform OSV opening decisions if
station topographic settings (i.e., distance from the mountain crest) are considered. Incorporation
of SNODAS output is recommended for decision making provided its limitations owing to
uncertainty are appropriately factored into the decision process. A recently developed online
tool, Google Climate Engine, that provides satellite-derived normalized differenced snow index
is highlighted for additional guidance in identifying anomalous snow coverage conditions at the
mountain range scale with high spatial resolution (500 m). To provide specific examples of the



types of weather conditions that lead to substantial snowpack losses after the depth requirement
has been met, several specific case studies are summarized to highlight the types of weather
conditions that lead to this scenario. The combined use of station and remotely-sensed data with
model output is recommended for use in deciding when to open OSV trailheads.

Key Science Points:
1. Median dates of snow water equivalent (SWE) > 90 mm vary by elevation (R?=0.39) from
early November to late December.
2. Median dates of achieving SWE > 90 mm have increased by approximately 0.5 day per year
over the past 37 years.
3. Timing of SWE > 90 mm varies by elevation with higher elevation sites achieving it earlier
but with greater variance compared to lower elevation sites.

Unit Conversions: 25.4 mm (2.54 cm) =1 in.; ] m=3.28 m
1. Introduction

Over snow vehicle (OSV) recreation represents a significant and growing component of
winter season recreation in the mountains of California (Figure 1a) and throughout the western
United States. With few exceptions, the annual increase in OSV registrations in California
increased by 4-10% per year during the period from 1990-2008 (California Department of Parks
and Recreation 2010). The proximity of the northern and central Sierra Nevada (Figure 1b) to
large population centers such as the greater Sacramento and San Francisco metropolitan areas
(Figure 1a) creates appreciable demand for OSV recreation in a relatively limited and
ecologically sensitive area. In order to minimize negative impacts on natural resources such as
vegetation damage (Stangl 1999) and soil compaction (Baker and Bithmann 2005) during OSV
operation, a minimum snow depth must be present. To our knowledge, no precise value of this
minimum depth has been produced via studies quantifying OSV use and disturbance. Further
complicating the minimum depth requirement is the dependence of snow depth on the density of
the snow, which varies seasonally and as a function of weather conditions. Newly fallen snow
densities can vary from 0.05 g/cm? (typical interior western US powder snow) to 0.3 g/cm?® (very
wet coastal snow or compacted snow; Sturm et al. 2010). Although many national forests in
California have a required minimum snow depth of 30 cm (12 in) for OSV use, not all forests
have such a requirement (California Department of Parks and Recreation, 2010).

Resource managers tasked with opening and closing OSV trailheads over large spatial areas
may not have the capability to visit each trailhead to obtain a snow depth measurement. Instead,
they must rely on remote measurements or historic opening dates. This work aims to provide
guidance to resource managers in using readily available snowpack data from weather stations
(which may or may not provide depth measurements) and to highlight available online tools that
can inform their decision making. Under a conservative snow density assumption (see Methods
in section 3), we estimate the median timing of achieving sufficient snow depths for OSV
operation and their trends through time. Relationships between timing of sufficient snow depth
and elevation are examined. Several cases where snowpack losses during early winter are
highlighted to provide resource managers with examples of the weather conditions at play in
these events. This information may help increase situational awareness at times when trailheads



may require closure to OSV use during the early season. Two web tools with map-based
graphical user interfaces are provided with examples for how they can be applied to OSV
trailhead decision making. A citizen science-based protocol for snow depth measurement was
developed and can be implemented in subsequent winters. The results from this study can serve
to facilitate continued research on snowpack trends during early season, the impact of these
trends on winter recreation, and to facilitate improved resource management of areas where OSV
is allowed.

Figure 1: (a) Map of Sierra Nevada (and northern regions) with SNOTEL stations used in the
analysis shown as blue dots. (b) Inset map showing stations in Lake Tahoe region of California.
Elevations are shown as filled contours with 125 m intervals.

2. Data

Daily maximum temperature, minimum temperature, snow water equivalent, and
precipitation from 38 SNOTEL stations spanning October 1 1980-February 28 2017 were
acquired from the Natural Resource Conservation Service (http://www.nrcs.gov/snotel). Daily,
gridded output at 25 km horizontal resolution of snow depth and snow water equivalent from the
SNODAS model is available from October 1 2003-present. The data can be downloaded from
the National Snow and Ice Data Center or accessed via a graphical user interface (GUI) at the
National Operational Hydrologic Remote Sensing Center webpage
(https://www.nohrsc.noaa.gov/interactive/html/map.html). The GUI allows the user to select the
specific area, date, and variable of interest. SNODAS output was acquired for January 2012,
January 2016, and March 2016. MODIS Aqua-derived normalized differenced snow index
(NDSI) values at 500 m horizontal resolution are available between 1 October 2002-28 February
2017 and was acquired for January 2012, January 2016, and March 2016. The NDSI is created
by differencing bands of remotely sensed reflectance in bands that snow reflects (0.66 mm) from
the band that it does not reflect (1.6 mm) and dividing by the sum of the reflectance of these
bands. NDSI was acquired from the Google Climate Engine GUI (www.climateengine.org;
Huntington et al. 2017).
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3. Methods

No established value exists for a minimum snow depth for OSV operation, but anecdotal values
used by managers vary between 30-45 cm (12-18 in.) depending on compaction, which can be
used as a surrogate for density. Such anecdotal values for minimum snow depth do not take into
account variability in snow density. To provide a conservative estimate of sufficient snow depth
for non-intrusive OSV operation, we specified 90 mm of snow water equivalent (SWE) at each
SNOTEL station as the required depth for approval of OSV use. This value was obtained by the
equation SWE [mm] =d [mm] * ps / pw and making the assumption that in a coastal snowpack
with marginal compaction, ps is typically 0.3 g/cm? (Sturm et al. 2010). Newly fallen snow
varies from 0.05 g/cm? to 0.3 g/cm® with maximum densities observed during spring of 0.6 g/cm?
(Sturm et al. 2010), therefore the chosen value appears reasonable to approximate a depth d of
300 mm (11.8 in.) for early-midwinter conditions in the Sierra Nevada. This depth value is
consistent with values used by the United States Forest Service. The same SWE value under the
assumption of less dense snow (0.2 g/cm?) implies a depth of 45 cm, which is close to the depth
recommended by the Wilderness Wildlands Alliance. Our SWE value is also close to that
suggested by Patterson (2016), who chose 100 mm of SWE as a threshold value for winter
recreation in the Rocky Mountain National Park of Colorado. Early in the season, low snow
depths allow winter recreation to have the greatest effects on vegetation (Fox and Kiesse 2004).
One would expect some degree of interannual and intraannual variability in snow density (in
addition to snowfall and temperature regimes). Our approach can be considered conservative, as
we use a density value on the upper end of the range of newly fallen snow and characteristic of
midwinter, existing snow densities. This implies that more SWE is required to attain the depth
threshold. As indicated above, using a lower density value would imply less SWE is required to
achieve the minimum of 30 cm depth.

We take an exploratory approach towards examining the characteristics of early season
snowpack development. Our study focuses on the northern and central Sierra Nevada (Figure 1b)
but we also examined data from far northern California (Figure 1a). The region of focus (Figure
1b) has stations near 13 of the 19 California Sno-Parks, which are popular OSV staging areas
(California Department of Parks and Recreation, 2010). Five of these Sno-Parks are in the
Huntington Lake region near Fresno, California where no SNOTEL data is collected. We report
the median timing of when each SNOTEL station achieves the minimum required 90 mm of
SWE as a function of station elevation and latitude along with the variance. We also examined
the frequency that stations would achieve 90 mm of SWE (thus allowing safe OSV operation)
but then underwent a decline in SWE to less than 70 mm (the assumption being that OSV
operation would no longer be recommended). Stations that underwent such a behavior two or
more times and are located near popular OSV trailheads are noted. Examples are provided to
demonstrate how warm and dry conditions as well as wet and warm conditions can produce
SWE loss during early season and an example is provided to show rapid early melting at lower
elevations. Climate normals, or average conditions, were calculated using the median of
observed precipitation and SWE over the period 1981-2010 for each day of each year from
October 1 to February 28 (where October 1, or the start of the water year, is taken as day 1).
Unless otherwise specified, all years are expressed in terms of their respective water year that
begins on October 1 of the previous calendar year and ends on September 30 of the calendar
year of the water year. Least squares estimates were used to fit linear models to the data and the



coefficient of determination (R? or the square of the correlation) as well as the linear regression
equation are reported.

4. Results and Discussion

4.1 Trends in 90 mm SWE

Binning stations by elevation (low, middle, and high), the range of dates upon which 90
mm of SWE is achieved demonstrates substantial interannual variability (Figure 2). Median
dates (black dots) of 90 mm SWE range from late January to early November with differences on
the order of two to four weeks between individual years (Figure 2). Some years have small intra-
station variability between 90 mm SWE dates (e.g., 2009 in Figure 2b) while others have larger
intra-station variability (e.g., 2005 in Figure 2a). Long-term 37 year linear trends demonstrated
substantial increases in the median date of 90 mm of SWE for all elevations with slopes on the
order of 0.6 days yr'! at middle and high elevations. Curiously, lower elevation stations had a
slower rate of increased median opening date (0.3 days yr!). This finding is worthy of continued
study as it may result from asymmetric rates of warming (greater rates at higher elevation
compared to low elevation) or may imply that precipitation and temperature regimes during early
season precipitation events are more strongly influencing middle and high elevation regions.
Regardless of the causality of the warming, over 37 years, these rates equate OSV opening dates
to be delayed nearly three weeks from historical assumptions developed over the past 20-40
years. For example, suppose a manager assumes that an OSV trailhead ‘typically’ opens in mid-
November. Our findings suggest that during the past 10-15 years, this station may not actually
achieve sufficient snow to open until early December. As a result, we only report the median
opening dates for the past 15 years so that these dates are not biased towards the earlier opening
dates of the 1980s and 1990s and are more representative of recent conditions. Low elevation (>
2146 m) stations typically open in late December with middle elevation (between 2146 m and
2520 m) and high elevation (> 2520 m) opening in early areas opening in early December.



Figure 2: (a) Average median date of achieving >90 mm SWE (black line) with capped bars
representing the upper and lower quartile. Dashed blue line represents the 37 year linear trends.
(b) As in (a) but for middle elevation stations. (c) As in (a) but for high elevation stations. Note
that substantially fewer stations existed at all elevations prior to 1990.

4.2 Median timing of achieving 90 mm SWE

Due to the identified trends towards later dates of achieving 90 mm SWE, we report the
median timing of this date over the past 15 years (2003-2017). Middle to higher elevation sites
typically achieve 90 mm of SWE during the month of November, with lower elevation sites
taking until middle to late December (Figure 3). Please note that the x-axis is reversed in Figure
3 such that the earliest (latest) stations reaching 90 mm SWE are on the left (right). The role of
latitude in typical OSV opening dates varies markedly. This results from the relationship being
complicated by the southward increase in elevation of the Sierra Nevada that can offset the
cooling experienced by more northerly latitudes during the transition into boreal winter. Section
4.3 addresses the latitude-specific relationships in more detail. The larger dot sizes in Figure 3
indicate greater variance in the timing of 90 mm SWE and tend to be concentrated in the higher
elevations. This is due to interannual precipitation variability; some years have cold, wet fall
seasons while other years are much drier or are characterized by warmer wet storms (such as in
October 2009 and October 2016) where little precipitation falls as snow. The moderate positive
correlation (R? = 0.39) at the mountain range scale indicates that elevation alone can be used as a



first order measure to indicate the timing of OSV trailhead opening. Comparisons of historical
opening dates as a function of elevation with the timing of 90 mm SWE at nearby stations would
provide useful information regarding the use of elevation in determining trailhead opening
timing.

Figure 3: Timing of median opening date (>*90 mm SWE; in days past October 1) of OSV usage
by station elevation (y-axis) and latitude (filled contours). Dots are sized by the variance in days
past October 1 of achieving 90 mm SWE. Dashed black line denotes the linear fit (R? = 0.39).
Note the reversed direction of x-axis so that higher elevation stations are shown to reach
satisfactory snow water equivalent earlier.

4.3 90 mm of SWE by station elevation, binned by latitude

Regardless of latitude, the increasing value of the slope coefficient in the slope equation
(miny = mx + b) with time for all locations (Figures 4-7) indicates the preferential increase in
snow accumulation at higher elevation that builds throughout the winter season. At the highest
latitudes of the study area, SWE as a function of station elevation is strongly correlated with
elevation (0.86> R? > 0.96) throughout the early portion of the winter (Figure 4). For the north
Tahoe region (Figure 5), SWE is less well-explained by elevation but still moderately positively
correlated (0.51> R? > 0.66). Presumably this results from the variability of station locations with
respect to the Sierra Nevada crest. A strong rain shadow effect results as orographic precipitation
enhancement along the windward side depletes moisture and precipitation is inhibited by
descending adiabatic motions as air parcels move downstream (to the east). This results in why
stations near the crest, such as the Central Sierra Snow Lab (CSS Lab) or Squaw Valley Gold
Coast have higher SWE values than the linear fit estimates while stations lying in the lee of the
crest (Tahoe City Cross and Independence Camp) tend to have lower SWE values (Figure 5).



Figure 4: Relationship between station elevation and snow water equivalent for varying end-of-
month dates: (a) November 30, (b) December 31, and (c) January 31 for far northern California
(>40°N).

Figure 5: As in Figure 4, but for the north Tahoe region (39-40° N).

Moving further south into the south Tahoe region (Figure 6), increased spread of
observed SWE as a function of station elevation is observed, leading to weaker correlations
(0.36> R? > 0.41). The rain shadow effect may again be influencing the results in this case as
Echo Peak sits along the crest while many of the other stations lie well to the east of the crest in
the Carson Range (Figure 1). Regardless, the Fallen Leaf to Heavenly Valley relationship can
serve as a first-order estimate of low to higher elevation SWE, especially if Carson Pass and
Blue Lakes (OSV trailhead) are considered as well. Blue Lakes can be considered a maximum
estimate of SWE (and depth) given that it tends to have more SWE than predicted by the linear
model. The decrease in SWE dependence on elevation with decreasing latitude continues into the
central Sierra (Figure 7) where relationships between SWE and elevation are moderately (at best)
and positively correlated (0.25> R? > 0.31). Leavitt Lake is likely influenced by wind-driven
gauge overcatch and thus should always be considered as a maximum bound on the possible
SWE for its elevation; note how it plots far above the linear estimates regardless of date of year
(Figure 7). Lobdell Lake and Virginia Lakes Ridge are located well east of the Sierra Nevada
crest and thus tend to have less SWE for their elevation than the linear model predicts. Virginia
Lakes is a major OSV access point with substantial sensitive riparian and aspen habitat in the
area, and thus it is recommended to wait to allow OSV operation until the station reports 90 mm



SWE. This conservative approach may prevent damage to sensitive habitats. On the contrary, the
use of Leavitt Lake as an indicator (which has virtually an identical elevation to Virginia Lakes
Ridge) would likely promote damage via compaction or unintentional erosion as this station
likely is reporting more snow than actually exists regionally.
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Figure 6: As in Figure 4, but for the south Tahoe region (38.5-39° N).

Figure 7: As in Figure 4, but for the central Sierra region (<38.5° N).

4.4 SWE loss once 90 mm has been achieved

A possible concern for OSV trailhead managers arises when sufficient snowpack
develops to open the trailhead but is then followed by weather conditions that deplete the
snowpack. Such depletion can put vegetation and soil at risk for disturbance during OSV
operation. Figure 8 shows the number of times each station underwent a SWE reduction from 90
mm to below 70 mm during the period of study, plotted as a function of elevation. Stations with
multiple SWE depletions near OSV trailheads are bolded. Large variability is observed in the
number of SWE depletions as a function of elevation. Contrary to expectation, middle and upper
elevation stations did exhibit multiple occurrences of SWE depletion. The most frequent
depletions (two) for popular OSV destinations at high elevation occurred at Ebbetts Pass with
Ward Creek and Leavitt Lake representing middle elevations. Very low elevation stations, as
expected, showed the highest frequency of SWE depletion. Squaw Valley, the CSS Lab, and
Echo Peak are all at middle elevations but located close to the Sierra Crest and may be some of
the most susceptible to intense midwinter rain-on-snow events (Guan et al. 2016). The lack of
SNOTEL stations west of the crest prohibited an analysis of lower elevation windward side



evaluations. Snow pillow data is available for this region, but we were unable to download this
data in an automated manner at this time. Continuing work seeks to acquire the windward side
data in order to extend the analysis to this region.
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Figure 8: Number of occurrences for each station, by elevation, that SWE declined from 90 mm
to below 70 mm before February 28 during the period from water years 1981-2017. Bolded
stations are known to have nearby OSV trailheads and had multiple early SWE declines
observed.

Three processes that can lead to SWE depletion are presented in Figures 9-11. Two of
these examples are examined in a spatial manner in Figures 12¢, 13, and 15. The first process is
that of a wet snow drought (Hatchett and McEvoy, manuscript submitted to Bulletin of the
American Meteorological Society) observed at Ward Creek (a popular OSV trailhead above the
west shore of Lake Tahoe). A wet snow drought occurs when precipitation is above normal (note
dashed gray line is well above the blue line in Figure 9a) but SWE is below normal (note thick
dark green line is below the light thin green line in Figure 9a). Wet snow droughts are produced
by warmer storms with higher elevation rainfall and exacerbated by above normal temperatures
(occasional departures of maximum temperatures shown in Figure 9b). By late November,
sufficient SWE existed to open the trailhead, however in early December a warm storm (note
precipitation increase, SWE decrease, above normal maximum temperatures (note that maximum
temperature controls precipitation phase at daily time steps; Rajagopal and Harpold (2016)) in
Figure 9) caused SWE to decline below the 70 mm threshold (horizontal dashed black line in
Figure 9a). Continued warmer storms with accumulating precipitation but falls in SWE
combined with several above normal maximum temperatures led to the establishment of snow
drought conditions for the remainder of December before a colder storm promoted substantial
SWE accumulation on January 3 2017. This wet snow drought period coincided with the holiday
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period and likely intensive OSV use of the area and demonstrates an example of how closure of
this trailhead may have been warranted in early December to prevent damage to the landscape. A
view using SNODAS output of the evolution of this season is presented in section 4.6 (Figure
13).

Figure 9: Example of SWE loss due to onset of wet and warm snow drought conditions at Ward
Creek, California. (a) Observed precipitation shown in red but divided by two (dashed grey
shows actual precipitation and the 1981-2010 median precipitation is shown in blue) and
observed SWE in dark green (1981-2010 median SWE is shown by the thin green line). (b)
Observed (red) and mean 1981-2010 maximum temperature.

A second SWE depletion example occurred at the Truckee station during a warm spell in
early January of 1994. Below average SWE conditions existed throughout the December-
February 1994 period, with SWE values hovering just below the 90 mm SWE threshold for
several weeks in December until finally surpassing 90 mm on January 5 1994 (Figure 10a).
Several days later, a period of persistent above average temperatures (“warm spell” on Figure
10b) coincided with a weak precipitation event (rain) that led to SWE depletion during the
second and third weeks of January (Figure 10a). SWE did not decline continuously during this
period, rather it reached a steady-state minimum but did not recover until early February. The
relative flatness of the observed precipitation (red line in Figure 10a) indicates the multiple
extended dry periods during the peak of winter. The combination of above average temperature
with likely clear sky conditions (deduced from the lack of precipitation) implies that the Truckee
observations represent a minimum SWE loss, as much greater losses would have resulted on sun
exposed slopes due to radiation and above normal daytime temperatures. Lower elevation
regions likely also lost appreciable snow due to the thermal regime.
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Figure 10: Example of SWE loss due to January warm spell Truckee, California. (a) Observed
precipitation shown in red and observed SWE shown in dark green (1981-2010 median SWE is
shown by the thin green line). (b) Observed (red) and mean 1981-2010 maximum temperature.

A final example of SWE depletion is provided in Figure 11 for the Tahoe City Cross
SNOTEL station during the 2016 season. In this case, the purpose of this example is to
demonstrate that rapid SWE loss can occur during late winter/early spring and result in poor
OSV trailhead conditions at lower elevation areas. Throughout much of the year, both SWE
(green line) and accumulated precipitation (dashed gold line) were well above normal (Figure
11). In mid-February (~day 120), SWE plummeted below normal and reached a value of 30 mm
at the time of year (early March) when it normally achieves its maximum value. Persistent warm
and dry conditions (note flat lines in accumulated precipitation that indicate periods of now
precipitation in Figure 11) rapidly melted the snowpack during this time. This produced late
onset snow drought conditions, where late in the season, accumulated precipitation is above
average but SWE is below average due to early melting. Marginal recovery occurred during two
storms in early and mid-March, but SWE quickly fell to 0 mm by the end of the month when
normally 240 mm of SWE would be expected at this station. A spatial view of this example is
provided using SNODAS output in section 4.6 (Figure 12¢) and using Google Climate Engine
remotely sensed observations in section 4.7 (Figure 15). This example demonstrates that OSV
trailhead managers must remain vigilant throughout the season and continuously monitor
weather and snowpack elevations at various elevations. Low elevation trailheads would likely
have necessitated closures to protect natural resources during this period.
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Figure 11: The spring loss of SWE at Tahoe City during 2016, indicative of the onset of late
season snow drought. The black vertical line indicates April 1 2016 and the first day of the water
year is October 1 2015.

4.5 SNODAS

Spatially distributed (1 km horizontal resolution) output from the process-based
SNODAS model is available at daily resolution for much of North America and can be readily
accessed online and manipulated to specific areas and output variables via the website listed in
Section 2. The snow depth anomaly maps (Figures 12 and 13) are calculated by taking the snow
depth output for a selected date and differencing these depths from the long-term (2003-2016)
average, and may represent a useful tool for OSV trailhead managers. Figure 12 presents three
examples of how SNODAS can be used to evaluate various scales of anomalous snow depths
across the Sierra Nevada. Figure 13 shows the temporal evolution of how snow conditions
changed over a one-month period in the Sierraville/Sierra City region.

Widespread dry snow drought conditions (well-below average precipitation and SWE;
Hatchett and McEvoy, submitted) existed throughout the northern California region in January
2012 (Figure 12a). The greatest negative anomalies in snow depth (below average depths on the
order of more than 24 in.) are found in the higher elevation regions of the Sierra Nevada. These
findings are in agreement with satellite-based estimates of negative snow cover anomalies
(Figure 14). During January of 2016, SNODAS demonstrates a strong depth anomaly gradient
between the central and southern Sierra Nevada with positive anomalies to the north and
negative anomalies to the south (Figure 12b). Interestingly, lower elevations have positive
anomalies throughout while the High Sierra region exhibits below average depths. This may
result from several possible combinations of weather conditions: 1) colder, dry storms with
weaker orographic precipitation gradients that result in more snow (relative to average
conditions) at lower elevations with less snow at higher elevations, 2) wind transport and 3)
sublimation that can remove snow preferentially from higher elevations. Range-wide conditions
following the late-season onset of snow drought (recall Section 4.4 and Figure 11) shows the
continuation of the north-south gradient in snow depth anomalies (cf. Figure 13b and 13c).
Figure 13c also demonstrates the low elevation anomalies throughout the Sierra Nevada that
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resulted from the dry and warm conditions during February. These below average snow depth
conditions were particularly extensive along the eastern (leeward) side of the Sierra Nevada.

Figure 12: Examples of SNODAS snow depth anomalies (observed minus 2003-2016 averages)
at various scales. (a) Northern California, (b) southern Sierra Nevada, and (c) near-entirety of the
Sierra Nevada.

The relatively fine scale horizontal resolution (1 km) of SNODAS allows detailed
examinations of complex terrain. During the wet snow drought period of December 2016-
January 2017 (described in Section 4.4), the lower elevation northern Sierra Nevada underwent a
dramatic transition from below average snow depths at most elevations in mid-December (Figure
13a) to marginal recovery in late December (Figure 13b) to being well-above normal in early
January throughout the domain (Figure 13c). The precipitation events producing the recovery
and towards plentiful (>40 in. anomalous depth) snow conditions are shown in Figure 9a. During
December, Figures 13a-b indicate that many populated regions were 6 in. to more than 10 in.
below average in terms of snow depth. If one assumes that such low elevation regions are likely
near their climatological median (mid-December, cf. Figures 2a, 3, and 5a-b) for sufficient snow
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depth (11 in.) under the SWE approximation, the SNODAS output suggests that widespread
areas likely do not have enough snow for safe OSV operation. If OSV trailheads exist near areas
of anomalous positive snow depths (Figure 13a), a manager would be able to make a more
informed decision about keeping these trailheads open (e.g., northwest of Truckee; Figure 13a)
while closing those elsewhere (e.g., north of Sierra City near Graeagle or southeast of Sierraville;
Figure 13a). After a storm, SNODAS can aid in reassessment of closures and openings (e.g.,
opening Sierra City area trailheads but keeping the region southeast of Sierraville closed; Figure
13b). As I am not sure about whether OSV trailheads can actually undergo opening and closing
throughout the season, these ideas are merely speculation as to potential management decisions.
In such events, field visits to ground truth the SNODAS output at anomalous positive depth areas
is recommended if resources allow.

Figure 13: Evolution of the 2017 season in the northern Sierra Nevada through the snow depth
anomaly (observed minus 2003-2016 averages) for (a) December 17 2016, (b) December 31
2016, and (c) January 15 2017.
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The information provided by SNODAS will become substantially more useful once the
citizen-science snow depth measuring program (with a protocol given in Appendix 1) has been
implemented for several years. This project will provide independent depth information for
specific areas of interest (OSV trailheads). Without independent depth measurements at the
points of interest to compare against SNODAS output, little conclusive information or a robust
empirical-statistical relationship can be developed between OSV trailheads and SNODAS
estimates of snow depth. The acquisition of actual measurements will allow an estimation of
SNODAS bias (too much or too little depth) for various times of the season and for various snow
accumulation scenarios. This information will be useful in further constraining SNODAS
estimates for OSV decision making and in providing feedback to the model development team in
an effort to improve the model. Even more simply, such measurements will allow for a binary
comparison to be made (presence/absence of snow). As it is a model that assimilates observed
data, we can expect the uncertainty of SNODAS estimates to be larger in areas where few
observations exist. In data-sparse regions and when field visits are not possible, SNODAS
outputs of snow depth are recommended to be incorporated into OSV opening decision making
provided that it is acknowledged that SNODAS likely represents a maximum estimate or upper
bound of snow depth. A similar acknowledgement is nonetheless recommended in relatively
data-rich regions such as the central and northern Sierra Nevada. Last, identification of below
average snow depth conditions during the latter portions of winter seasons (e.g., Figure 12¢)
could be used to target regions for field studies to examine if damage to vegetation or soil
compaction occurred under the shallow snow conditions with likely saturated soils.

4.6 Climate Engine
Google Climate Engine is a newly available web-based portal for accessing and

visualizing climate and remote sensing data (climengine.appspot.com; Huntington et al. 2017). A
screenshot of normalized differenced snow index (NDSI), or a satellite-based reflectance
estimate of snow cover, for the period of early January 2012 (recall Figure 12a) is shown in
Figure 14. The interface is user-friendly and offers a variety of calculations and the ability to
download a geoTiff image file for use in ArcGIS or other analysis programs. Note the
widespread negative values throughout California and Nevada indicating well-below average
snow cover. While NDSI does not directly measure snow depth, its coverage is global, it is
updated daily, and it has a horizontal grid resolution of 500 m. This allows it to be used to
subjectively evaluate snow conditions (presence or absence and even degree of coverage) in
remote regions that may not have data otherwise available. An example of this is provided in
Figure 15, where low elevations around the Tahoe Basin underwent rapid snowmelt during a hot
period in February 2016. Conditions at lower elevations rapidly deteriorated from above normal
(Figure 15a) to below normal (Figure 15b), and observation stations tend to be sparse at these
elevations. This situation could have severe negative impacts on OSV trailheads as users are still
excited to ride but shallow conditions and saturated soils set up a favorable environment for
compaction and disturbance. In this case, the Tahoe City Cross SNOTEL (Figure 16) did capture
the melt out, but this may not be the case for other regions of the Sierra Nevada or elsewhere in
the intermountain west. For these regions, Climate Engine can be used in conjunction with
SNODAS to provide information on likely OSV trailhead snow depths (cf. Figure 13b and 13c).
For example, if NDSI anomaly values are strongly negative and SNODAS also shows negative
snow depth anomalies (cf. Figure 13b and Figure 15b, it would provide confidence in the
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decision to limit OSV access at certain trailheads. On the other hand, if NDSI and SNODAS do
not agree, the manager may want to inquire with locals or perform a field visit if possible. Either
way, the combined use of these two web-based tools can aid in OSV trailhead decision making
by providing additional guidance on the spatial distribution of anomalous positive (more) or
negative (less) snow depths in their management areas. Furthermore, use of these tools in
decision making allows the manager to provide evidence in support of their decision that can be
communicated to the public via social media channels or on the web. A dialogue based upon data
represents a better outcome than one that does not exist or rests solely upon what appears to be
the opinion of a government official.

Figure 14: Screenshot example of the Google Climate Engine interface during the January 2012
low snow conditions (cf. Figure 12a).
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Figure 15: Onset of lower elevation snow drought in the Lake Tahoe region was determined by
MODIS Aqua normalized differenced snow index anomalies (observed minus 2002-2017
average). (a) Anomalous positive NDSI (blue colors) during December-January resulted from
above normal precipitation and snowfall at lower elevations. (b) Persistent warm and dry
conditions during February (see also Figure 14) resulted in substantial snowpack decline at lower
elevations and created negative NDSI (red colors) along the periphery of the Sierra Nevada. This
would indicate that while sufficient snowpack exists at upper elevations for OSV usage, lower
elevation trailheads may have become susceptible to disturbance.

5. Summary and Future Work

We have presented a pilot study focused on developing a better understanding of when
specific locations attain sufficient snowpack conditions to allow safe over snow vehicle (OSV)
usage. A station-based observational analysis of 38 remote snow sensors in the Sierra Nevada
indicated median timing of achieving sufficient depth under a density assumption to allow OSV
usage ranged from mid-October-late December as a function of elevation. Our analysis indicates
that the median timing for opening trailheads for OSV operation increased by nearly three weeks
during the past 37 years. Online snowpack models such as SNODAS and satellite-based data
hosted and visualized through Google Climate Engine were shown to provide additional
guidance in OSV trailhead opening decision making. Three types of weather regimes that can
lead to snowpack decreases during the winter or early low elevation melt-out were demonstrated.
Employing the citizen science-based protocol (see Appendix 1) during the early portion of
subsequent winters will allow additional verification of the findings described herein as well as
adjusting them as necessary to better inform decision makers on the timing of OSV trailhead
opening.

Even simplistic predictive models of snow accumulation driven by inputs of precipitation
and temperature at a point in space but distributed in time are not trivial to implement. The
readily available output from SNODAS represents a physically realistic and reasonable method
to estimate spatially distributed snowpack conditions (i.e., depth and SWE) given the knowledge
that SNODAS represents a maximum estimate. Short of field visits and until several years of
trailhead snow depth measurements have been performed, this study recommends the combined
use of SNODAS with station data (if available and recognizing that SNODAS assimilates this
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data) and NDSI from Google Climate Engine to inform OSV trailhead opening decision making.
For OSV trailhead locations with nearby snow sensors, the simple, derived relationships
explaining snow depth as a function of elevation (under the assumption of maritime snow
density) are recommended when making trailhead opening decisions. In these regions, use of
SNODAS and NDSI are still recommended. The continued implementation of the citizen science
snow depth protocol is strongly encouraged in order to better constrain estimates of snow depth
from observations and model output. A final recommendation is to perform a detailed evaluation
of soil compaction effects of OSV usage under varying snow depth, snow density, and soil
conditions. Such a study could be undertaken during the early winter season using a soil cone
penetrometer, several snowmachines of varying characteristics, a snow density measurement kit,
and a soil tamper. The results of this study would help quantify the minimum snow depth (under
varying densities) required to avoid soil compaction from OSV use and could guide more robust
travel management plans in National Forests.
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Appendix I: Snow Sampling Protocol

Available online at:
[https://docs.google.com/document/d/1DTdkW7vIKchhpfMLFWUaGb_4w4kHFI86TaedL
R2_G2k/edit]

Measuring snow depth at OSV trailheads

Primary goal: To develop a relationship between measured depth at a trailhead location and
observed snow water equivalent (SWE) and/or depth from nearby snow pillows from the
SNOwpack TELemetry (SNOTEL) or California Department of Water Resources stations and
using the distributed SNOw Data ASsimilation (SNODAS) model. Doing so will improve the
USFS’ knowledge of when sufficient snow depth exists at Over Snow Vehicle (OSV) trailheads
to open or close them.

Materials Required:

1. Probe with increments in centimeters (preferably) or inches.

2.  Camera (a phone with a panorama camera function is ideal)

3. Rite in the Rain notebook or Mountain Hub App

4.  Phone with Mountain Hub App (MHApp) installed (David Page will be able to help you set
this up).

Steps in Measuring Depth:

1. Identify the trailhead location you would like to sample (e.g., Mount Rose Meadows, Yuba
Pass, etc.) and travel to this area.

2.  The MHApp will record details about the trailhead including: latitude and longitude,
elevation, date and time of sampling, but feel free to note weather conditions (snowing, sunny),
and any other relevant information (‘very patchy snow cover’, 'trailhead is a USFS road’, etc.)
using the MHApp. Alternatively, if you do not have a smartphone, record this information in your
notebook and email it to a friend who has a smartphone with the MHApp when you get home.
They will probably trade data entry for a favorite beverage or two.

3.  From the parking area, use your camera to photograph a complete view of the trailhead.
This can be done through incremental photographs along a constant horizon or best done using
the panorama function on your phone’s camera. If the trailhead is a road, this can be done with
a single photo, but in the case of a trailhead like Mount Rose, a 180° panorama will be
excellent. This step will provide useful information on the context of the trailhead in terms of
topography, vegetation, and variability of snow coverage, how the area is used to stage OSVs,
how the OSV traffic behaves at the trailhead (a few tracks confined to a road/trail or driving all
over the place) among other things.

4. Note also the snow conditions, being as descriptive as necessary. This can range from
‘uniform, consolidated, compacted, spring snow’ to ‘highly variable winter snow, ranging from
untracked and still fresh to greatly compacted’. In the case of the latter, you can estimate the
fraction of each (20% fresh, 50% compacted, 30% very compacted).

5.  Identify and note the primary corridor, if one exists, of OSV usage/staging. This will be the
area you want to sample. Make sure this area is captured in your study area photo in step 3. If
you would like, take a screenshot of your study area and illustrate your primary corridor.

6.  You will be sampling along a grid extending beyond the peripheries of the identified
primary corridor (Figure 1). The sampling grid will be somewhat a function of the area and
should include 20-30 measurements along a 5 x4, 5 x 5, or 5 x 6 grid (length x width). A wider
grid (7 x 3) works well for open areas while a narrower grid (4 x 5 or 3 x 7) would be useful for
an area confined to a narrow trail or road. Note your grid setup and try to start at the skiers left
corner of your grid nearest your starting point (bottom left in map view). Make a note of this
(‘SW corner, next to Highway 431’).
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7.  Your grid measurement points should be equally spaced based upon the area you are
sampling and should be no closer than 3 meters (~10 feet) and no further apart than 10 m (~30
feet). Ideally, a spacing of 5-7 meters (~20 feet) should be good and can be thought of as 5-7
strides on your skis.

8.  Enter the grid dimensions in the MHApp as a note.

8.5. Add a photo for reference and illustration on each post on MHapp (see example image
below).

9. Ifitturns out to be a major pain to enter each measurement in the MHApp (your feedback
will be valuable in this regard), follow the same protocol listed in steps 6-8 and 10-11 (below)
and use a notebook to record the values. Using your phone or computer at home, sum up the
values and divide by the total number of samples to calculate the mean. Enter this in the
MHApp, but save your data so we can do other calculations at a later time. [note: according to
MHApp team, this may still be complicated with current version. “A work-around here if
someone does not have a smartphone, is someone can still enter this information into their
notebook in the field, but someone that DOES have a phone needs to transcribe this info into
the mobile app and use the location adjuster in the app to record the location properly.”

10. Measure and record the snow depth to the nearest centimeter by inserting the probe
vertically into the snow. It is usually best to repeat each measurement two-three times within a
meter of where you are standing (think turn left, measure, reach out straight ahead, measure,
and turn right, measure). If the measurements agree to within 5 cm, call it good. In shallower
snow conditions, this will enable you to avoid erroneous depths due to rocks or logs and
stumps. Stop when you feel some resistance. If you have to push hard, check the probe tip to
see if it is muddy, indicating that you might be pushing in to saturated soil. If it is clean, you are
probably breaking through a crust. Record each value.

11. Using a zig-zag pattern (Figure 3), continue sampling along your grid. If a boulder, creek, or
some other impediment exists at a sample point, note this and either adjust your sample point
accordingly or skip the point and enter X (so we can differentiate between 0 depth and an
object);

12. Along the way, note (and photograph if you’d like!) any observations such as bare soil,
vegetation damage, exposed soil that has been brought to the surface, creeks, or riparian
areas. A major goal of this work is to keep trailheads open by helping to preventing damage
when they should be closed. This comes from knowing something about the snow depth
variability!

13. At home (or in the field if using the MHApp), input your measurements into Mountain Hub.
14. Repeat whenever you feel psyched!

15. In your spare time, it would be helpful if you put in locations where you know OSV’s are
being staged. Make a note if these trailheads are official or unofficial. This will be very helpful for
me in figuring out nearby weather stations.

16. Some things to keep in mind: This is a starting point to gain some basic data and is not a
highly-controlled science experiment (yet). To get to that level, you would need to bring a
measuring tape and sample over a randomized grid. The more notes and photos you take
documenting your measurements, the better we can understand which trailheads will need the
higher precision measurements and the better we can make the next iteration of this protocol.
Even just a few data points are better than none! If you only have time to make three
measurements and report the average of them (sum them up and divide by three), that is
way better than no data!

Your feedback on this protocol is welcome and encouraged. Please let us know any issues or
things that could be explained better.
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Figure 1: Example photograph (mimicking a panorama but using Google Earth) showing a
possible study area. On the map view, you can denote your primary area of study.
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Location Mount Rose Date/Time 1-Jan-27, 2:15 pm
Latitude | 39.300°N | Longitude 119.921° W Elevation 2622.0
Aspect Flat with slight S exposure Grid Size 5x4
Weather Partly cloudy, light N wind, cold, 15 cm new snow two days ago
Notes 50% moderately compacted, 40% untracked snow, 10% very compacted
Grid Row
Point A B C D |E F G H

1 81

2 77

3 78| 82

4 77| 80

5 69 | 66

6

7

Figure 2: Notebook layout (Excel spreadsheet) with data entry examples. If you don’t use
centimeters, make a note of that! Note that in Figure 3 the zig-zag path of sampling will cause
you to fill out row B in reverse (starting from point 5 and working backwards).



Figure 3: Map view of example sampling pattern. Note that rows are spaced 5 m apart, but
measurement points along the row are spaced 10 m. Whatever works is fine as long as you
make a note of how you did it! | picked this spacing here to show how you could cover the main
staging area, two possible trails, plus a clearly sensitive riparian and meadow area. If you make
a quick map for your sampling efforts, it will be helpful in evaluating your collected data.
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1. Introduction use of public lands, as well as a primary economic driver to com-
munities throughout the western United States (Bowker et al.,

The ecological impact of human recreation on the landscape is a 2012). Technological advances in motorized winter recreation,
rapidly growing concern for land-use managers, as centers of hu- such as heliskiing, snow biking, more powerful snowmobiles, and
man population spread out into previously sparsely populated snowmobile-assisted (hybrid) skiing, means that recreationists
areas (Theobald, 2004). Winter recreation, including backcountry access increasingly remote areas. With greater numbers of recrea-
and downhill skiing, snowshoeing, and snowmobiling, is a popular tionists seeking their own recreation experience on a shared
landscape, ecological impacts of recreation as well as encounters

between non-motorized and motorized recreationists are likely to
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the spatial extent of recreation can have negative ecological con-
sequences, such as increased disturbance to wildlife. For instance,
large-scale displacement of animal populations to areas of poorer
habitat has been demonstrated in moose (Alces alces) due to
disturbance from snowmobiles (Harris, Nielson, Rinaldi, & Lohuis,
2014) and mountain goats (Oreamnos americanus) due to the
presence of ski areas (Richard & Coté, 2016). The challenge of
managing recreation to both allow human use of public lands while
also conserving ecosystems is intensified by a lack of detailed
knowledge of the spatial and environmental characteristics of hu-
man recreation.

In addition to ecological implications, increased recreation also
has the potential to exacerbate conflict or safety issues between
different recreation user groups (Miller, Vaske, Squires, Olson, &
Roberts, 2016; Thapa & Graefe, 2004; Vaske, Carothers, Donnelly,
& Baird, 2000). Interpersonal conflict, in which direct or indirect
contact between different types of recreationists aggravates users
(Jacob & Schreyer, 1980; Vaske, Needham, & Cline Jr., 2007), is likely
to depend on the environmental preferences of each type of ac-
tivity, and the degree to which these preferences overlap. Vaske,
Donnelly, Wittmann, and Laidlaw (1995) found low interpersonal
conflict between hunters and non-hunters in a Colorado study due
to their natural separation by topography, as well as management
regulations that prevented interaction. To predict areas more likely
to engender interpersonal conflict among recreation types, a better
understanding of the terrain characteristics favored by different
types of recreationists is needed (Kliskey, 2000; Snyder, Whitmore,
Schneider, & Becker, 2008).

Most recreation studies rely heavily on the recreationist to self-
report details about his/her movements and interactions with other
recreationists (Brown & Raymond, 2014; D'Antonio et al., 2010;
Tomczyk, 2011). This provides neither an objective nor complete
depiction of the spatial and temporal movement patterns of a
recreationist through a landscape (Cole & Daniel, 2003; Hallo,
Manning, Valliere, & Budruck, 2004). In addition, self-reported in-
teractions or conflicts with other users may be unconsciously
biased by user perception, which may differ from realized inter-
personal conflict. For instance, hikers in New Zealand who did not
encounter mountain bikers had a more negative opinion of them
than those that did (Cessford, 2003). A difference in perception
versus realization of conflict could lead to inappropriate manage-
ment practices in an attempt to reduce conflict where none exists.
One way to overcome these methodological issues is to use Global
Positioning System (GPS) devices to collect high-resolution spatial
data, which can provide an objective depiction of recreationist
movements (Beeco & Brown, 2013; Hallo et al., 2012; Lai, Li, Chan, &
Kwong, 2007) and interactions.

We use GPS locations collected by recreationists in two locations
in western Colorado, USA to model landscape-level recreation
patterns. Like many areas in western USA, western Colorado is
experiencing rapidly growing winter recreation on public lands,
and also has a number of sensitive wildlife species that may be
negatively affected by increasing recreation, including threatened
Canada lynx (Lynx canadensis). We apply resource selection func-
tions (RSFs) and step-selection functions (SSFs) to quantify the
importance of a given set of environmental covariates to each
recreation activity, as well as to provide a spatial depiction of
predicted areas of use (Boyce, Vernier, Nielsen, & Schmiegelow,
2002; Manly, McDonald, Thomas, McDonald, & Erickson, 2002).
Both types of models are frequently used in wildlife studies to
quantify habitat selection, which is characterized by the environ-
mental conditions at sites used by individuals compared to those
same conditions at a set of randomly available locations (Manly
et al,, 2002). Here we use RSFs and SSFs in a novel way: to deter-
mine which environmental characteristics are selected by people

taking part in different recreation activities. We quantify selection
over the entire recreation study area using RSF models, and employ
SSFs to determine selection at a finer scale, as each recreationist
moves through the landscape.

The goals of our research were to: 1) use GPS technology to
measure movement characteristics of motorized (snowmobile,
hybrid ski) and non-motorized (backcountry ski), winter recrea-
tionists 2) use spatially-explicit models to predict environmental
characteristics and spatial landscapes likely sought by winter rec-
reationists, and 3) use these modeled understandings to determine
characteristics of potential interpersonal conflict or ecological
impact. Results from our analyses can be used to identify areas
selected by different recreation activities to inform management
decisions on recreation zoning or education programs to limit
interpersonal conflict or reduce wildlife disturbance.

2. Methods
2.1. Study area

Our study area consisted of two broad locations in the Colorado
Rocky Mountains, USA (Fig. 1). The Vail Pass site covers an area in
the northern Sawatch and Mosquito Ranges, southern Gore Range
and western Front Range (approximate centroid coordinates
106.30° W, 39.45°N) near the towns of Vail, Leadville, and Frisco,
CO. Data were collected on public lands administered by the White
River National Forest and the San Isabel National Forest. The San
Juan site covers a large area in southwest Colorado in the San Juan
mountain range near the towns of Silverton and Telluride
(approximate centroid 107.88°W, 37.82°N). Data were collected on
public lands administered by the San Juan National Forest, the
Uncompahgre National Forest, and the Bureau of Land Manage-
ment. Both sites experienced winter recreation between the end of
December and early April in the sub-alpine and alpine zones with
elevations between 2380 m and 4340 m and annual snowfall
typically between 380 cm and 1000 cm (National Weather Service,
2017). Both sites had some level of recreation zoning, where
motorized recreation was prohibited in certain designated areas.

The sites differed in terms of terrain and accessibility. Recreation
in the Vail Pass site was largely influenced by proximity to major
population centers, which are within a 1-2 h drive. Winter recre-
ation was concentrated along Interstate 70 between Copper
Mountain and Vail, CO in the fee-operated Vail Pass Winter Rec-
reation Area (VPWRA) managed by the White River National Forest,
as well as along Highway 6 over Loveland pass (non-motorized use
only). Motorized recreation was heavily concentrated along a
network of 50 miles of established groomed routes in the VPWRA.
Non-motorized access to backcountry huts in the VPWRA also
attract recreation to the area. The VPWRA sees roughly 35,000 fee-
paying visitors per winter season, of whom approximately 11,000
are hut visitors (U.S.D.A. Forest Service, 2015). Hybrid use has
increased sharply on the VPWRA, where backcountry skiers and
snowboarders use snowmobiles or snow coaches to access terrain
that would otherwise be inaccessible in a single day-trip. The ma-
jority of data collected was motorized or hybrid-use in the Vail Pass
site.

Winter recreation in the San Juan site was more dispersed, with
a greater number of access portals spread over a larger spatial
extent than Vail. Access was highly dependent on the network of
maintained roads, especially along U.S. Highway 550 and C.O.
Highway 145 (see Fig. 1A), and there was no recreation fee area. The
San Juan site was more isolated from major population centers
(none within 2—3 h drive). While the majority of winter recreation
in the Vail Pass study site was concentrated in fewer than 10 access
portals, recreation in the San Juan site occurred from over 50 access
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portals, and included over 250 km of established groomed routes.
Due to steep terrain, motorized recreation in the San Juan site was
more concentrated compared to non-motorized recreation. Taken
together, the two study sites effectively capture the spectrum of
winter recreation in the Colorado Rocky Mountains and thus pro-
vide a broad sample of recreation terrain in western Colorado.

2.2. Data collection

From January to March of 2010—2013, we stationed technicians
at recreation access portals to distribute GPS units (Qstarz Inter-
national Co., Ltd., model BT-Q1300, Position accuracy < 10 m).
Technicians sampled recreationists by walking through a parking
area and selecting every 4th vehicle (Vail Pass) or driving between
access portals and approaching recreationists still at their vehicle
(San Juans). For the latter approach, technicians began driving be-
tween access portals at approximately 10:00 h, and checked all
known access portals (~50 portals) for recreationists at least once
per day; technicians spent between 15 min and 1 h at each location,
depending on the number of recreationists present, and did not
vary the order in which they checked sites. Technicians gave a brief
explanation of the project goals, informed recreationists that no
personally identifiable information would be collected, and offered
a map of the track made by the recreationist as an incentive for
carrying the GPS unit. Participants then dropped the GPS unit into a
collection bin at the end of the day, or returned it by mail. Tech-
nicians recorded the type of recreation activity engaged in and
number of people in the group. If > 1 person was in the group, only
one GPS unit was given to the group as a whole. While technicians
did not sample the same people multiple times per day, it is
possible that some recreationists carried a GPS unit more than once
during the study. Given the large number (>35,000) of recrea-
tionists in our study areas, however, we do not believe that this
happened frequently and thus assume independence of recreation
tracks, which we define as a single user's, or group of users', daily
travel pattern. We recorded snowmobile, backcountry ski or
snowboard (hereafter backcountry ski), and hybrid recreation.
Snowmobile included any motorized use, including snow-cats and
motorized bikes. Hybrid use occurred when skiers or snowboarders
were transported by a snowmobile or snow-cat, usually to a peak or
ridge, and then skied down the slope.

We visually screened all recorded recreation tracks for erro-
neous points using ArcGIS (Environmental Systems Research
Institute 2011, ArcGIS Desktop: Release 10. Redlands, CA). When
screening data, we deleted points that were in areas where recre-
ation was not taking place, such as in parking lots or on highways,
as well as outliers that were obviously erroneous based on large
distances between a given point and the points directly before and
after it. Additionally, points were more prone to error immediately
after GPS units were turned on, as the units searched for sufficient
satellites to collect data; we closely examined the start of each
recreation track and removed all inaccurate points until the loca-
tions visually became more consistent (Beeco & Hallo, 2014). For
analysis, we divided the GPS points recorded by snowmobilers into
those that occurred on groomed routes and those that took place in
non-groomed areas (henceforth on- and off-trail, respectively) and
hybrid GPS points into ski (non-motorized) and snowmobile
(motorized) segments, since we expected terrain selection to differ
between these categories. We used road and trail GIS layers pro-
vided by the U. S. Forest Service (White River NF, Uncompahgre NF,
San Juan NF travel management GIS layer) and considered snow-
mobile tracks < 15 m to either side of a road or trail as “on-trail” and
points > than 15 m as “off-trail” to account for spatial resolution of
GPS data. We classified motorized hybrid data when the average
speed was greater than or equal to 30 miles per hour (48 km/h) and

the track was gaining elevation, or the point fell within 15 m of a
trail, and non-motorized hybrid data otherwise.

GPS location data were recorded at 5 s intervals; if GPS units
remained stationary, however, no location was collected until the
device detected movement. Since recreation activities occurred at
different speeds, this resulted in locations that ranged from 1 m to
40 m apart. To best assess conflict potential between recreation
activities, we standardized spatial scales by sub-sampling recrea-
tion activities at approximately 140 m between points (20 s interval
for snowmobiles, 25 s for hybrid snowmobiles, 60 s for hybrid
skiers, 120 s for backcountry skiers). This represented a fine-scale
perception distance at which both motorized and non-motorized
recreationists might make movement decisions. We also used
magnetic and infra-red trail counters as an independent assess-
ment of recreation intensity and distribution throughout our study
areas to verify the efficacy of our GPS sampling. Trail counters
recorded the number of people passing by constricted trail seg-
ments used by various recreation activities. We visually compared
the counts from trail counters to GPS recreation tracks to locate any
areas that had recreation but were not being adequately sampled
by GPS methods, and adjusted our sampling efforts accordingly. We
also used trail counters to identify intense periods of use during the
day and week to better inform our sampling effort. We summarized
trail counter data to mean counter hits per day of week and hour of
day at each study area.

2.3. Environmental variables

We considered 12 environmental covariates as potential pre-
dictors of recreation selection. Covariates were chosen based on
factors that we believed were important to recreationists: topog-
raphy, vegetation, climate, and access (Table 1). To account for the
possibility that recreationists might consider these environmental
covariates at different spatial scales when making land use de-
cisions, we considered all variables at four spatial scales. We used
ArcGIS to calculate the average of each covariate within 125 m,
500 m, 1250 m, and 2500 m radii, chosen to span both small and
large-scale movements based on observed recreation travel dis-
tances. We standardized all covariates by subtracting the mean and
dividing by the standard deviation to allow direct comparison be-
tween estimated model coefficients and for ease of model fitting.

2.4. Statistical analyses

To measure movement characteristics of recreation tracks, we
calculated the total number of points recorded for each track, the
total distance covered, the average movement speed, the length of
time spent moving, and the minimum and maximum elevation
reached along each track. We calculated the time and distance
between two consecutive GPS points and used these to calculate
average movement speed and length of time spent moving. We
considered a point to be ‘moving’ if the speed was greater than
1 km/h. Total distance covered was calculated by summing the
distance between consecutive GPS points. We used a digital
elevation model (DEM; USGS National Elevation dataset) to deter-
mine difference between the points in each track with the mini-
mum and maximum elevation. Once these characteristics were
calculated for each track, they were summarized by taking the
median over all tracks within each recreation activity. To summa-
rize the environmental conditions that were available to each
recreation type, as well as the conditions that each recreation type
actually used (as compared to what they select, which is measured
below and may differ from use), we also calculated the mean of all
‘used’ and ‘available’ points for each recreation activity for each of
the 12 environmental covariates.
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Fig. 1. Spatial extent of recreation used in this study at two locations in western CO,
USA: the more northerly Vail Pass and the southerly San Juan Mountains (A); inset
shows the position of Colorado within the USA. Panels B and C show areas that were

We used both resource selection function (RSF) and step-
selection function (SSF) models to characterize environmental se-
lection of snowmobiles, hybrid skiers, and backcountry skiers. Both
RSF and SSF functions compare environmental characteristics at
actual GPS locations (‘used’ locations) to those same characteristics
at locations randomly selected across a study area (‘available’ lo-
cations); environmental characteristics that are used dispropor-
tionately more than what is available are said to be selected. The
area considered as available in the models was defined as a mini-
mum convex polygon around all recreation locations at each study
site (Fig. 1); this insured that inferences made from each model
would be comparable for all recreation types. Within this boundary,
we removed privately owned land not available to recreationists.
For motorized models only, we also removed areas administratively
closed to motorized recreation, such as wilderness or designated
non-motorized areas (Fig. 1B&C).

We used a general linear mixed-effects model with a logit link
function (logistic regression; Hosmer, Lemeshow, & Sturdivant,
2013) and individual recreation track ID as a random intercept to
control for non-independence between points within a single track
(Gillies et al., 2006) to estimate separate relative probability RSFs
for backcountry ski, hybrid ski, hybrid snowmobile, snowmobile
on-trail, and snowmobile off-trail recreation activities. We
randomly generated ‘available’ points within the available areas
defined above for a given recreation activity at a ratio of 1 ‘used’
point to 5 ‘available’ points so that available environmental char-
acteristics were adequately sampled. Correlations among cova-
riates within small (125 m and 500 m radii) and large (1250 m and
2500 m radii) spatial scales were often high. Thus, we initially fit
univariate models with only one covariate at a given scale at a time
to discard any covariates with poorer fit than a null model based on
Akaike Information Criteria (AIC; Akaike, 1974), and to select one
large and one small spatial scale per covariate. We included
quadratic forms of covariates to investigate non-linear relation-
ships if supported by AIC. We then used the selected covariates to
construct all subsets of candidate models for multivariate analysis
using the ‘lme4’ (Bates, Maechler, Bolker, & Walker, 2014) and
‘MuMIn’ packages (Barton, 2015) in R (R Core Team, 2015); cova-
riates correlated at |r| > 0.6 were not allowed in the same model.
We ranked multivariate models using AIC.

The SSF models that evaluated fine-scale selection by winter
recreationists used conditional logistic regression to estimate
relative probability of selection (Fortin et al., 2005; Thurfjell, Ciuti,
& Boyce, 2014). At each ‘used’ GPS location, we compared 5
‘available’ GPS locations that were selected based on the known
distribution of step lengths (straight-line distance from one GPS
point to the next) and turn angles estimated from actual recreation
data. Thus, each used point was compared directly to a set of
available points that the recreationist could have chosen as they
moved from point A to point B on a track. We used the same
covariates as in the RSF, but limited scales to only 125 m and 250 m
since the purpose of the SSF model was to evaluate selection de-
cisions at a fine-scale as recreationists traverse landscapes. Variable
selection and model fitting were performed as in the RSF models,
except that models were fitted using the R package ‘survival’
(Therneau, 2015) to estimate conditional regression models.

To provide managers with a map that could be used to inform
management decisions on recreation zoning or to identify areas
selected by different recreation activities, we created maps of
predicted relative probability of selection for each recreation type
across western Colorado within an elevation zone delineated by

closed to motorized recreation (gray wilderness areas and horizontally striped zoned
areas) within the Vail (B) and San Juan (C) study areas.
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Table 1
Variable names, native resolution, source and description for all covariates used to model selection of environmental characteristics by recreationists in Colorado, USA.
Name Resolution Source Description
Highway Vector/ Colorado Department of Transportation Online Transportation Euclidean distance to nearest highway (m)
30 m Information System
Elevation 30m United States Geological Survey National Elevation Dataset Elevation (m)
Canopy 30 m National Land Cover Database (2011) Tree Canopy (Homer et al,, 2015)  Percent tree canopy cover
Evergreen 30 m National Land Cover Database (2011) Land Cover (Homer et al., 2015) Percent conifer forest
North 30m ArcGIS Aspect Tool, Cosine transformation Index of north-facing aspect
Precipitation 800 m PRISM 1980—2010 Precipitation normals Average annual precipitation (mm)
Slope 30m ArcGIS Slope Tool Slope in degrees
Temperature 800 m PRISM 1980—2010 Mean temperature normals Mean annual temperature (°C)
Roughness 30 m DEM Surface Tools (Jenness, 2013) Index of terrain variability; 3D area divided by 2D area
TPI 30 m Land Facet Corridor Tools (Jenness, Brost, & Beier, 2013) Topographic position index, measure of landscape concavity or
convexity
Road Vector/ National Forest travel management road layer, including only forest roads, Non-drivable forest roads that can be used as travel corridors; length
Density 30 m not highways of road per unit area, varying scales

Forest Edge 30 m
Evergreen, and Mixed Forest (Homer et al., 2015)

National Land Cover Database 2011 Landcover Type: Deciduous,

Index of forest connectivity; length of forest/non-forest edge per unit
area, varying scales

minimum and maximum elevation from all recreation data com-
bined. We used the top-performing RSF model from each recreation
type to predict relative probability of selection based on the envi-
ronmental covariates across western Colorado. The used-available
study design employed here produces a relative probability of se-
lection since the number of sampled available points is arbitrary
(Keating & Cherry, 2004). Thus, we used the equation

_ exp(B121 + Baza + ... + Brek)
W) = T exp(Brn + Bavz -+ B

where f is an estimated model coefficient and x is the value of k
covariates, to estimate relative probability of selection rescaled
from O to 1 (Manly et al., 2002).

2.5. Recreation overlap analysis

To determine what environmental conditions are present at
areas of predicted spatial overlap between motorized and non-
motorized forms of recreation, and thus what conditions may
favor conflict between user groups, we performed the following
analysis. We first created a binary depiction of each recreation type
from each continuous relative probability surface generated above
based on the maximum sum of sensitivity (true positives) and
specificity (true negatives; Freeman & Moisen, 2008). This
threshold optimizes the number of ‘used’ recreation locations
correctly assigned into ‘recreation area’ and the number of ‘avail-
able’ locations correctly assigned into ‘non-recreation area’. We
then used the binary surfaces to identify areas of motorized activ-
ities only (snowmobile and hybrid-snowmobile), non-motorized
activities only (backcountry ski and hybrid-ski), and areas with
both motorized and non-motorized recreation. To generate a
summary of environmental characteristics at these areas of pre-
dicted overlap compared to areas with only one predicted type of
recreation, we averaged each of our 12 environmental variables
(Table 1) across each of these areas. We also determined the degree
to which each predicted continuous surface was similar to the
others, using a Pearson correlation, to determine which types of
recreation were more likely to select similar environmental
characteristics.

2.6. Model validation

We used 5-fold cross validation to determine goodness of model
fit. Recreation tracks were split into 5 equal sized groups, the model
was re-estimated on 4 of the groups and used to predict the RSF

values of the withheld 5th group; each group was withheld in turn.
We predicted RSF values at all ‘available’ locations and binned these
values into 10 quantiles. Predictions from ‘used’ locations were
then grouped based on these quantiles, and the number of pre-
dicted used locations in each quantile was counted. We compared
the predicted count of used locations to the quantile rank using a
Spearman rank correlation (Boyce et al., 2002). Good model fit is
indicated by a strong correlation between predicted values and
quantile number. In addition, for RSF models, we performed a
second independent validation using 100,000 withheld GPS points
from each recreation type. The RSF value was predicted at each of
these withheld points and then binned according to Boyce et al.
(2002).

3. Results
3.1. Recreation summary

In January to March of 2010—2013, we recorded 2143 recreation
tracks. We collected an average of 1306 (SD = 435) GPS points per
track (Table 2; Fig. 2). The most tracks in our dataset came from
backcountry skiing or snowboarding (52%), followed by snowmo-
bile (32%). Snowmobiles traveling on trails or groomed routes
traveled the fastest, with a median speed of 30.6 km/h, while back-
country ski was slowest, at a median 4.3 km/h (Table 3). Hybrid
recreationists traveled greatest distances, with median track length
41.0 km, while back-country skiers traveled shortest, 5.2 km.
Within hybrid recreation tracks, approximately 4.8 km, or 12% of
total distance, was spent skiing. Snowmobiles averaged 35.2 km
tracks, of which a median 4.9 km (approximately 13%) were spent
off-trail (Table 3). The duration of trips was similar among hybrid,
backcountry skiers, and snowmobiles, at approximately 4 h. Of this
time, each recreation type also spent approximately 2.5 h in active
movement. Snowmobilers had the biggest change from minimum

Table 2

Summary of the number of tracks collected for each winter recreation activity in
Colorado, 2010—2013. The total number of GPS points originally recorded at 5 s
intervals, as well as the average and standard deviation of GPS points per track, are
given.

Recreation Mode # Tracks Total # of points Mean pts/track SD
Snowmobile 686 889,674 1297 827
Hybrid 346 604,223 1746 1203
Backcountry Ski 1111 973,163 876 921
Total 2143 2,467,060 1306 435
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Fig. 2. Examples of recreation tracks recorded with GPS units during the study in western Colorado, 2010—2013. Panel A) snowmobile tracks primarily on trails in the Vail study
area, B) hybrid skiing in the Vail study area; thick lines near the bottom of the picture show snowmobile travel, while thinner dispersed lines further back show skiing, C)
backcountry ski recreation in the San Juans study area, and D) a combination of all three recreation types at the Vail study area, showing areas of overlap as well areas used primarily

by one recreation type. Image credit: Google, DigitalGlobe.

Table 3

Median movement characteristics for all snowmobiles (Snmb), snowmobiles on trails (Snmb on-tr), snowmobiles off trails (Snmb off-tr), all hybrid (Hybrid), hybrid snow-
mobile (Hyb snmb), hybrid ski (Hyb ski), and backcountry ski (BC ski) recreation types studied in western CO, 2010—2013. The median and bootstrapped 95% lower confidence
interval (LCI) and upper confidence interval (UCI) for movement speed (km/hr), total track distance (km), time spent actively moving (hr), total recorded trip time (hr), and total

elevation change (m) is given.

Snmb Snmb on-tr Snmb off-tr Hybrid Hybr snmb Hyb ski BC ski
Movement Speed (km/h) Median 245 30.6 224 27.6 283 14.0 43
95% LCI 24.0 29.7 219 26.8 27.6 13.0 42
95% UCI 25.2 314 229 284 28.8 14.8 4.4
Track Distance (km) Median 35.2 332 4.9 41.0 35.5 4.8 5.2
95% LCI 329 313 4.1 38.4 33.6 4.4 5.0
95% UCI 37.0 35.2 5.6 441 373 5.5 5.4
Active move time (hr) Median 2.4 1.8 0.4 2.5 2.6 0.7 2.0
95% LCI 2.3 1.7 0.4 22 2.3 0.6 1.9
95% UCI 2.5 1.9 0.5 2.7 2.8 0.7 2.1
Total trip time (hr) Median 3.8 2.5 0.7 4.6 3.5 1.0 3.6
95% LCI 3.6 24 0.6 43 35 0.9 3.5
95% UCI 4.0 2.6 0.8 4.8 3.7 1.1 3.8
Total Elevation Change (m) Median 660.0 557.0 3215 498.0 490.0 375.0 382.0
95% LCI 557.0 538.0 293.0 489.0 482.0 369.0 371.0
95% UCI 715.0 643.0 345.0 516.0 501.5 386.0 395.0

to maximum elevation within tracks, with a median difference of
660 m. Back-country ski had the least elevation change, of 382 m
(Table 3).

Based on the mean of used GPS points, the covariates that
indexed distance to highway, road density, percent canopy cover,
and slope showed the greatest differences between winter-
recreation types (Appendix A: Table A.1, Fig A.1). Hybrid skiers
used areas that were farthest from highways (as averaged over all

used GPS points; 4.61 km), followed by hybrid snowmobiles
(4.05 km); snowmobiles on-trail (3.41 km) and off-trail (3.38 km)
were next and did not differ from each other, and backcountry
skiers remained nearest to major roads (2.46 km; Appendix A:
Table A.1). On-trail snowmobiles and hybrid snowmobiles used
areas with greater forest road density (1.19 km/km? and 0.92 km/
km?, respectively), while off-trail snowmobiles and backcountry
skiers used the least (0.65 km/km? and 0.62 km/km?, respectively;
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Appendix A: Table A.1). Snowmobilers both on- and off-trail had
the greatest mean percent canopy cover at used GPS locations
(37.88% and 35.25%, respectively), followed by hybrid snowmobiles
(33.88%) and backcountry skiers (31.26%). Backcountry skiers and
hybrid skiers used steeper slopes than other recreationists (18.31°
and 17.26°, respectively), while off-trail snowmobiles used the
shallowest (14.7°; Appendix A: Table A.1, Fig A.1).

We deployed 140 trail counters at 95 locations over both study
areas from 2010 to 2013. Trail counters confirmed higher concen-
trated levels of use in the Vail area than in the more dispersed San
Juan Mountains, with average seasonal counts approximately 5
times greater (average Vail 2010—2011: 73,967; average San Juans
2011—-2013: 14,994 counter hits per year). Counter data also indi-
cated greater recreation intensity during weekends (Saturday and
Sunday, Vail: 55.9, SD = 84.1; San Juans: 25.0, SD = 34.9 counter
hits per day) then during weekdays (Vail: 33.0, SD = 46.6; San
Juans: 13.2, SD = 20.6 counter hits per day), a pattern consistent
across study areas (Fig. 3). Hourly counts indicated virtually no
recreation took place after dark: 96% of trail counter hits occurred
between 0800 and 1700 h. Peak use occurred between 1000 and
1500 h, with an average of 5.3 (SD = 11.1) hits per hour during this
time in Vail Pass and 2.3 (SD = 5.5) hits per hour in the San Juans
(Fig. 3).

3.2. Reponses of winter recreationists to environmental features

Top performing RSF models for all winter recreation activities
indicated the importance of topography, access, and climate when
making landscape-scale selection choices. All top models were >A4

Fig. 3. Mean hourly (A) and daily (B) count of recreationists from 140 magnetic and
infrared trail counters deployed in Vail Pass (light gray) and San Juan (dark gray) study
areas, western CO, USA.

AIC better than the next performing model (Appendix B: Tables B.1-
B.5). Based on coefficient confidence interval overlap with 0, all
parameters in the top model for each recreation type were signif-
icant predictors of selection (except canopy cover for hybrid
snowmobiles and backcountry ski, which did overlap 0). For
brevity, we mention the top three contributing covariates for each
model here, based on the strength of standardized beta coefficients,
but all contributing covariates are presented in Table 4. Snowmo-
biles on trails selected areas that had greater forest road density,
moderate annual precipitation, and lower terrain variability
(Table 4; Fig. 4). Off-trail snowmobiles selected moderate levels of
snow, shallow slopes, and higher elevation (Table 4). Hybrid rec-
reationists selected shallow slopes, intermediate distances from
highways, and greater annual precipitation while on snowmobiles
(Table 4), and moderate north-facing slopes with greater precipi-
tation while on skis (Table 4; Fig. 4). Backcountry skiers selected
areas that were closer to highways, had greater annual precipita-
tion, and higher forest road density (Table 4; Fig. 4). Maps of pre-
dicted probabilities of landscape selection generated from top-
performing RSF models for each type of recreation across western
Colorado are shown in Appendix C: Figs C.1-C.5.

At a fine-scale, winter recreationists were sensitive to access,
topography and vegetation when making movement decisions,
again as determined by the size of standardized coefficients in top-
performing SSF models. There was some SSF model uncertainty,
with between one and four models within >A4 AIC of the top-
performing model (Appendix D: Tables D.1-D.5). However,
models within >A4 AIC differed from the top-performing model by
only one term, indicating that the extra parameters were non-
informative, and thus we took the top-ranked, most parsimo-
nious, model. All parameters in the top model for each recreation
type were significant predictors of selection, based on coefficient
confidence interval overlap with 0; for brevity, we mention the top
three contributing covariates for each model here, but all contrib-
uting covariates are presented in Table 5. Snowmobiles, while on
trails, selected movement paths with moderate forest road density,
moderate canopy cover, and higher elevation, while off-trail, they
selected movement paths closer to the highway with moderate
canopy cover and low terrain variability (Table 5). Hybrid recrea-
tionists, while snowmobiling, selected movement paths with
moderate canopy cover, greater annual precipitation, and greater
distances from highways, while on skis they selected warmer
temperatures and greater annual precipitation, and avoided level
terrain (Table 5). Backcountry skiers selectively moved through
areas that were intermediate distances from highways, at middle
elevations, and with greater forest road density (Table 5).

3.3. Recreation overlap

The minimum and maximum elevation from all recreation
points combined was 2300 m—4250 m; thus, we created predicted
binary surfaces of winter recreation within this zone across western
Colorado, a total area of 3123 km?. Using the binary motorized and
non-motorized recreation maps we predicted that at least one type
of recreation would occur on 590 km? (18.9%). In areas with at least
one type of recreation, motorized-only was predicted to occur on
35.2%, non-motorized recreation on 27.3%, and both activities were
predicted to occur on 37.5% of this area (Fig. 5). Areas predicted to
have both types of recreation were characterized by closer prox-
imity to highways, high forest road density, high elevation, greater
annual precipitation, and patchier forest, as well as intermediate
levels of canopy cover, slope, TPI, and roughness, as compared to
motorized or non-motorized only areas (Fig. 6). Winter recrea-
tionists with highest potential conflict based on predicted selection
probabilities were backcountry skiers and hybrid skiers, with a



Table 4

LE. Olson et al. / Applied Geography 86 (2017) 66—91

73

Model coefficients and standard errors, as well as the scale of the covariate (m), from general linear mixed models (resource selection functions) of landscape-scale recreation
terrain selection in western CO, USA; variance of the random effect (individual track) is also given. All covariates (except canopy cover for hybrid snowmobile and backcountry
ski) were significant predictors of recreation selection, based on confidence interval overlap with 0. A superscript 2 indicates covariates that were fitted as a quadratic function.

Covariate Snowmobile On-Trail Snowmobile Off-Trail Hybrid Snowmobile Hybrid Ski Backcountry Ski
Scale B SE Scale B SE Scale B SE Scale B SE Scale B SE

Highway 2500 -0.87 0.01 2500 -0.85 0.02 1250 1.11 0.02 1250 1.25 0.06 2500 -1.73 0.02

Highway? 1250 -1.72 0.02 1250 -1.26 0.05

Elevation 125 1.57 0.03

Elevation? 125 -0.11 0.02

Forest Edge 125 0.16 0.01 2500 0.46 0.02 125 -0.13 0.01 2500 0.64 0.05 2500 0.64 0.01

Canopy 125 -05 0.01 2500 1.49 0.02 2500 -0.02 0.02 125 -0.96 0.04 2500 —-0.02 0.02

Canopy? 125 0.05 0.01 2500 -0.29 0.02 2500 -0.55 0.01 2500 -0.16 0.01

Evergreen 2500 0.32 0.01 125 —0.68 0.02 125 -1.29 0.01 500 0.08 0.01

Evergreen? 2500 —-0.65 0.01 125 —-0.65 0.02 500 -0.49 0.01

North 500 -0.12 0.01 2500 0.34 0.02 2500 -1.2 0.02 2500 —2.12 0.13 500 -0.16 0.01

Precipitation 1.22 0.01 2.36 0.03 1.32 0.01 1.82 0.06 1.12 0.02

Precipitation? -0.47 0.01 —0.61 0.02

Road Density 125 1.84 0.01 125 0.35 0.01 125 1.03 0.01 1250 1.15 0.04 125 0.9 0.01

Slope 1250 -0.79 0.01 125 -1.6 0.02 1250 -1.97 0.01 125 1.96 0.08

Slope? 1250 -0.27 0.01 125 -2.22 0.07

Roughness 500 -09 0.01 2500 -0.87 0.02 2500 -1.01 0.02 2500 -0.53 0.04 125 -0.74 0.01

Temperature 0.29 0.01 0.18 0.02 -0.22 0.07 —-0.78 0.02

Temperature? —0.95 0.01 -1.28 0.05 -0.62 0.01

TPI 500 -0.54 0.01 500 -0.58 0.02 2500 -03 0.01 2500 -0.11 0.04 125 0.14 0.01

Random effect 0.5 0.71 2.16 1.47 0.79 0.89 1.16 1.08 0.72 0.85
Table 5

Coefficients and standard errors from conditional logistic regression (step selection function) models of fine-scale recreation terrain selection in western CO, USA. All covariates
were significant predictors of recreation selection, based on confidence interval overlap with 0. A superscript 2 indicates covariates that were fitted as a quadratic function.

Covariate Snmb On-Trail Snmb Off-Trail Hybrid Snmb Hybrid Ski Backcountry Ski

B SE B SE B SE B SE B SE
Highway -0.53 0.17 0.49 0.06 —0.64 0.07
Highway 2 0.13 0.03
Elevation 0.38 0.05 0.28 0.09 —0.59 0.05
Elevation® -0.22 0.02
Forest Edge 0.02 0.01 0.05 0.01 -0.23 0.01 —-0.09 0.02 0.06 0.02
Canopy —-0.40 0.01 -0.39 0.02 -0.68 0.01 0.08 0.03 0.21 0.03
Canopy? -0.10 0.01 -0.20 0.01 -0.28 0.01 -0.32 0.03 -0.24 0.02
Evergreen -0.18 0.01
Evergreen? -0.10 0.01
North 0.01 0.00 -0.03 0.01 0.12 0.01 0.14 0.03
Precipitation 0.50 0.07 1.01 0.18
Road Density 0.77 0.01 0.24 0.01 034 0.01 —-0.08 0.04 0.37 0.01
Road Density? -0.13 0.00 -0.04 0.00
Slope -0.08 0.03 -0.14 0.04 -0.37 0.02 -0.27 0.05
Roughness -0.26 0.01 -0.31 0.01 -0.48 0.01 —-0.45 0.03 -0.31 0.01
Roughness? 0.04 0.00 0.13 0.01
Temperature —0.34 0.04 1.87 0.09
TPI -0.23 0.01 -0.23 0.02 0.03 0.01 -0.49 0.03 0.08 0.01
TPI 0.31 0.01 0.23 0.02 0.07 0.01

Pearson correlation coefficient of 0.25. Recreationists with the least
potential conflict were hybrid snowmobiling and off-trail snow-
mobiles with a correlation of 0.07 (Appendix E).

3.4. Validation

Cross-validation indicated excellent RSF model fit for all recre-
ation types, with Spearman rank correlations of 0.98 for off-trail
snowmobile, on-trail snowmobile, hybrid ski, and hybrid snow-
mobile, and 1.0 for backcountry ski. Our independent validation of
withheld points also indicated strong model performance, with
Spearman rank correlations of 0.99 for off-trail snowmobile, 1.0 for
on-trail snowmobile, 0.95 for hybrid ski, 0.99 for hybrid snowmo-
bile, and 1.0 for backcountry ski. Good predictive ability is indicated
when independent recreation data have high predicted RSF values
and Spearman correlations are closer to 1.

4. Discussion

This study provides a measure of winter recreation at a spatial
scale and magnitude of data collection which has not, to our
knowledge, been previously accomplished in the literature. We
recorded approximately 2100 unique GPS tracks of recreationists
and demonstrated the efficacy of resource selection models to
better understand winter recreation. Our analysis is unique in its
application of a modeled understanding of environmental selection
to winter recreation, using the actual locations of recreationists
rather than metrics inferred by surveys, parking lot counts, or track
evidence. We found differences in modeled terrain selection be-
tween motorized and non-motorized forms of recreation: areas
predicted to be selected only by motorized users were farther from
highways, with greater forest road densities, more open canopy,
and shallower slopes, while areas predicted to be used only by non-
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Fig. 4. Example of spatial predictions from top-performing RSF recreation models at the Vail study area in Colorado, USA. Warm colors indicate greater probability of selection by
each recreation type; white tracks are actual GPS locations from recreationists. All panels show same spatial extent in the area of Vail Pass Winter Recreation Area; panel A is on-trail
snowmobile, B shows an aerial image of the actual terrain, C is hybrid ski, and D is backcountry ski. Image credit: Esri software. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

motorized users tended to be closer to highways, in denser canopy
cover, with more terrain variability and steeper slopes (Fig. 6).
These results can help identify areas where interpersonal recrea-
tion conflict between different user groups is likely to occur as well
as ecologically sensitive areas that may be more susceptible to
disturbance from a given type of recreation.

4.1. Environmental characteristics of recreation

Few studies have similarly examined the land use patterns of
winter recreationists. Braunisch, Patthey, and Arlettaz (2011) used
snow track data and found a preference by skiers for smooth
terrain, though the study was conducted only on areas near ski
resorts and ski-lifts in Switzerland. In a study using surveys in
British Columbia, Canada, Kliskey (2000) found preferences of
snowmobilers for low canopy closure and less steep slopes. Rupf
et al. (2011) sampled 303 individuals with GPS data loggers and
found a tendency for skiers and snowboarders to be peak-oriented,
although their study was focused on wildlife and not recreation.

While we found differences in the selection of environmental
characteristics for each type of recreation, in general, certain
environmental characteristics were consistently important to all
types of winter recreation at a landscape scale. Access to recreation
areas was important to both motorized and non-motorized recre-
ationists; snowmobilers and skiers selected areas that were close to
highways and all recreation types selected greater density of forest
roads, indicating the importance of accessibility over other envi-
ronmental characteristics.

A key finding from this study is the importance of roads to all
types of winter recreation. The presence of paved highways enables
recreationists to quickly reach areas open to recreation, while the
presence of forest roads allows them to permeate forested back-
country areas more easily. Recreation is predicted to increase with
increases in the extent of highways or the density and extent of
forest roads, supporting the idea that recreation is an emergent
property of roads on the landscape. Westcott and Andrew (2015)
similarly showed that road proximity was one of the most impor-
tant predictors when modeling the environmental associations of
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Fig. 5. The distribution of predicted areas of potential overlap between motorized and
non-motorized recreation activities within the Vail (A) and San Juan (B) study areas
(thick black line denotes study area boundary). Green indicates areas predicted to be
selected by both types of recreation, yellow is non-motorized only, and blue indicates
motorized recreation. Background image credit: Esri software. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

off-road vehicle recreation. Indeed, the preferences of recreation-
ists for certain environmental characteristics may be outweighed in
practice by accessibility, with areas considered less suitable
receiving more actual use due to the presence of ample parking
areas and road access (Beeco, Hallo, & Brownlee, 2014; Brabyn &
Sutton, 2013). Our models showed that areas greater than 11 km
from a highway were predicted to have virtually no recreation at all,
while areas predicted to have the highest recreation use, both
motorized and non-motorized, were nearest highways. This has
implications for forest and recreation management, since

recreationists are likely to use forest roads to access the back-
country even if these roads are closed to vehicles (Havlick, 2002).
Through the creation of forest roads, whether through logging
operations, as part of fire reduction or suppression activities, or for
access to human developments, recreation is likely to show a cor-
responding increase as well.

Differences in the results of the RSF and SSF models provide
information on the importance of environmental characteristics to
recreationists when first selecting where to recreate, and then
deciding how to move through the landscape once there. Topo-
graphic features, such as low to moderate slope, low terrain vari-
ability, and selection for drainages (except for skiers who selected
ridges), were consistent predictors of recreation selection at a
landscape scale, while vegetation characteristics were generally not
among the top contributing covariates. Fine-scale movement
models, conversely, were most strongly influenced by access and
vegetation characteristics, and were more variable between
different types of recreation. A stronger response to vegetation
covariates at a small scale suggests that recreationists select areas
in which to recreate at a hierarchical scale, with road access and
large topographic features dictating an initial area selection, and
finer scale features such as forest density determining where to
move within this area. The greater influence of vegetation at a small
spatial scale may be related to the differences in movement speed
and maneuverability of the different recreation types, since non-
motorized recreationists may be better able to safely move
through dense trees, while motorized recreationists may select
open areas for play and fast travel.

Temporally, recreationists exhibited clear patterns of use with
respect to time of day and day of the week. Nearly all recreation
occurred during daylight hours, and dropped off to almost nothing
after dark. Recreation was also markedly higher on weekends,
particularly Saturdays, as compared to the rest of the week (Fig. 3).
Thus, the ecological impact of winter recreation may decrease for
species that are crepuscular or nocturnal, which will be active in
times when little or no recreation is present. Similarly, weekdays
may have a lower ecological impact than weekends, so that if
management were undertaken to reduce or cap the number of
users in an area, it may only need implementation during
weekends.

4.2. Conflict and ecological implications

The predictions from our landscape scale selection models made
possible a spatially resolute depiction of areas which motorized and
non-motorized recreation were likely to select, and thus where
interpersonal conflict may be more likely (Miller, 2016; Vaske et al.,
2000). In a related survey study focused only on the Vail Pass area,
Miller et al. (2016) found greater interpersonal conflict in areas of
shared-use. Managers often employ spatial or temporal closures of
areas to motorized or non-motorized activities in an attempt to
limit shared-use and minimize conflict (Albritton & Stein, 2011;
Leung & Marion, 1999). This is often an asymmetrical solution,
however, with non-motorized users reporting increased satisfac-
tion while motorized users are dissatisfied with increased re-
strictions (Jackson, Haider, & Elliot, 2003). Our model indicates that
while zoning is a useful tool in some areas, it may be unnecessary in
others. The environmental characteristics at areas predicted to have
both types of recreation tended to differ from areas with either type
alone (Fig. 6). Areas of overlap were closer to roads, had moderate
slopes, and were in areas of patchier or more fragmented forest.
This pattern may result from the use by both motorized and non-
motorized recreation of areas that are logistically necessary but
not preferred, such as areas near parking lots and large groomed
travel corridors. Thus, managers may be able to limit zoning to
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Fig. 6. Mean of environmental characteristics summarized in areas predicted across western Colorado to be selected by either motorized (Moto, circle) or non-motorized (Non-

moto, square) winter recreation only, or both (triangle) or neither (diamond).

these areas of forced co-occurrence, while allowing recreationists
more liberty outside these areas, where terrain selection should
diverge.

Outside of overlap areas, motorized and non-motorized forms of
recreation show distinct separation in many environmental traits.
Motorized recreationists tend to select drainages with low slope
and low terrain variability, in lower elevation areas with more open
canopy and less precipitation. This suite of characteristics probably
favors fast, long-distance movements, which our results show are
characteristic of snowmobiles. Non-motorized recreationists,
alternatively, select ridges with steeper slope and greater terrain
variability, at higher elevations and with less open canopy and
more snow (Fig. 6), traits consistent with skiing down steep, treed
slopes. Differences in environmental characteristics used by each
recreation type may provide useful guidelines on determining
whether to zone certain areas for motorized or non-motorized use
only, while still providing each type of recreation the environ-
mental characteristics they prefer. Areas of steep slope, for instance,
may be set aside for backcountry skiers or hybrid-skiers with little
effect to snowmobilers, since they prefer more flat terrain.

Modeled areas of overlap also have implications for conflict
between recreation and species of conservation concern. Motorized
winter recreation creates increased noise and engine emissions
which can negatively impact wildlife (Shively et al., 2008; Zielinski,
Slauson, & Bowles, 2008), while non-motorized forms may displace

wildlife (Krebs, Lofroth, & Parfitt, 2007; Reimers, Eftestol, &
Colman, 2003) or contribute to habitat loss through the construc-
tion of recreation infrastructure (Sato, Wood, & Lindenmayer,
2013). Wildlife may also respond differently to motorized versus
non-motorized types of winter recreation (Larson, Reed,
Merenlender, & Crooks, 2016); Reimers et al. (2003) found that
reindeer (Rangifer tarandus tarandus) detected snowmobiles sooner
than skiers, but responded to skiers by moving greater distances
than from snowmobiles, and Seip, Johnson, and Watts (2007) found
threatened woodland caribou strongly avoided motorized snow-
mobile recreation over huge areas. The spatial depiction of relative
recreation probability (Appendix C: Figs C.1-C.5) generated by our
models provides detailed maps which can be used to determine the
likelihood of motorized or non-motorized forms of recreation in a
given area. The use of a modeled RSF allows managers to consider
the relative probability of a specific type of recreation co-occurring
with a given species, and thus will allow decisions to be tailored for
species that differ in sensitivity to different types of recreation.

5. Conclusions

The sharp increase in the extent and popularity of winter rec-
reation presents a challenge to land managers responsible for
multiple-use lands (Bowker et al., 2012), with associated concern as
to its impact on wildlife and the environment (Arlettaz et al., 2015;
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Braunisch et al., 2011; Patthey, Wirthner, Signorell, & Arlettaz,
2008). Thus, managers face multiple challenges of reducing im-
pacts to the environment and wildlife while also minimizing
interpersonal conflict and still providing winter recreation oppor-
tunities. One way in which the likelihood of interpersonal conflict
may be minimized is to reduce the time that motorized and non-
motorized users are funneled into a single shared-use access area
or travel corridor, since our results show that the conditions that
motorized and non-motorized users select are fairly distinct, and
thus recreationists may self-select areas that reduce co-occurrence
between the two types. Alternatively, if active zoning is required to
separate users to reduce conflict or for safety, the conditions that
each recreation type favors should be considered. Our results un-
derscore the importance of road and road-access management in
affecting the spatial footprint of winter recreation. Decisions about
the placement or density of roads need careful assessment as they
can influence the movements of winter recreationists relative to
wildlife or each other. Management practices that lower tree den-
sity and increase forest patchiness will also influence motorized
and non-motorized recreation at fine spatial scales.
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Appendix A. Table A1

The mean and 95% confidence intervals of all used and available
GPS points for each environmental covariate (see Table 1 in
manuscript for more covariate information) at the 2500 m scale
used to model winter recreation selection in western Colorado,
USA, from 2010 to 2013. Summaries for each winter recreation
activity, on-trail snowmobile (Snmb On-Tr), off-trail snowmobile
(Snmb Off-Tr), snowmobile segments of snowmobile-assisted
hybrid skiing (Hybrid Snmb), ski segments of snowmobile-
assisted hybrid skiing (Hybrid Ski), and back-country ski or snow-
board (Ski), are provided to allow comparison between recreation
types within a given covariate.

Covariate Activity Used Points Available Points
Mean 95% CI Mean 95% CI
Distance to Highway (km) Snmb On-Tr 3.41 3.19-3.62 4.35 4.05—4.65
Snmb Off-Tr 3.38 3.19-3.57 437 4.07-4.67
Hybrid Snmb 4.05 3.9-4.21 3.59 3.28-3.9
Hybrid Ski 4.61 4.48—-4.74 3.58 3.27-3.89
Ski 2.46 2.35-2.56 4.95 4.7-5.19
Elevation (m) Snmb On-Tr 3208.27 3190.77—-3225.77 3246.61 3222.78—3270.45
Snmb Off-Tr 3395.73 3383.01—-3408.45 3246.23 3222.29-3270.18
Hybrid Snmb 3408.50 3399.38—-3417.61 3278.60 3254.29-3302.91
Hybrid Ski 3425.94 3417.01—-3434.86 3279.75 3255.34—3304.17
Ski 3375.08 3366.35—3383.82 3298.73 3282.91-3314.55
Forest Edge (km/km?) Snmb On-Tr 3.77 3.68—-3.86 3.22 3.13-3.32
Snmb Off-Tr 4.11 4.03—4.18 3.22 3.13-3.32
Hybrid Snmb 3.57 3.47-3.66 3.26 3.14-3.38
Hybrid Ski 3.35 3.28-3.43 3.26 3.14-3.39
Ski/Board 3.98 3.92—-4.04 3.16 3.09-3.23
Percent Canopy Cover Snmb On-Tr 37.88 37.17-38.58 34.12 33.15-35.09
Snmb Off-Tr 35.25 34.58—35.92 34.03 33.06—35
Hybrid Snmb 33.88 32.99-34.78 36.34 35.11-37.58
Hybrid Ski 3248 31.51-33.44 36.31 35.08—37.54
Ski/Board 31.26 30.7-31.83 33.50 32.75—-34.25
Percent Evergreen Forest Snmb On-Tr 51.54 50.23-52.85 46.92 45.12—48.73
Snmb Off-Tr 51.08 49.82—52.35 46.73 44.92—48.53
Hybrid Snmb 50.84 49.61-52.07 53.33 51.03—55.63
Hybrid Ski 51.31 49.97—-52.66 53.30 51-55.6
Ski/Board 44.58 43.56—45.59 46.01 44.63—-47.39
Average Annual Precipitation (mm) Snmb On-Tr 82.77 81.75-83.8 79.00 77.44—80.56
Snmb Off-Tr 90.49 89.58—-91.4 79.18 77.61-80.75
Hybrid Snmb 84.65 83.84—-85.46 71.93 70.4—-73.45
Hybrid Ski 84.94 84.04—-85.84 71.98 70.45-73.5
Ski/Board 90.17 89.14-91.21 84.04 82.77-85.3
Forest Road Density (km/km?) Snmb On-Tr 1.19 1.12—-1.26 0.52 0.47—-0.58
Snmb Off-Tr 0.65 0.6—-0.71 0.52 0.47—0.58
Hybrid Snmb 0.92 0.87—-0.97 0.63 0.59-0.67
Hybrid Ski 0.91 0.86—0.95 0.63 0.59—-0.67
Ski/Board 0.62 0.6—0.65 0.54 0.5-0.57
Slope (degrees) Snmb On-Tr 1597 15.67-16.27 18.00 17.56—18.45
Snmb Off-Tr 14.70 14.46—14.95 18.03 17.58—18.48
Hybrid Snmb 16.28 15.99-16.57 16.71 16.22—-17.2

(continued on next page)
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(continued )
Covariate Activity Used Points Available Points
Mean 95% Cl Mean 95% Cl

Hybrid Ski 17.26 16.99—-17.53 16.74 16.25-17.23
Ski/Board 1831 17.98—-18.64 18.88 18.54—19.22

Roughness*® Snmb On-Tr 1.003 1.002—-1.003 1.004 1.004—1.004
Snmb Off-Tr 1.001 1.001-1.002 1.004 1.004—-1.004
Hybrid Snmb 1.001 1.001-1.002 1.003 1.003—-1.004
Hybrid Ski 1.002 1.002—1.002 1.003 1.003—-1.004
Ski/Board 1.003 1.003-1.003 1.004 1.004—-1.005

Mean Annual Temperature (°C) Snmb On-Tr 1.59 1.5—-1.68 1.25 1.13-1.36
Snmb Off-Tr 0.69 0.61-0.77 1.25 1.13-1.37
Hybrid Snmb 0.48 0.4—-0.55 0.93 0.79-1.07
Hybrid Ski 0.29 0.21-0.36 0.92 0.78—1.06
Ski/Board 1.06 1.01-1.11 1.20 1.11-1.3

Topographic Position Index (TPI") Snmb On-Tr —50.08 —60.07—-40.09 -9.44 —20.55-1.67
Snmb Off-Tr 28.52 21.27-35.78 -9.83 -20.97-1.32
Hybrid Snmb 11.94 -1.89-25.76 -10.32 —23.97-3.33
Hybrid Ski 63.15 49.91-76.39 -9.54 -23.21-4.13
Ski/Board —18.06 —27.13—-8.99 1.11 —7.98—-10.2

4 Higher values represent greater terrain variability.
b Negative values indicate drainages, positive indicate ridges.

Fig A.1. Mean and 95% CI summaries of environmental characteristics at used and random locations of each recreation activity at both study areas in Colorado, USA. Plots shown are
distance to highway (km), road density (km/km?), percent canopy closure (%), and slope (degrees).
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Appendix B. Model selection results showing the top 10
models from resource selection functions (RSF) for each
recreation type studied in western Colorado, USA from 2010 to

2013.

Table B.1

79

Model selection table for on-trail snowmobile RSF models showing habitat selection of winter recreationists driving snowmobiles on trails. Only the top 10 models are shown.
K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers; covariates included

as quadratics are indicated with a superscript ‘2’. Further information on environmental covariates is given in Table 1 of the manuscript.

Model covariates

K AIC

A AIC

LL

Highwayssoo + ForestEdge,s + Canopyizs + Canopy?zs
+ Evergreenasog + Evergreensgo + Northsgg -+ Precip
+ Precip? + RdDensity5 + Slopejaso + Slope?zso

+ Roughnesssoo + Temp + TPls00

17 212,588.3

Highway,s00 + ForestEdgeq25 + Canopyizs + Evergreenssoo 16 212,617.5

+ Evergreen3soo + Northsgo + Precip + Precip?
+ RdDensity; 25 + Slopeqaso + Slope?zsg
+ Roughnesssgg + Temp + TPlsgg

Highway,soo + ForestEdge ;5 + Canopyizs + Canopy%zs
+ Evergreenysgo + Evergreendsgo + Northysog + Precip
+ Precip? + RdDensity;2s + Slopeqaso + Slopedaso

+ Roughnesssoo + Temp + TPlsgo

17 212,749.7

Highway,soo + ForestEdgei2s + Canopyias + Evergreenssgp 16 212,762.1

+ Evergreen3sgo + Northysgg + Precip + Precip?

+ RdDensity;2s + Slope;aso + Slope?aso + Roughnesssog

+ Temp + TPIsqg

Highwayysgo + ForestEdge s + Canopy;zs + Canopy?ss
+ Evergreenasoo + Evergreensqg + Precip + Precip?

16 212,877.4

+ RdDensity;2s + Slope;2so + Slope?aso + Roughnesssog

+ Temp + TPIsgg

Highway»soo + ForestEdge;,s + Canopyq2s + Evergreen,sgg 15 212,889.9

+ Evergreen3sog + Precip + Precip? + RdDensity;2s

+ Slope2s0 + Slope?,so + Roughnesssgg + Temp + TPlsgo

Highwayso0 + Elevationysgo + ElevationZseg
+ ForestEdge1os + Canopyiazs + Canopy?zs
+ Evergreenysgp + Evergreen%soo + Northsgg
+ Precip + Precip2 + RdDensityq25 + Slopeq2so
+ Slope$aso + Roughnesssgo + TPlsoo
Highway2soo + Elevation,sgg + Elevation3sgg
+ ForestEdge;,s + Canopyizs + Evergreen;sog
+ Evergreen3soo + Northsgo + Precip + Precip?
+ RdDensity;2s + Slope;aso + Slope?aso
+ Roughnesssoo + TPlsoo
Highwayys00 + Canopyizs + Canopy?as
+ Evergreenysgp + Evergreen%sog + Northsgg
+ Precip + Precip? + RdDensity;25 + Slope;aso
+ Slope?,s0 + Roughnesssgg + Temp + TPlsgg
Highway,s00 + ForestEdge,soo0 + Canopyias
+ Canopy%zs + Evergreenysoo + Evergreen%_:,oo
+ Northsgg + Precip + Precip? + RdDensity;2s5

18 213,091.4

17 213,110.5

16 213,128.7

17 213,131.1

+ Slopeq2so + Slopesso + Roughnesssgg + Temp + TPlsgg

0

29.19

161.46

173.85

289.12

301.58

503.11

522.24

540.46

542.83

-106277

—106293

—106358

—106365

—106423

—106430

—106528

—106538

—106548

—106549
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Table B.2

Model selection table for off-trail snowmobile RSF models showing habitat selection of winter recreationists driving snowmobiles on off-trail play areas. Only the top 10
models are shown. K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers;
covariates included as quadratics are indicated with a superscript ‘2’. Further information on environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC AIC LL
Wt
Highways,sgo + Elevation;,s + Elevation?,s 17 52,437.11 0 1 —26201.6

+ ForestEdge,s00 + Canopyasoo
+ CaHOPy%ggog + Evergreen125
+ Evergreens + Northasgo
+ Precip + Precip? + RdDensity;2s
+ Slopeizs + Roughnessasgg + TPIsoo
Highway;so0 + Elevationis + ForestEdge,soo 16 52,484.34 47.23 0 —26226.2
+ Canopyaseo + Canopy3soo + Evergreen;ss
+ Evergreen?,s + Northysgo + Precip
+ Precip? + RdDensity;,s + Slope;zs
+ Roughness;sgp + TPls00
Highway,soo + Elevationy,s + Elevationas 17 52,530.61 93.49 0 —26248.3
+ ForestEdgesoo + Canopy2soo
+ Canopy3soo + Evergreen;,s
+ Evergreen?,s + Northysgo + Precip
+ Precip? + RdDensity;25 + Slope;as
+ Roughness;soo + TPlsgo
Highway,sg + Elevation;,s + Elevation?,s 17 52,581.75 144.64 0 —26273.9
+ ForestEdgeasoo + Canopyasoo
+ Canopy3soo + Evergreen;,s + Evergreen?,s
+ Northysoo + Precip + Precip?
+ RdDensity,s00 + Slope2s
+ Roughness,sgo + TPlsoo
Highwayssoo + Elevation;,s + ForestEdgesoo 16 52,615.75 178.64 0 —26291.9
+ Canopyzs00 + Canopy3seo
+ Evergreen;s + Evergreen?,s + Northysoo
+ Precip + Precip? + RdDensity;,s
+ Slopej2s + Roughnesssgo + TPIs00
Highway»sgo + Elevation;,s + ForestEdgessoo 16 52,619.33 182.22 0 —26293.7
+ Canopyzsoo + Canopyssoo + Evergreenss
+ Evergreen%ZS + Northysoo + Precip
+ Precip? + RdDensity3s00 + Slopeqas
+ ROUghﬂESSz500 + TPIs500
Highwayssgo + Elevation;,s 16 52,681.12 244 0 —26324.6
+ Elevation?,s + ForestEdgesoo
+ Canopyasgo + Canopy3seo
+ Evergreen;,s + Evergreen?ys
+ Precip + Precip? + RdDensity;2s
+ Slopeis + Roughnessasgg + TPIsoo
Highway,soo + Elevations + Elevation,s 17 52,681.75 244.63 0 -26323.9
+ ForestEdgesoop + Canopyasoo + Canopy%mo
+ Evergreenyas + Evergreen%zg, + Northsgg
+ Precip + Precip? + RdDensity;25 + Slope;as
+ Roughness;soo + TPlseo
Highway,sg + Elevation;,s + Elevation?,s 17 52,685.36 248.25 0 —26325.7
+ ForestEdgesoo + Canopy2soo + Canopy%mo
+ Evergreen,s + Evergreen?as + Northysoo
+ Precip + Precip? + RdDensity,s00 + Slope;as
+ Roughnesszsoo + TPIs500
Highwayssoo + Elevation;,s + ForestEdgesoo 16 52,758.39 321.28 0 —26363.2
+ Canopyasoo + Canopy3sgo + Evergreen;,s
+ Evergreen%zs + Northysgo + Precip
+ Precip? + RdDensity2s00 + Slope;as
+ Roughness;soo + TPlso0




Table B.3

Model selection table for hybrid snowmobile RSF models showing habitat selection of winter recreationists driving snowmobiles while engaging in hybrid-assisted skiing. Only the top 10 models are shown. K is the number of
model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers; covariates included as quadratics are indicated with a superscript ‘2'. Further information on
environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC AICWt LL

Highway,so + Highway?,so + ForestEdge 25 + Canopy,seo + Canopy3sgo + Evergreen; s + Northysgg + Precip + RdDensity;,s + Slope;zso + Roughness,sog + 16 95,901.39 0 1 —47934.7
Temp + Temp? + TPlys00

Highway2so + Highway?,so + ForestEdgessoo + Canopyasoo + Canopy3seo + Evergreen;ss + Northasgo + Precip + RdDensity;2s + Slopeq2so + Roughness,sog -+ 16 96,122.37 220.98 0 —48045.2
Temp + Temp? + TPlys00

Highway,s0 + Highway?zs + Canopyaseo + Canopy3soo + Evergreen,s + Northysgo + Precip + RdDensity12s + Slopeiaso + Roughness,soo + Temp + Temp? + TPlysoo 15 96,129.87 228.48 0 —48049.9

Highway1,s0 + Highway?.so + ForestEdge;,s + Canopyaseo + Canopy3seo + Evergreenyas + Northasog -+ Precip + RdDensity25 + Slopeaso + Roughnessasgo + 16 96,376.94 475.55 0 —48172.5
Temp + Temp? + TPlsgo

Highway1,s0 + Highway?3,so + ForestEdge,soo + Canopysseo + Canopy3seo + Evergreen;ss + Northysgo + Precip + RdDensity;,5 + Slopeqaso + Roughness,sog + 16 96,519.77 618.38 0 —48243.9
Temp -+ Temp? + TPlsgo

Highway;2s0 + Highway?,s0 + Canopyasoo + Canopy3seo + Evergreen;,s + Northysgo + Precip + RdDensity;2s + Slope;zso + Roughness,sog + Temp + Temp? + TPlsgo 15 96,534.58 633.19 0 —48252.3

Highway2s0 + Highway?,so + ForestEdge 25 + Canopyaseo + Canopy3seo + Evergreen;,s + Northyseo + Precip + RdDensity;2s + Slopeizso + Roughness,sog + Temp + Temp? 15 96,558.35 656.96 0 —48264.2

Highway 250 + Highway?aso + ForestEdgessoo + Canopyasoo + Canopysseo + Evergreenas + Northysgo + Precip + RdDensity12s + Slopeiaso + Roughness;soo + Temp + Temp? 15 96,645.06 743.67 0 —48307.5

Highway2s0 + Highway?.s0 + Canopyaseo + Canopy3seo + Evergreenias + Northasgg -+ Precip + RdDensity25 + Slope;aso + Roughnessysoo + Temp + Temp? 14 96,656.74 755.35 0 —48314.4

Highway2s0 + Highway?,s0 + ForestEdge,soo + Canopyasoo + Evergreen;s + Northysog + Precip + RdDensity25 + Slopejasg + Roughnessysgo + Temp + Temp? 14 98,926.79 30254 0 —49449.4

Table B.4

Model selection table for hybrid ski RSF models showing habitat selection of winter recreationists skiing downhill while engaging in hybrid-assisted skiing. Only the top 10 models are shown. K is the number of model pa-
rameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers; covariates included as quadratics are indicated with a superscript 2. Further information on
environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC AAIC AICWt LL

Highway,s0 + Highway?3,so + ForestEdge,soo + Canopyszs + Northysgg + Precip + RdDensity;2s0 + Slope;ss + Slopedss + Roughness,sgg + Temp + Temp? + TPlosog 15 10,971.81 0.00 0.96 —5470.90
Highwayi,s0 + Highway?,so + ForestEdgessgo + Canopyias -+ Northasgg + Precip + RdDensity 250 + Slopeqas + Slope?as + Roughness,sgg + Temp + Temp? 14 1097898 7.18 0.03 —5475.49
Highway1,s0 + Highway?,so + ForestEdgessoo + Canopyas + Northysgo + Precip + RdDensity;oso + Slopeias + Slope?ss + Roughness,sop + Temp + Temp? + TPlsgg 15 10,980.81 9.00 0.01 —5475.40
Highway,s0 + Highway?3,so + ForestEdge,so + Evergreen;,s + North,so + Precip + RdDensity;2so + Slopeas + Slopess + Roughness,sgg + Temp + Temp? + TPlsgg 15 11,015.75 43.94 0.00 —5492.88
Highwayi,s0 + Highway?,so + ForestEdgesg + Canopyias + Northasog + Precip + RdDensityq2s0 + Slope;ss + Slope?as + Roughnessysgo + Temp + Temp? + TPlsoo 15 11,035.22 6341 0.00 —5502.61
Highway2so + Highway?,so + ForestEdgeasoo + Evergreens 4+ Northasog + Precip + RdDensityq2s0 + Slope;as + Slope?ss + Roughnessysgo + Temp + Temp? 14 11,037.28 65.47 0.00 —5504.64
Highway1,s0 + Highway?,so + ForestEdgessoo + Evergreen;zs + Northysgg + Precip + RdDensity2s0 + Slopeias + Slope?ss + Roughness,sog + Temp + Temp? + TPlspg 15 11,037.46  65.65  0.00 —5503.73
Highway1,s + Highway?,s + Highwayiaso + Highway?aso + ForestEdgessoo + Canopyias + Northasgo + Precip + RdDensity2s0 + Slopejas + Slope?as + 15 11,045.83 74.02 0.00 —5507.92

Roughness;soo + Temp + Temp2 + TPlz500

Highway,s0 + Highway?,so + ForestEdgesgg + Canopy,s + Northysog + Precip + RdDensity;2s0 + Slope;as + Slopess + Roughnessysgo + Temp + Temp? 14 11,049.88 78.07 0.00 -5510.94
Highway1,s0 + Highway?3,so + ForestEdgesgo + Canopy;zs + Northysgg + Precip + RdDensity;250 + Slope;zs + Slope?ss + Roughnessysgg + Temp -+ Temp? + TPlys00 15 11,050.23 78.42 0.00 -5510.12
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Table B.5

Model selection table for backcountry ski RSF models showing habitat selection of winter recreationists engaged in backcountry skiing or snowboarding. Only the top 10 models are shown. K is the number of model parameters,
LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers; covariates included as quadratics are indicated with a superscript ‘2. Further information on environmental

covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC AIC LL
Wt

Highway,sgo + ForestEdgessoo + Canopyaseo + Canopy3seo + Evergreensgg + EvergreenZgg + Northsgg -+ 15 90,376.84 0 1 —-45173.4
Precip + RdDensity;25 + Roughnessias + Temp + Temp? + TPl;25

Highway,soo + ForestEdge,soo + Evergreensqgg + Evergreengg + Northsog + Precip + RdDensity;2s + 13 90,522.59 145.75 0 —45248.3
Roughness;s + Temp + Temp2 + TPly25

Highway,soo + ForestEdgessoo + Canopyaseo + Evergreensgo + EvergreenZgo + Northsgg + Precip + 14 90,523.19 146.35 0 —45247.6
RdDensity;,5 + Roughness,s + Temp + Temp? + TPl;25

Highwayysoo + ForestEdge,soo + Canopyzsoo + Canopy3seo + Evergreensgo + Evergreen?gg + Northyaso + 15 90,525.74 1489 0 —45247.9
Precip + RdDensity;,5 + Roughness;as + Temp + Temp? + TPl;25

Highway,soo + ForestEdgessoo + Canopyasoo + Canopy3seo + Evergreensgy + EvergreenZog + Precip + 14 90,573.21 196.37 0 —45272.6
RdDensityq,5 + Roughness;,s + Temp + Temp2 + TPly25

Highway,soo + ForestEdgeasoo + Canopyaseo + Canopy3seo + Evergreensgg + EvergreenZgg + Northsgg -+ 15 90,626.04 249.2 0 —45298
Precip + RdDensity;25 + Roughness;as + Temp + Temp? + TPls00

Highwayssoo + ForestEdge,soo + Evergreen;,so + Evergreen?,sg + Northsgg + Precip + RdDensity;os + 13 90,640.83 263.98 0 —45307.4
Roughness;,5 + Temp + Temp2 + TPly25

Highwayasoo + ForestEdgessoo + Canopyasoo + Canopy3seo + Evergreensgo + EvergreenZgg + Northsgg + 14 90,651.89 275.05 0 —45312
Precip + RdDensity;,5 + Roughness;,s + Temp + Temp?

Highwayssgo + ForestEdgessoo + Canopyaseo + Canopy§5oo + Evergreensgo + Evergreen%oo + Northyas0 + 15 90,764.08 387.24 0 —45367
Precip + RdDensity;25 + Roughnessias + Temp + Temp? + TPlasoo

Highway,soo + ForestEdgessoo + Canopyasoo + Canopy3seo + Evergreensgo + EvergreenZgg + Northyzso + 14 90,784.79 407.95 0 —45378.4

Precip + RdDensity;,5 + Roughness;,s + Temp + Temp?
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Appendix C. Mapped spatial predictions of selection for each
type of winter recreation modeled with resource selection
functions within the elevation range of winter recreation
(2300 m—4250 m) in western Colorado, 2010—2013.

Figure C.1. Predicted probabilities of selection from the resource selection function model for on-trail snowmobile recreation across western Colorado. Warm colors indicate higher
probability of selection, cool colors indicate an area is less likely to be selected.
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Figure C.2. Predicted probabilities of selection from the resource selection function model for off-trail snowmobile recreation across western Colorado. Warm colors indicate higher
probability of selection, cool colors indicate an area is less likely to be selected.
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Figure C.3. Predicted probabilities of selection from the resource selection function model for hybrid snowmobile recreation across western Colorado. Warm colors indicate higher
probability of selection, cool colors indicate an area is less likely to be selected.
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Figure C4. Predicted probabilities of selection from the resource selection function model for hybrid ski recreation across western Colorado. Warm colors indicate higher prob-
ability of selection, cool colors indicate an area is less likely to be selected.
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Figure C.5. Predicted probabilities of selection from the resource selection function model for backcountry ski recreation across western Colorado. Warm colors indicate higher
probability of selection, cool colors indicate an area is less likely to be selected.
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Appendix D. Model selection results showing the top 10
models from step selection functions (SSF) for each recreation
type studied in western Colorado, USA from 2010 to 2013.

Table D.1

Model selection table for on-trail snowmobile SSF models showing selection of movement paths by winter recreationists driving snowmobiles on trails. Only the top 10 models
are shown. K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers; covariates
included as quadratics are indicated with a superscript ‘2'. Further information on environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC AIC LL
Wt

Elevations + ForestEdge s + Canopy;s + Canopy3s + North;zs + RdDensity;os + 10 340,845.00 0.00 0.59 -170,412.50
RdDensity?,s + Slopesgo + Roughness;zs + TPly2s5

Elevations + Elevation?,s + ForestEdge s + Canopyias + Canopy$as + Northyas + 11 340,847.00 1.99 0.22 —-170,412.50
RdDensity;,s + RdDensity32s + Slopesoo + Roughness;zs + TPly25

Elevation;s + Canopys + Canopy3s + North;s + RdDensity;,5 + RdDensityZ,s + 9 340,849.20 417 0.07 —170,415.60
Slopesoo + Roughnessizs + TPly25

Elevation,s + ForestEdgesgo + Canopyias + Canopy?zs + Northyas + RdDensity;2s + 10 340,849.90 4.80 0.05 —-170,414.90
RdDensity?,s + Slopesgo + Roughness;zs + TPly25

Elevations + Elevation?,s + Canopyias + Canopy$as + Northys + RdDensity;zs + 10 340,851.20 6.17 0.03 —170,415.60
RdDensity?.s + Slopesgo + Roughnessas + TPl;25

Elevation;s + Elevation?,s -+ ForestEdgesoo + Canopyizs + Canopy3as + Northyzs + 11 340,851.80 6.80 0.02 -170,414.90
RdDensity;,5 + RdDensity?,s5 + Slopesgo + ORoughness,s + TPl;25

Elevations + ForestEdgeizs + Canopyizs + Canopyizs + North;zs + RdDensity;as + 9 340,853.80 8.78 0.01 —-170,417.90
RdDensity?,s + Roughness;zs + TPlj2s

Elevation,s + ForestEdge;»s + Canopys + Canopy?s + RdDensity;,5 + RdDensityZ,s + 9 340,853.90 8.88 0.01 —170,418.00
Slopesoo + Roughnessios + TPly25

Elevation;»s + Elevation?zs + ForestEdge;,5 + Canopy2s + Canopy%zs + Northyzs + 10 340,855.60 10.60 0.00 —-170,417.80
RdDensity;25 + RdDensity?,s + Roughness;s + TPly2s

Elevation;s + Elevation?,s + ForestEdge;2s + Canopyis + Canopyias + RdDensity12s + 10 340,855.90 10.90 0.00 —170,418.00

RdDensity?.s + Slopesgo + Roughnessas + TPl;25

Table D.2

Model selection table for off-trail snowmobile SSF models showing selection of movement paths by winter recreationists driving snowmobiles on off-trail play areas. Only the
top 10 models are shown. K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript
numbers; covariates included as quadratics are indicated with a superscript ‘2’. Further information on environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC AIC LL
Wt

Highwaysgo + Elevation;,s + ForestEdge;os + Canopyq2s + Canopy?.s + Northyas + 10 102,826.30 0.00 0.42 —51403.15
RdDensity;25 + Slopesgo + Roughnessyzs + TPl25

Highway;,s + Elevation,s + ForestEdge;,s + Canopyi,s + Canopy3as + Northyas + 10 102,826.90 0.64 0.31 —51403.46
RdDensity25 + Slopesgo + Roughness;zs + TPl25

Highwaysgo + Elevationsgg + ForestEdge;,s + Canopy2s + Canopy?.s + Northyas + 10 102,828.50 2.24 0.14 —51404.26
RdDensity125 + Slopesgo + Roughness;,s + TPI +

Highway,s + Elevationsgg + ForestEdge;»s + Canopy;2s + Canopy?.s + Northyas + 10 102,829.10 2.86 0.10 —51404.57
RdDensity25 + Slopesgo + Roughnessq2s + TPI +

Highwaysoo + ForestEdges2s + Canopyizs + Canopyias + Northizs + RdDensity12s + 9 102,834.00 7.70 0.01 —51408.00
Slopesgo + Roughness;zs + TPI +

Highway,s + ForestEdge;os + Canopyi2s + Canopy?as + Northyzs + RdDensity;os + 9 102,834.40 8.15 0.01 —51408.22
Slopesoo + Roughnessqzs + TPI +

Elevation;s + ForestEdge;2s + Canopyis + Canopy3,s + North;s + RdDensity2s + 9 102,834.50 8.25 0.01 —51408.27
Slopesoo + Roughnessis + TPI +

Highwaysgo + Elevation;,s + ForestEdge;,s + Canopy;2s + Canopy?.s + RdDensity;2s + 9 102,836.20 9.94 0.00 —51409.12
Slopesoo + Roughnessqzs + TPI

Elevationsog + ForestEdge s + Canopyizs + Canopy?,s + North;zs + RdDensity;as + 9 102,836.30 9.98 0.00 —51409.14
Slopesoo + Roughnessqas + TPI +

Highway,s + Elevation,s + ForestEdge;,s + Canopyizs + Canopy?,s + RdDensity;as + 9 102,836.90 10.60 0.00 —-51409.43

Slopesgo + Roughness;zs + TPI +
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Table D.3
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Model selection table for hybrid snowmobile SSF models showing selection of movement paths by winter recreationists driving snowmobiles while engaging in hybrid-
assisted skiing. Only the top 10 models are shown. K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in
meters) is given in subscript numbers; covariates included as quadratics are indicated with a superscript ‘2. Further information on environmental covariates is given in Table 1

of the manuscript.

Model Covariates K AIC A AIC AIC LL
Wt

Highway,s + ForestEdgesgo + Canopyias + Canopy?as + 14 333,152.20 0.00 1.00 -166,562.10
Northsgo -+ Precip + RdDensity;,5 + RdDensity?,s + Slopesgg + Roughness;zs + Roughnessias +
Temp + TPlsgo + TPI3g0

Highwaysgp + ForestEdgesoo + Canopyi2s + Canopyﬁs + 14 333,16940 17.18 0.00 -166,570.70
Northsgg -+ Precip + RdDensity;,5 + RdDensity?,s + Slopesgg + Roughness;zs + Roughnessi,s +
Temp + TPlsgo + TPI3go

Highway,s5 + ForestEdgesgo + Canopy;,s + Canopy?as + 13 333,20450 5222 0.00 -166,589.20
Northsgg + RdDensity;,5 + RdDensity?,s + Slopesgo + Roughness,s -+ Roughness?,s + Temp + TPlsgo + TPIZgo

Highway12s + Elevationsgo + ForestEdgesoo + Canopy2s + Canopyfas + 14 33321440 6215 000 —166,593.20
Northsgg + Precip + RdDensity;,5 + RdDensity3,s + Slopesog + Roughness,s + Roughness?,s + TPlsgo + TPIZgo

Highway,,5 + Elevationsgo + ElevationZog + ForestEdgesgo + Canopyi2s + Can0py%25 + 15 333,216.00 63.76 0.00 -166,593.00
Northsgo + Precip + RdDensity;2s + RdDensity32s + Slopesgo + Roughness;2s + Roughness?as + TPlsgo + TPIZgo

Highway 5 + ForestEdgesoo + Canopyi2s + Canopy?zs + 13 33321620 6394 000 —166,595.10
Northsgg + Precip + RdDensity;,5 + RdDensity3,s + Slopesgg -+ Roughness;,s + Roughness?,s + TPlsgo + TPIZgo

ForestEdgesoo + Canopyias + Canopy%zs + 13 33321630 64.05 0.00 -166,595.10
Northsgg + Precip + RdDensity;,s + RdDensity3,s + Slopesgo + Roughness;,s + Roughness?,s +
Temp + TPlsgg + TPIZgo

Highwaysgo + ForestEdgesoo + Canopyias + Canopy3as + 13 333,22330 71.03 000 -166,598.60
Northsgg + RdDensity;,5 + RdDensity?,s + Slopesgo + Roughness;,s + Roughness?,s + Temp + TPlso + TPIZ0o

Highwaysgo + Elevationsgy + ForestEdgesgo + Canopyias + Canopy?zs + 14 333,22840 76.13 0.00 -166,600.20
Northsgg + Precip + RdDensity;,5 + RdDensity3,5 + Slopesg + Roughness,s + Roughness?,s + TPlsgo + TPIZgo

Highwaysgo -+ ForestEdgesoo 4+ Canopyias + Canopy3as + 13 333,23000 77.74 000 -166,602.00

Northsgg + Precip + RdDensity;,s -+ RdDensity?,5 + Slopesog + Roughness;zs + Roughness?,s + TPlsgo + TPIZgo

Table D.4

Model selection table for hybrid ski SSF models showing selection of movement paths by winter recreationists skiing downhill while engaging in hybrid-assisted skiing. Only
the top 10 models are shown. K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript
numbers; covariates included as quadratics are indicated with a superscript ‘2’. Further information on environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC  AIC LL
Wt

ForestEdge25 + Canopyi2s + Can0py%25 + 12 37,666.77 0.00 0.67 —18821.38
Northsgo + Precip + RdDensitysgo + Slopesgo + Roughnessas + Roughness?zs + Temp + TPlsgg + TPIZgo

ForestEdge,5 + Canopyizs + Canopy¥25 + 11 37,669.51 2.73 017 —18823.75
Northsgg + Precip + Slopesgo + Roughness;,s + Roughness?,s + Temp + TPlsgo + TPIZgo

ForestEdgeq25 + Canopyias + Canopy%zs + 12 37,670.83 4.06 0.09 —18823.41
Northsgg + Precip + RdDensity;,s + Slopesgg + Roughnessas + Roughness?,s + Temp + TPlsgg + TPIZgo

ForestEdgesoo + Canopyas + Canopy%zs + 12 37,673.18 6.41 0.03 —18824.59
Northsgg + Precip + RdDensitysgo + Slopesgo + Roughness;,s + Roughness?,s + Temp + TPlsgo + TPIZgg

ForestEdgesoo + Canopyi2s + Canopy%zs + 11 37,673.20 6.43 0.03 —18825.60
Northsgg + Precip + Slopesgg + Roughness;,s + Roughness?,s + Temp + TPlspo 4+ TPIZ0o

ForestEdgesoo + Canopyas + Canopy%zs + 12 37,674.45 7.68 0.01 —18825.22
Northsgg + Precip + RdDensity;2s + Slopesgg + Roughnessas + Roughness?,s + Temp + TPlsgg + TPIZgo

Canopyi2s + Canopytzo + 11 37,684.50 17.72 0.00 —-18831.25
Northsgg + Precip + RdDensitysgo + Slopesgo + Roughness;,s + Roughness?,s + Temp + TPlsgo + TPIZgg

ForestEdgeq25 + Canopyias + Canopy%zs + 11 37,685.77 18.99 0.00 —18831.88
Precip + RdDensitysgo + Slopesgo + Roughness;,s + Roughness?s + Temp + TPlsgo + TPI3go

Canopy2s + Canopy?,s + Northsgg + Precip + Slopesgo + Roughnessi,s + Roughness?zs + Temp + TPlsgg + TPIZg 10 37,686.15 1938 0.00 —18833.07

Canopyizs + Canopy%zg, + 11 37,687.52 20.75 0.00 —18832.76

Northsgg + Precip + RdDensity;2s + Slopesgo + Roughnessas + Roughness?zs + Temp + TPlsgg + TPIZgo




90 LE. Olson et al. / Applied Geography 86 (2017) 66—91

Table D.5

Model selection table for backcountry ski SSF models showing selection of movement paths by winter recreationists engaged in backcountry skiing. Only the top 10 models are
shown. K is the number of model parameters, LL is model log likelihood. The scale at which the covariate was measured (in meters) is given in subscript numbers; covariates
included as quadratics are indicated with a superscript ‘2". Further information on environmental covariates is given in Table 1 of the manuscript.

Model Covariates K AIC A AIC AIC LL
Wt

Highwaysgo + HighwayZgo + Elevationsgg + ElevationZgg + ForestEdgesgo + Canopysgo + Canopy2oo + 14 195,195.80 0.00 0.55 —97583.89
Evergreen;,s + Evergreen?,s + Precip + RdDensity;,5 + Roughness;,s + TPlsog -+ TPIgg

Highwaysgo + HighwayZo + Elevationsgg + ElevationZgo + ForestEdgesgo + Canopysoo + CanopyZgo + 13 195,196.80 1.00 0.33 —~97585.39
Evergreen;,s + Evergreen?,s + RdDensity;,s + Roughnessas + TPlsgg + TPIZgo

Highwaysgo + HighwayZgo + Elevationsgg + ElevationZgg + Canopysoo + CanopyZgo + 13 195,200.30 454 0.06 —-97587.16
Evergreen;,s + Evergreeni,s + Precip + RdDensity;25 + Roughnessyas + TPlsgg + TPIZgo

Highwaysoo + Highway2o02 + Elevationsgo + Elevation2g + Canopyseo + Canopy2oo + 12 195,201.70 5.96 0.03 -97588.87
Evergreen;,s + Evergreen?,s + RdDensity;,5 + Roughness;,s + TPlsgg + TPIZgg

Highwaysgo + Highway?2o + Elevationsgg + ElevationZgo + ForestEdge;,s + Canopysoo + CanopyZgo + 14 195,202.30 6.50 0.02 —97587.14
Evergreen;,s + Evergreen?,s + Precip + RdDensity;,s + Roughnessyas + TPlsgg + TPIZgo

Highwaysgo + HighwayZgo + Elevationsgg + ElevationZgg + ForestEdge;,s + Canopyseg + Canopy2oo + 13 195,203.70 7.91 0.01 —97588.85
Evergreen,s + Evergreen?,s + RdDensity;25 + Roughness;zs + TPlsgg + TPIZgo

Highwaysgo + Elevationsgo + ElevationZgg + ForestEdgesoo + Canopy so0 + Canopy 20 + 13 195,207.50 11.67 0.00 —-97590.73
Evergreen;,s + Evergreen?,s + Precip + RdDensity;,s + Roughnessas + TPlsgg + TPIZgo

Highwaysgo + Elevationsgg + ElevationZgy + ForestEdgesgo + Canopysoo -+ Canopy2go + 12 195,210.80 15.00 0.00 —97593.40
Evergreen;,s + Evergreen?,s + RdDensity;25 + Roughnessas + TPlsgg + TPIZgo

Highwaysgo + Elevationg + ElevationZgg + Canopyseo -+ Canopyeo + 12 195,212.50 16.75 0.00 ~97594.27
Evergreen;,s + Evergreen?,s + Precip + RdDensity;,5 + Roughness;,s + TPlsog -+ TPIZgg

Highwaysgo + Elevationsgo + ElevationZgg + ForestEdge 25 + Canopysgo -+ Canopy2go + 13 195,214.50 18.69 0.00 —97594.24

Evergreen;,s + Evergreeni,s + Precip + RdDensity;2s + Roughnessias + TPlsgg + TPIZo

Appendix E. Pairwise similarities between the continuous
predicted maps generated by the top-performing resource
selection function models for each recreation type studied in
western Colorado, USA 2010—2013, as measured by Pearson
correlation. Pairs of recreation types with higher Pearson
correlations are predicted to have greater similarity of terrain
selection, and thus potentially greater interpersonal conflict.

Table 6

Pearson correlations between predicted surfaces for each of the recreation activities.
Recreation activities shown are on-trail snowmobiles (Snmb on-tr), off-trail snow-
mobiles (Snmb off-tr), snowmobile segments of hybrid-assisted skiing (Hybrid
snmb), ski segments of hybrid-assisted skiing (Hybrid ski), and back-country ski or
snowboard (BC Ski).

Snmb on-tr Snmb off-tr Hybrid snmb  Hybrid ski BC Ski

Snmb on-rd 1.00 0.07 0.04 0.07 0.14

Snmb off-rd 1.00 0.03 0.05 0.12

Hybrid snmb 1.00 0.18 0.20

Hybrid ski 1.00 0.25

Ski/board 1.00
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About EPS

About the Economic Profile System (EPS)

EPSis a free, easy-to-use software application that produces detailed socioeconomic reports of counties, states, and regions, including
custom aggregations.

EPS uses published statistics from federal data sources, including Bureau of Economic Analysis and Bureau of the Census, U.S.
Department of Commerce; and Bureau of Labor Statistics, U.S. Department of Labor.

The Bureau of Land Management and Forest Service have made significant financial and intellectual contributions to the operation and
content of EPS.

See headwaterseconomics.org/EPS for more information about the other tools and capabilities of EPS.

For technical questions, contact Patty Gude at eps@headwaterseconomics.org, or 406-599-7425.

headwaterseconomics.org

Headwaters Economics is an independent, nonprofit research group. Our mission is to improve community development and land
management decisions in the West.

www.blm.gov

The Bureau of Land Management, an agency within the U.S. Department of the Interior, administers 249.8 million acres of America's
public lands, located primarily in 12 Western States. Itis the mission of the Bureau of Land Management to sustain the health, diversity, and
productivity of the public lands for the use and enjoyment of present and future generations.

www.fs.fed.us

The Forest Service, an agency of the U.S. Department of Agriculture, administers national forests and grasslands encompassing 193
million acres. The Forest Service’s mission is to achieve quality land management under the "sustainable multiple-use management concept"
to meet the diverse needs of people while protecting the resource. Significant intellectual, conceptual, and content contributions were

provided by the following individuals: Dr. Pat Reed, Dr. Jessica Montag, Doug Smith, M.S., Fred Clark, M.S., Dr. Susan A. Winter, and Dr.
Ashley Goldhor-Wilcock.
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How are geographies similar or different?

This page describes similarities and differences in key summary statistics from other EPS-HDT reports.

Summary
Juan County, CO Ouray Count County Region
Population, 2014 40873 148265 7.840 720 4629 15.725 20870 786 57.461 312,355 318.857.056
Trends
Population % change, 1970-2014 1226% 172.1% 300.0% -12.7% 201.2% 104.1% 95.3% 280.1% 61.2% 284.0% 162.1% 56.5%
Employment % change, 1970-2014 202.8% 2726% 950.3% 104.6% 250.7% 357.6% 155.5% 773.5% 148.2% 537.8% 203.2% 103.6%
Personal Income % change, 1970-2014 303.0% 384.0% 1309.7% 65.6% 511.4% 4282% 244.8% 577.5% 230.1% 675.4% 4101% 181.7%
Prospe!
Unemployment rate, 2015 5.1% 5.5% 37% 41% 4.3% 2.9% 5.7% 3.0% 6.1% 41% 5.0% 5.3%
Average earninas per iob. 2014 (2015 $s) $37.238 43,028 $35.745 $15,.856 528,011 32,184 536,943 $14.263 529,857 $45,026 $40,551 $57.022
Per capita income, 2014 (2015 $s) $33.818 $38,112 $60,486 $31,932 $46,154 $38,657 $33,971 40,814 $29,775 $47.476 $39.412 $46,095
Economy
Non-Labor % of total personal income, 2014 44.8% 38.4% 520% 49.8% 54.0% 45.9% 46.7% 66.1% 46.0% 428% 35.8%
Services % of total employment, 2014 62.1% 69.2% 75.6% 35.2% 58.4% 65.7% 56.0% 34.3% 628% 65.2% 724%
Government % of total employment, 2014, 13.9% 1.8% 9.5% 105% 1.7% 16.5% 16.1% 10.6% 14.1% 13.1% 12.9%
Use Sectors™
Timber % of total private employment, 2014 7% 0.0% 0.0% 0.1% 0.8% 00% 0.1% 07%
Mining % of total private emplovment, 2014 1.3% -0 0.2% “9.0% 8.2% “5.8% 47% 0.6%
Fossil fuels (oll. aas, & coal), 2014 10% 0.0% 0.0% 8.4% 75% 00% 4.5% 0.5%
Other mining, 2014 0.5% 0.0% 0.2% 0.6% 0.2% 5.8% 3.3% 0.3%
Agriculture % of total employment, 2014 5.8% 17% 4.1% 3% 9.3% 3.4% 1.9% 14%
Travel & Tourism % of total private employmen “13.1% 541 42.2% “36.3% 11.9% 47.5% ~20.6% 15.5%
Federal Land*
Federal Land % total land ownership 68.3% 72.9% 59.6% 88.7% 46.4% 79.2% 55.8% 95.3% 726% 622% 70.7% 28.2%
Forest Service % 22.9% 25.8% 21.0% 71.0% 38.1% 60.8% 25.7% 77.8% 46.2% 27.3% 38.8% 8.4%
BLM % 43.3% 459% 38.6% 17.7% 7.4% 18.2% 20.9% 17.5% 16.6% 34.9% 208% 10.6%
Park Service % 20% 1.0% 0.0% 0.0% 0.0% 0.0% 0.0% 00% 8.3% 0.0% 1.7% 3.4%
Witary % 0.0% 00% 0.0% 0.0% 0.0% 0.0% 0.0% 00% 00% 0.0% 0.0% 10%
her % 0.2% 03% 0.0% 0.0% 0.9% 0.2% 0.1% 0.0% 1.5% 0.0% 0.4% 4.9%
Federal land % Type A™* 1.3% 18.7% 102% 30.3% 24.8% 27.6% 23.9% 49.1% 265.1% 15.8% 228% 41.8%
Federal payments % of aov. revenue, FY2012 25% 3.0% 61% 122% 6.0% 3.6% 25% 208% 68.8% 1.1% 3.6%
Development
Residential land area % change, 2000-2010 424% 33.9% 7.2% 23.6% 268% 63.1% 36.8% 61.9% 78.3% 38.3% 39.0% 12.3%
Interface % developed, 2010 15% 2.3% 16.8% 10.8% 6.1% 7.6% 125% 17.5% 108% 8.1% 8.3% 16.3%

“Data for timber, mining, and travel and tourism-related are from County Business Patterns which excludes proprietors, and data for agriculture are from Bureau of Economic Analysis which includes proprietors.

* The land ownership data source and year vary depending on the selected geography. See following pages for specifics.

* Federal public lands that are managed primarily for natural, cultural, and recreational features. These lands include National Parks and Preserves (NPS), Wildemess (NPS, FWS, FS, BLM), National Conservation Areas (BLM), National Monuments (NPS, FS, BLM), National Recreation Areas (NPS, FS, BLM), National
Areas (FWS), Wildiife Management Areas (FWS), Research Natural Areas (FS, BLM), Areas of Critical Environmental Concern (BLM), and National Wildiife Refuges (FWS).

and Scenic Rivers (NPS), Waterfowl Production

~ Some data are withheld by the federal government to avoid the disclosure of potentially confidential information. Headwaters Economics uses data from the U.S. Department of Commerce to estimate these data gaps. These values are shown in gray & preceded with tildes ()

Data Sources: Various; see following pages for specifics.
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Studx Guide and Sugelemental Information

How are geographies similar or different?

What do we measure on this page?
This page describes similarities and differences in key summary statistics from other EPS reports.

Trends: Refers to general indicators of economic well-being (population, employment, and real personal income) measured over time.

Prosperity: Refers to common indicators of individual well-being or hardship (unemployment, average earnings per job, and per capita
income).

Economy: Refers to three significant areas of the economy: non-labor income (e.g., government transfer payments, and investment and
retirement income), and services and government employment.

Use Sectors: Refers to components of the economy (commodity sectors including timber, mining and agriculture, and industries that
include travel and tourism) that have the potential for being associated with the use of public lands.

Federal Land: Refers to the amount and type of federal land ownership, and the dependence of county governments on payments
related to federal lands. NPS = National Park Service; FS = Forest Service; BLM = Bureau of Land Management; FWS = Fish and Wildlife
Service.

Development: Refers to the residential development of private lands, including the wildland-urban interface. The wildland-urban
interface data are available and reported only for the 11 western public lands states (not including Alaska and Hawaii).

Why is it important?
Not all counties, regions, or states are the same. Itis important to understand the differences and similarities between geographies

because land management actions may affect areas differently, depending on demographics, the makeup of the economy, and land
use characteristics.

This report allows the user to see a broad range of measures, compared across geographies, at a glance. Based on this reading, the
user can refer to other EPS topic-specific reports for more details. For example, if a county shows unusually high unemployment rates,
you may want to run a county-specific report (EPS Socioeconomic Measures) for that county. If another county shows a relatively
high number of people employed in the timber industry, you may want to run the EPS Timber report for that county.

Another use of this report is to see whether the analysis area, if it consists of a group of counties, can be analyzed according to
similarities. For example, the user may want to group together counties with a high proportion of government employment, and group
other counties that have a significant amount of employment in mining.

Methods

Data sources used in this report are described in subsequent pages. We report the most recent published data by source. The date of
reported variables vary according to the data release schedule of each source.

Some data are withheld by the federal government to avoid the disclosure of potentially confidential information. Headwaters
Economics uses data from the U.S. Department of Commerce to estimate these data gaps. These values are indicated with tildes (~).

Additional Resources
This report uses information that appears in the following EPS reports: Socioeconomic Measures, Demographics, Agriculture, Mining,
Service Sectors, Industries that Include Travel and Tourism, Government Employment, Non-Labor Income, Timber, Land Use, Amenities,
Development and the Wildland-Urban Interface, Federal Land Payments. Consult these reports directly for more details and links to
additional information.

Documentation explaining methods developed by Headwaters Economics for estimating disclosure gaps is available at
headwaterseconomics.org/eps (1).

Data Sources
Various; see following pages for specifics.

Study Guide
Page 1



Trends

This page describes percent change in population, employment, and real personal income.

Between 1970 and 2014, San Miguel
County, CO had the largest percent
change in population (300%), and San
Juan County, CO had the smallest (-
12.7%).

Between 1970 and 2014, San Miguel
County, CO had the largest percent
change in employment (859.3%), and
the U.S. had the smallest (103.6%).

Between 1970 and 2014, San Miguel
County, CO had the largest percent
change in personal income (1309.7%),
and San Juan County, CO had the
smallest (65.6%).

Population, Percent Change, 1970-2014

-50% -127%
Montrose County, CO  Mesa County, GO g1 el County, GO S0 Juan County, CO Ouray County, GO Gunnison County, GO Dela Caunty, CO

289.1% 284.0%
162.1%
104.1% 95.3%
61.2%
Hinsdale County, CO Saguache County, O~ Garfield County, CO  County Region
Employment, Percent Change, 1970-2014
773.5%
537.8%
357.6% 2032%
155.5% 148.2%
Hinsdale County, O Saguache County, O~ Garfield County, CO County Region

Montrose County, O Mesa County. CO .1 iguel Gounty, o 52 Juan County, CO  Ouray County, GO Gunnison County, CO - Deta County, CO

Personal Income, Percent Change, 1970-2014

428.2%
244.8%

577.5%

675.4%

239.1%

Montrose County, CO  Mesa County, GO g1 el County, CO S Juan County, CO Ouray County, GO Gunnison County, GO Dtia Caunty, CO

Data Sources: U.S. Department of Commerce. 2015. Bureau of Economic Analysis, Regional Economic Accounts, Washington, D.C.
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Studx Guide and Sugelemental Information
How have population, employment, and personal income changed?

What do we measure on this page?
This page describes percent change in population, employment, and real personal income.

Why is it important?

One measure of economic performance is whether a geography is growing or declining. Standard measures of growth and decline
are population, employment, and real personal income.

The information on this page helps to understand whether geographies are growing or declining at different rates, and makes it easy to
see if there are discrepancies between changes in population, employment, and real personal income. If population and employment
are growing faster than real personal income, for example, it may be worthwhile to do further research on whether this because
growth has been in low-wage industries and occupations. Alternatively, if personal income is growing faster than employment, it may
be because of growth in high-wage industries and occupations and/or non-labor income sources.

Methods

The Bureau of Economic Analysis reports data either by place or residence or by place of work. Population and personal income data
on this page are reported by place of residence, and employment data by place of work.

Additional Resources
The EPS Demographics report provides additional information on population dynamics.

The EPS Socioeconomic Measures report provides additional information on employment and personal income.

For details on Bureau of Economic Analysis terms, see: bea.gov/regional/definitions (2).

Data Sources
U.S. Department of Commerce. 2015. Bureau of Economic Analysis, Regional Economic Accounts, Washington, D.C.

Study Guide
Page 2



Prosperity_

‘This page describes differences in three measures of individual prosperity (unemployment, average earnings per job, and per capita income).

eamnings,

Annual Unemployment Rate, 2015

* In2015, Saguache County, CO had the
highest unemployment rate (6.1%), and
Gunnison County, CO had the lowest
(2.9%).

ty, CO  San Mi ,San Juan County,  Ouray County, O Gunnison County,  Delta County, CO Saguache County, Garfiekd County, O County Region us.
co co co Hinsdale County, CO o

Average Earnings per Job, 2014

57,022

* 12014, the U.S. had the highest
average eamings per job (857,022), and $50,000
Hinsdale County, CO had the lowest
(814,263)

$29,857

$28,011

20158s
£
g

15,856

$10,000
Monirose Counly,  Mesa County, CO  San Miguel Courty, - San Juan County, ~ Ouray County, CO. Gunrison County,  Delta County, CO i suie Gounty, co S290ache County Garfed County, CO  County Region us.
co co co co g co
Per Capita Income, 2014

* In2014, San Miguel County, CO had the $70,000

highest per capita income ($60,486), $60,000

and Saguache County, CO had the $50000 $47.476 $46,005

$39,412

lowest (§29,775) $38,657

$38,112

$33.818 $31,932

2015$s

Montrose County.  Mesa County, CO San Miguel County, - San Juan County,  Ouray County, GO Gunnison County,  Deta County. €O suic county, co S0U2che County,  Garfied County, CO County Region
co co co co g co

Data Sources: U.S. Department of Commerce. 2015. Bureau of Economic Analysis, Regional Economic Accounts, Washington, D.C.; U.S. Department of Labor. 2016. Bureau of Labor Statistics, Local Area Unemployment Statistics, Washington, D.C.
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Studx Guide and Sugelemental Information
How do unemployment, earnings, and per capita income vary across geographies?
What do we measure on this page?

This page describes differences in three measures of individual prosperity (unemployment, average earnings per job, and per capita
income).

Unemployment Rate: The number of people who are jobless, looking for jobs, and available for work divided by the labor force.

Average Earnings per Job: Total earnings divided by total employment. Full-time and part-time jobs are counted at equal weight.
Employees, sole proprietors, and active partners are included.

Per Capita Income: Total personal income (from labor and non-labor sources) divided by total population.

Why is it important?
All three statistics presented on this page are important indicators of economic well-being. It's a good idea to use several indicators
together when measuring economic health.

The annual unemployment rate is the number of people actively seeking but not finding work as a percent of the labor force. This figure
can go up during national recessions and/or when more localized economies are affected by area downturns. There can be significant
seasonal variations in unemployment, which can be viewed by looking at seasonally unadjusted unemployment rates.

Average earnings per job is an indicator of the quality of local employment. A higher average earning per job indicates that there are
relatively more high-wage occupations. It can be useful to consider earnings against local cost of living indicators.

Per capita income is considered one of the most important measures of economic well-being. However, it can be misleading. Per capita
income is total personal income divided by population. Because total personal income includes non-labor income sources (dividends,
interest, rent, and transfer payments), it is possible for per capita income to be relatively high due to the presence of retirees and
people with investment income. And because per capita income is calculated using total population and not the labor force as in
average earnings per job, it is possible for per capita income to be relatively low when there are a disproportionate number of children
and/or elderly people in the population.

Methods

For regions, which are aggregations of geographies, the following indicators were calculated as:

Unemployment Rate: The sum of total unemployment for all geographies, divided by the sum of the labor force for all geographies.
Average Earnings per Job: The sum of wage and salary disbursements plus other labor and proprietors' income for all geographies,
divided by total full-time and part-time employment for all geographies.

Per Capita Income: The sum of total personal income for all geographies divided by the sum of total population for all geographies.

Some data are withheld by the federal government to avoid the disclosure of potentially confidential information. Headwaters
Economics uses data from the U.S. Department of Commerce to estimate these data gaps.

Additional Resources
To see how these measures have changed over time, run the EPS Socioeco